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The stony-coral-tissue-loss disease (SCTLD) has recently caused widespread loss of
coral along the Florida reef tract. Yet little is known about where, when, and why this
coral disease outbreak occurred. In the absence of a definitive pathogen, it is essential
to characterize the ecology of the disease and document the spatio-temporal dynamics
of the outbreak. Here, we investigate the epizootiology of the SCTLD at multiple spatial
and temporal scales along the Florida reef tract from May 2014 to December 2017. We
used spatial interpolation to characterize the disease hotspots, Ripley’s K analysis to
examine contagion, a spatio-temporal model to assess rates of spread, and a Bayesian
model to examine ecological and environmental covariates that may have influenced
the occurrence and severity of the outbreak. Our results show that the disease affected
reefs at the scale of hundreds of kilometers, with significant clusters of up to 140 km.
The epizootic clearly followed a contagion model, suggesting that the disease was highly
contagious. The rate of spread of the epizootic was linear and moved slightly faster to
the north (∼100 m d−1) than to the south (∼92 m d−1). The difference in rate of spread
between the north and south direction may indicate currents facilitated transmission.
The analyzed dataset showed that the epizootic affected at least 19 coral species and
that deep and diverse sites were at greater risk of the disease than shallow and low
diversity sites.

Keywords: stony-coral-tissue-loss disease, spatial epidemiology, Florida reef tract, disease etiology, Caribbean

INTRODUCTION

Over the last four decades, diseases have caused considerable declines in coral populations in
the Caribbean. Indeed, Florida’s coral reefs have recently experienced a multi-year disease-related
mortality event that has resulted in massive die-offs of several reef-building coral species (Precht
et al., 2016; Walton et al., 2018). Termed the stony-coral-tissue-loss disease (SCTLD), this disease
affects at least 24 species of scleractinian coral, including major reef-building coral species and
species listed as endangered by the International Union for Conservation of Nature Red List
(NOAA, 2018), such as pillar corals (Chan et al., 2019). Yet, little is known about the epizootiology
of the SCTLD, including the spatial extent and rate of spread of the disease and the environmental
and ecological conditions that are associated with disease outbreaks.
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The disease often results in whole colony mortality (Precht
et al., 2016; Walton et al., 2018; Rippe et al., 2019). Although
a pathogen has not been identified, Meyer et al. (2019)
showed several bacteria, within the order Flavobacteriales,
were more enriched within SCTLD-diseased coral tissue than
within apparently healthy coral tissue. Additionally, a case
definition of the disease has been compiled to describe the
visual appearance and ecology of SCTLD (NOAA, 2018). Briefly,
the gross morphology of SCTLD is described as focal or
multifocal, with locally extensive to diffuse areas of acute to
subacute tissue loss distributed basally, peripherally, or both.
In some cases, tissues bordering areas of chronic tissue loss
show indistinct bands (1–5 cm) of pallor, progressing to normal
pigmentation away from the denuded skeleton. There is also
a range in coral susceptibility to SCTLD, categorized as highly
susceptible species (e.g., Dendrogyra cylindrus, Dichocoenia
stokesii, Meandrina meandrites), moderately susceptible species
(e.g., Orbicella spp., Montastraea cavernosa, Siderastrea siderea,
Stephanocoenia intersepta), and tolerant species (e.g., Porites
spp., Acropora spp.). Because of the limitations in identifying
primary pathogens that cause coral diseases (Ritchie, 2006),
understanding the basic ecology of such coral disease outbreaks
requires a multi-faceted approach.

Spatial epidemiology can provide insight into disease ecology
by assessing the spatial extent of a disease outbreak to determine
whether a contagious agent causes a disease such as SCTLD.
Clustered diseased colonies, or clustered diseased sites, suggest
a contagious mode of disease transmission. Alternatively, a
spatially random distribution of disease infection suggests that
other ecological characteristics, such as genetic susceptibility
influences disease dynamics (Muller and van Woesik, 2014).
Examining disease clustering can be particularly helpful when
putative pathogens are unknown, which is the case for most
coral diseases. For example, Lentz et al. (2011) suggested that
white-band disease on Acropora palmata at Buck Island Reef
National Monument, in Saint Croix, was likely contagious based
on the clustered spatial patterns of diseased corals recorded
in the field. These types of data can provide managers with
the information needed to potentially limit the spread of an
outbreak, especially when it occurs within a marine protected
area. Assessing temporal dynamics and the rate of spread of a
disease can further provide insight into the potential mode of
disease transmission and potential disease agents. For example,
Zvuloni et al. (2009) used spatio-temporal modeling to show
that black-band disease within the Gulf of Eilat was likely
transmitted as flocculent from one colony to the next through
the water column.

Yet interactions among the hosts, pathogens, and the
environment all influence disease dynamics. Compromised coral
hosts are often associated with disease outbreaks (Lafferty and
Holt, 2003; Lesser et al., 2007; Muller et al., 2008; Miller
et al., 2009; Muller and van Woesik, 2012; Brandt et al., 2013).
For example, bleached corals showed a positive association
with disease occurrence and severity (Muller et al., 2008) and
disease outbreaks often follow bleaching events in the Caribbean
(Brandt and Mcmanus, 2009; Miller et al., 2009; Brandt et al.,
2013). The occurrence and severity of several coral diseases

are positively associated with environmental conditions such as
water temperatures and nutrient concentrations, and therefore
these diseases are most likely the result of interactions between
the environment and the pathogenic agents. Black-band disease
occurs most often when water temperatures are above 25◦C in the
Florida Keys (Kuta and Richardson, 1996) and above 27◦C in the
US Virgin Islands, after which prevalence increases exponentially
(Muller and van Woesik, 2011). High nutrients are also associated
with an increase in occurrence and severity of several different
coral diseases (Kuta and Richardson, 2002; Kaczmarsky et al.,
2005; Kaczmarsky and Richardson, 2011; Redding et al., 2013;
Vega Thurber et al., 2014).

Ecological factors such as the density and diversity of hosts can
also influence disease dynamics. For example, Bruno et al. (2007)
showed that the prevalence of white syndrome on the Great
Barrier Reef, Australia, was associated with thermal stress and
high densities of coral colonies. Similarly, the diversity-disease
hypothesis suggests that some corals with specialist pathogens
suffer elevated severity when the diversity of the host is low (Ward
et al., 2006; Aeby et al., 2011). The generalist nature of the SCTLD,
however, suggests that this disease outbreak does not follow the
characteristics of the diversity-disease hypothesis.

The present study used spatial epidemiology models and
analytical tools to examine the progression of SCTLD throughout
the Florida reef tract, from 2014 to 2017. We used multiple
data sources and focused on large scale (tens of kilometers)
spatial dynamics to characterize the: (i) spatial extent of the
outbreak throughout the entire Florida reef tract, (ii) spatial
pattern of diseased sites, (iii) rate of spread of the disease, and (iv)
potential ecological and environmental covariates that influenced
the occurrence and severity of SCTLD. The results are relevant
to an on-going coral-disease-response effort, which seeks to
improve understanding of the scale and severity of the outbreak
of SCTLD in the Caribbean in general and in Florida in particular.

MATERIALS AND METHODS

Coral Disease Data
A total of seven different field-collected datasets were used in this
study, including the: (i) Coral Reef Evaluation and Monitoring
Project (CREMP; 2014–2017), (ii) CREMP Presence/Absence
Data (CREMP P_A; 2016–2017), (iii) Southeast Florida Coral
Reef Evaluation and Monitoring Project (SECREMP; 2014–
2017), (iv) Florida Reef Resilience Program Disturbance
Response Monitoring (FRRP; 2014–2017), (v) Hurricane Irma
Rapid Reef Assessment (IRMA; 2017, Viehman et al., 20181),
(vi) the Southeast Florida Action Network citizen science
program (SEAFAN; 2014–2017), and (vii) the Southern Coral
Disease Margin field effort (2017; Neely, 2018). The data
included documented coral diseases, coral community metrics
[i.e., coral colony density (colonies m−2) and coral species
diversity (number of species per survey)], and depth (meters).
Most of the datasets provided these metrics, although they

1http://frrp.org/wp-content/uploads/2018/01/2017-Summer-DRM-Quick-Look-
Report.pdf
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were collected at different temporal and spatial scales. Every
dataset provided at least data on the presence or absence
of SCTLD within each survey, or provided detailed disease
metrics such as the species affected and the disease prevalence,
which was subsequently compiled into presence/absence data.
See Supplementary Document #1 for the metadata and the
methodologies and metrics of each dataset. The CREMP, CREMP
P_A, SECREMP, FRRP, IRMA, SEAFAN, and the Southern
Coral Disease Margin databases were used to create spatial
epidemiological maps (Supplementary Figures 1–4). These data
were also used to determine the disease front, or the northern
and southern leading edges of the outbreak, and were used
for the Ripley’s K analyses. The CREMP, SECREMP, and FRRP
data were used to analyze the association between the SCTLD
data and potential ecological and environmental covariates. Only
data that documented disease signs specific to the outbreak
of SCTLD in Florida (outlined above) were included in the
analysis. Documentation of coral diseases that did not meet the
case definition of SCTLD (e.g., black-band disease and dark-
spot disease) were removed from the analyses. Additionally, the
term, “stony-coral-tissue-loss” disease was not established until
the case definition was produced in 2018. Therefore, “white-
plague” disease was recorded in the datasets prior to 2018 as a
general term used to describe signs of tissue loss on scleractinian
corals in Florida.

Spatial Epidemiological Maps
Data were georeferenced and plotted on basemaps within the
ArcView GIS R© software package. Data on the presence and
absence of the SCTLD were linked to the georeferenced dataset to
create a suite of spatially interpolated maps of disease probability
throughout the Florida reef tract for each year of study, from
May 2014 to December 2017. Spatial interpolation, a method
used to predict disease prevalence in unsampled localities, was
achieved using indicator kriging. A Gaussian semivariogram was
used to optimize the range and sill of the model, with a standard
neighborhood search. The kriging output was then exported as
a raster file and clipped to the extent of the Florida reef tract.
These maps identified spatio-temporal disease hotspots for each
year, throughout the Florida reef tract. Here we characterize a
‘hotspot’ as a locality that showed higher than 0.5 probability
of disease occurrence. Initially, the spatial maps were created
using 3-month time intervals, but the data were sparse and the
standard errors were high, which resulted in low confidence in the
predictions. To overcome these issues, data were amalgamated to
examine annual responses, which resulted in reduced standard
errors and increased confidence of the interpolation maps.

Testing for Contagion
We tested whether the disease outbreak followed a predictable
contagion model, which would indicate that the outbreak was
contagious. To do this, we used a modified Ripley’s K analyses
for spatial clustering using presence/absence disease data, similar
to the analysis in Muller and van Woesik (2012). The spatial
distribution of sites with disease were analyzed using the adjusted
Ripley’s function, K(r), which was defined as the expected
number of sites within a distance (r) from an arbitrary site
(Ripley, 1981). The function was normalized by dividing by the

mean number of sites per unit area. Therefore, Ripley’s K was
calculated as:

K̂ (r) =
A
n2

n∑
i=1

n∑
j=1,j 6=1

Ir
(
dij
)

wij
,

where A was the total area of the location, n was the number of
diseased sites, and dij was the distance between any two diseased
sites i and j. Ir(dij) indicated whether or not there was a diseased
site within distance r from site i. Therefore, Ir(dij) had a value of
1 if dij < r, and 0 otherwise. Because the study area was finite, wij
represents the portion of the circumference of each circle that falls
outside of the previously defined location area (Diggle, 1983).

Ripley’s K analyses identified areas of disease clusters by
comparing the spatial distribution of diseased sites against the
distribution of all surveyed sites. The Ripley’s K statistic was
used to quantify non-random clustering patterns of diseased
sites within an area in terms of the degree and spatial scale
of each aggregation. The Ripley’s K statistic, however, was
standardized to account for the spatial aggregation of susceptible
individuals within the study area (see Zvuloni et al., 2009).
Using a null model, a randomization technique was applied to
determine whether the n diseased sites, found within the sample
period, were significantly spatially aggregated, when compared
with the aggregation found in the population of all sites. The
transformation, referred to as Besag’s L function, was applied to
the data, which was calculated as:

L (r) =

√
K (r)

π
− r

With this scaling, sites that had a Poisson spatial distribution
would result in the expected value of L(r) = 0. A null distribution
for L(r) was generated from a group of n sites and repeated 1,000
times so that L(r) was calculated for each group of n sites for any
value of r. These results created a 95% confidence interval (CI) for
L(r). L(r) was then calculated using only diseased sites to produce
a new value, LD(r), which was then compared with the L(r) null
envelope. Any value that fell outside of the envelope indicated
that either spatial clumping [above the L(r)] or over-dispersion
[below the L(r)] of diseased sites were apparent. These analyses
tested for significant spatial clustering compared with all sites
surveyed, but also determined the radius of the clusters. All data
were analyzed in the program R (R Development Core Team,
2019) using the ‘spatstat’ package (Baddeley and Turner, 2005).

Spatio-Temporal Model
To determine the spatial and temporal patterns of the SCTLD,
the northern and southern leading edges of the disease were
determined every 3 months, from September 2014 to June 2018.
Although the databases identified above only recorded data
until December of 2017, the Mote Marine Laboratory field team
was particularly active in 2018 and provided information on
the location of the disease front for the two additional time
quarters in 2018. We utilized this information to expand our
spatial-temporal model to encompass the first half of 2018.
Unfortunately, the quarterly data on the northern boundary was
sparse and therefore only annually-identified-disease front data
were used for the northern analysis of disease spread.
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FIGURE 1 | The (A) number of coral colonies showing signs of stony-coral-tissue-loss disease per 100 m2 of surveyed area and (B) average prevalence of
stony-coral-tissue-loss disease from May 2014 to December 2017 throughout the Florida reef tract, separated by coral species. Prevalence was calculated as the
number of diseased colonies per species divided by the total number of colonies per species. Error bars represent the standard error of the mean. SRAD:
Siderastrea radians, DLAB: Diploria labyrinthiformes, PCLI: Pseudodiploria clivosa, EFAS: Eusmilia fastigiata, SBOU: Solenastrea bournoni, PPOR: Porites porites,
CNAT: Colpophyllia natans, OANN: Orbicella annularis, MMEA: Meandrina meandrites, PSTR: Pseudodiploria strigosa, PAST: Porites astreoides, DSTO: Dichocoenia
stokesii, OFRA: Orbicella franksi, AAGA: Agaricia agaricites, SMIC: Stephanocoenia michelini/intersepta, OFAV: Orbicella faveolata, SSID: Siderastrea siderea, MCAV:
Montastraea cavernosa.

Geographical coordinates were used to define the leading
edge of the disease using the ‘sp’ package (Pebesma and Bivand,
2005) in R (R Development Core Team, 2019). We calculated
the Euclidean distances between each quarterly- or annually-
identified disease front using the package ‘geosphere’ in R
(Hijmans, 2017). We characterized the relationship between the
time interval between recordings as the predictor variable and the
distance (km) the disease had potentially traveled as the response
variable. We tested whether the relationship followed either a
non-linear function, similar to that reported at the onset of the
outbreak in Precht et al. (2016), or a linear function. We used the
package ‘nls2’ in R (Grothendieck, 2013) to find the coefficients (a
and z) for the non-linear model: Distance the disease had traveled
(km) = a ∗ Timez. We used the linear model to identify the
coefficients (a and b) for the linear equation: Distance the disease
had traveled (km) = a+ b∗Time.

Environmental and Ecological Covariates
The average water temperature, chlorophyll-a concentrations
(used as a proxy for nutrients), depth, coral colony density,
and coral species diversity at each site were used to determine
associations between environmental and ecologically relevant
covariates and disease occurrence and severity (i.e., number of
diseased corals). The average monthly sea-surface temperatures
and chlorophyll-a concentrations were obtained from the
Moderate Resolution Imaging Spectroradiometer (MODIS-
Aqua) satellite sensor. Products were gridded at 1-km resolution
to an equidistant cylindrical projection. Daily Level-2 overpass

files from the MODIS-Aqua satellite sensor covering the
study area were obtained from National Aeronautics and
Space Administration’s Ocean Biology Processing Group and
subsequently gridded to an equidistant cylindrical projection and
binned to monthly intervals at the University of South Florida.
Prior to binning, masks were applied to remove suspect pixels
based on cloud cover, stray light, and high-sun glint. Monthly
mean raster files were created using the mosaic operator of
the Graph Processing Tool contained in the SNAP software
package2. These monthly raster files were imported into ArcMap
10.4.1 and using the Focal Statistics tool (Spatial Analyst),
cells were averaged within a rectangular neighborhood, ignoring
‘NA’ land values. The chlorophyll-a concentrations and sea-
surface temperature values were extracted from the output raster
files for each field-collection site using the Extract Values to
Points tool. The monthly chlorophyll-a concentrations and sea-
surface temperature values were then paired with each coral-
disease survey site and amalgamated into a single dataset.
Some sea-surface temperature and chlorophyll-a data were
absent nearshore. Additionally, the chlorophyll-a product was
contaminated by bottom reflectance in shallow areas of the
Florida Keys. To account for these potential issues, the data were
visually assessed, and obvious outliers were removed. The site
depth, the density of coral colonies, and the diversity of coral
species were obtained from the various field-collected datasets
identified above.

2http://step.esa.int/main/toolboxes/snap/
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FIGURE 2 | Epidemiological probability maps of the stony-coral-tissue-loss disease outbreak in southeastern Florida in (A) 2014, (B) 2015, (C) 2016, and (D)
throughout the entire Florida reef tract in 2017. Colors along the reef denote the probability of disease presence within the Florida reef tract. Warm colors represent
high probability of the stony-coral-tissue loss-disease and cool colors represent low disease probability. Black circles represent ‘hotspots’ within the reef discussed
within the text. The disease probability map was created using indicator kriging in ArcGIS software.
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We applied a negative binomial generalized linear mixed
effects model within a Bayesian framework in ‘rjags’ (Plummer,
2019) to determine whether there were particular environmental
variables or ecological factors that influenced the likelihood of
SCTLD. We ran an additional model using the density of diseased
colonies as the response variable using a Poisson distribution in a
similar Bayesian framework.

RESULTS

Coral Disease Data
The two datasets that recorded the number of diseased colonies
for each coral species (CREMP and FRRP) indicated that at
least 19 coral species showed signs of tissue loss that were
consistent with SCTLD during the study period (Figure 1A). The
highest frequency of disease occurred on Montastraea cavernosa,
Siderastrea siderea, Orbicella faveolata, Stephanocoenia intersepta,
Agaricia agaricites, and O. franksi (Figure 1A). The species with
the highest average prevalence per survey included M. cavernosa,
Dichocoenia stokesii, Pseudodiploria strigosa, O. faveolata, and
Meadrina meandrites (Figure 1B).

Spatial Epidemiological Maps
The 2014 map showed high spatial variability of diseased sites
throughout the Florida reef tract (Supplementary Figure 1).
There was a hotspot within the northern part of Broward
County, which was a consequence of four sites with high
disease prevalence that clustered (Figure 2A). The 2014 map
also indicated that there was some disease activity in the Florida
Keys and in the Dry Tortugas, but these disease events were
most likely background levels, unrelated to the SCTLD epizootic
(see Supplementary Figure 1 for large, detailed maps). The
2015 map indicated a strong presence of the disease outbreak
offshore of Broward County, along the southeast coast of the
Florida mainland (Figure 2B). There was also a hotspot of
disease activity offshore of Biscayne Bay in 2015 that ranged
from Key Biscayne to Elliott Key (Figures 2B, SB). There was
a strong disease hotspot in 2016 along the northern boundary
of Broward County, extending up to the northern parts of Palm
Beach County (Figure 2C). There was also a hotspot within
the upper Florida Keys, most likely related to the outbreak
of SCTLD (Supplementary Figure 3). A disease hotspot also
appeared in the Dry Tortugas, but again was likely not related
to the present epizootic event, as local scientists documented
the ephemeral nature of these geographically isolated outbreaks
(Supplementary Figure 3). In 2017, the disease front progressed
south into the middle Florida Keys, creating a relatively
continuous hotspot of activity (Figure 2D). Reports collected in
2017 indicated that the disease had reached some of the western-
most reefs of the middle Florida Keys by the end of the year.
Anecdotally, the disease reached the northern-most section of
the Florida reef tract during 2017, although there was limited
data from that region in 2017 (see Supplementary Document
#2 and Supplementary Figures 1–4 for detailed maps of South
Florida, the Florida Keys region, and the entire Florida reef tract
from 2014 to 2017).

FIGURE 3 | Results of the Ripley’s K analyses of sites surveyed throughout
the Florida reef tract from May 2014 to December 2017. The black dots
represent the highest Besag’s L value found above the null distribution. The
error bars represent the range of values of Besag’s L located above the null
distribution.

Testing for Contagion
The Ripley’s K cluster analyses showed significant clustering
of diseased sites, although the radius of the cluster varied
considerably through time (Figure 3). Results from the 2014
data showed a small cluster, with a radius of ∼21 km. These
results suggest an approximate 42 km diameter-wide cluster
of disease activity during 2014. In 2015 and 2016, however,
significant clustering was detected throughout the range of the
study area. The Besag’s L values exceeded the null distribution
from a radius of approximately 1 km to a radius of ∼75 km,
although peak clustering occurred at 35 km in 2015 and at 40 km
in 2016. In 2017, the disease clustering was more focused and
less widespread than in 2015 and in 2016. In 2017, the radius
of the significant cluster ranged from 1 to 20 km. These results
reflect the widespread nature of the disease outbreak during
2015 and 2016, as the disease impacted reefs over 140 linear
km, from southern Florida into the northern Florida Keys. In
2017, the more focused disease clusters revealed that the disease
outbreak had already passed through the northern reefs and
through the upper Florida Keys, and was mainly affecting the
middle Florida Keys region.

Spatio-Temporal Model
There was a significant linear relationship between the distance
that the disease front traveled and time, for both the northern
and southern disease fronts (north: R2 = 0.91, p = 0.031;
south: R2 = 0.80, p = 0.003; Figures 4A,B). The rate of spread
was slightly faster along the northern reefs than along the
southern and western reefs of the Florida Keys. The rate
of disease progression determined from the equation of the
linear models, indicates that the disease spread at ∼100 m
per day northward and ∼92 m per day southward. The
test to determine whether the rate of spread followed an
exponential relationship was not significant, for either the
northern or southern directional spread (north: p = 0.064;
south: p = 0.108).
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FIGURE 4 | The relationship between the time in days and the distance in kilometers that the stony-coral-tissue-loss disease progressed along the (A) north (annual
points) and the (B) south (quarterly points) after the initial outbreak occurred in 2014 until June 2018.

Environmental and Ecological Covariates
During the 2014–2017 time period, the sea-surface temperatures
throughout the Florida reef tract ranged from 22.4◦C (in 2015) to
32.5◦C (also in 2015), with an average of 29.30◦C (±0.04◦C SE).
In addition, the chlorophyll-a concentrations ranged from 0.12
to 9.59 mg/l with an average of 1.40 (±0.02 mg/l SE). Depth of
sites ranged from 0.9 to 26.1 m with an average depth of 8.5 m
(±0.15 m). There were, on average, 10 species of corals (±0.14
SE) within the sites surveyed from 2014 to 2017. The surveys also
showed that the average number of colonies were approximately
3.97 (±0.11 per m2) and the average percentage cover of stony
corals, according to the CREMP dataset, was 6.0± 0.1%.

Of the variables tested, two showed a significant association
with the presence or absence of disease (Figure 5A). Sites with
disease had higher coral diversity and had greater depth than sites
without disease. The same two variables also were significantly
related to the density of colonies with disease (Figure 5B). The
total densities of coral colonies were not significantly related to
the presence of SCTLD nor related to the density of diseased
colonies. The average monthly sea-surface temperature and
chlorophyll-a concentrations, collected from the MODIS dataset
were not significantly related to the presence of the disease
(Figure 5A), nor significantly related to the densities of colonies
with the disease (Figure 5B).

DISCUSSION

Previously published literature indicates that the outbreak of
SCTLD began off Virginia Key in September 2014 (Precht et al.,
2016). According to Precht et al. (2016), the disease outbreak
was initially slow to spread from Virginia Key into other regions.
However, our data did not pick up a hotspot off Miami-Dade
County in 2014. Much of the 2014 data were collected between
June to October, and therefore may not have overlapped with
the initial disease outbreak. Our 2014 dataset did however show
a small disease hotspot offshore of Broward and Palm Beach
Counties. Two of these sites had several colonies with tissue loss

(i.e., 4 and 8 diseased corals recorded) on colonies of Dichocoenia
stokesii, Meandrina meandrites, and Siderastrea siderea, which
are some of the most susceptible coral species and are often
indicators of SCTLD. However, whether these two sites with
disease in 2014 were indicative of an initial outbreak is difficult
to determine, especially retrospectively.

For 2015 and 2016, the spread of the disease outbreak
showed hotspots expanding along much of south Florida, before
a noticeable location of disease activity occurred within the
Biscayne/upper Florida Keys region. A very large disease hotspot
was identified in 2017 within the upper to middle Florida
Keys. The interpolation maps also showed some noticeable
disease activity in the Florida Keys and in the Dry Tortugas
in 2014 and 2016, but because of their isolated occurrence and
ephemeral nature, these occurrences were likely background
diseases, unrelated to the epizootic of SCTLD.

The Ripley’s K analyses clearly showed that the epizootic was
consistent with a contagious disease. Additionally, the Ripley’s K
analyses suggested significant spatial clustering each year, with
varying sized clusters appearing through time. The disease was
difficult to differentiate in 2014 with the data used in the present
study, although significant clustering was evident within a 20-km
radius, which reflected the cluster of disease recorded off Broward
County. The presence of the outbreak became more obvious and
widespread in 2015 and 2016, with clusters up to 140 km in
diameter (70-km radius). In 2017, the disease outbreak was more
spatially focused, with a 20-km maximum radius. During this
time, the disease had already affected the northern extent of the
Florida reef tract and was active within the middle Florida Keys.
The Ripley’s-K analysis showed a peak level of clustering at ∼10-
km radius in 2017. Overall, these results suggest that in order to
characterize transmission rates and patterns of spread, research
on the SCTLD should focus on scales of tens of kilometers, rather
than of a scale of tens of meters, within a reef. The widespread and
large-scale impact of this coral disease is unusual and emphasizes
the large-range transmission capabilities of SCTLD.

The results of the spatio-temporal model suggest that the
disease was moving at a linear rate both north along the
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FIGURE 5 | Results of the Bayesian negative binomial generalized linear mixed effects model that tested the association of several ecological and environmental
parameters on the (A) presence/absence of the stony-coral-tissue-loss disease and (B) density of diseased corals along the Florida reef tract from 2014 to 2017.
Horizontal black lines indicate 95% credible intervals of the posterior distributions of each variable. Values above zero indicate a significant association between the
variable and the presence/absence of disease.

southeastern part of the mainland of Florida, and south into
the Biscayne Bay and Florida Keys region. Interestingly, we
estimated rates of disease spread, both to the north and south,
which were slower than previously predicted by Precht et al.
(2016). The rates may differ between the studies because the
present data encompassed a larger area and studied the disease
for a longer period than Precht et al. (2016). The results may
also differ because there are different habitat types and more
discontinuous reef structure outside of the outbreak area that
was reported by Precht et al. (2016). In the present study,
the northern path along the coast of Florida (i.e., northward
movement) was also slightly faster than the southern path into
the Florida Keys. The Florida Current, which flows from south
to north along the southeastern coast of Florida, would indeed
elicit a more direct and faster mode for transmission than the
southern current, characterized by eddy formations that move
water south into and along the nearshore environment of the
Florida Keys (Kourafalou and Kang, 2012). The Florida Current,

on average has a current velocity of ∼6.4 km/hour (i.e., 1–
2 m/s; Kourafalou and Kang, 2012), although that velocity varies
considerably. Our spatio-temporal model showed that the spread
of the SCTLD was approximately 0.1 km per day, which is
decoupled from the velocity of the surface currents. Bottom
currents, which interact directly with the sediment and benthic
habitat, often have a lower speed than surface currents, following
a logarithmic vertical velocity profile that reaches nearly 0 m
s−1 close to the benthic community (Davis and Monismith,
2011). Bottom currents are also directly associated with sediment
movement (Trowbridge and Lentz, 2018). If water currents are
the primary vector that spreads the SCTLD, as indicated by recent
laboratory experiments (Aeby et al., 2019), then transmission
may be associated with the slow-moving bottom currents and
the accompanying sediment particles. Indeed, sediments and
turbidity associated with dredging have been linked to increases
in coral diseases, particularly tissue-loss diseases (Brandt et al.,
2013; Pollock et al., 2014; but see Stoddart et al., 2019). Whether
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sediments influence the transmission of SCTLD has not been
tested directly, however, the present study’s results suggest that
further research into this potential vector is warranted.

The Bayesian models showed that the diversity of coral species
and depth were positively associated with disease presence,
suggesting that corals at high diversity reefs and at deep reefs
were at greater risk of contracting SCTLD than corals at low
diversity reefs and at shallow reefs. Offshore reefs, however,
are generally deeper and more diverse than nearshore reefs
(Lirman et al., 2003; Wagner et al., 2010). The offshore reefs
also support more susceptible coral species, such as Dichocoenia
stokesii, Meandrina meadrites, and Dendrogyra cylindrica. Rippe
et al. (2019) also found that corals on offshore reefs, in the
upper Florida Keys, suffered more mortality from the SCTLD
than corals on nearshore reefs. Rippe et al. (2019) suggested
that exposure to more extreme environmental ranges nearshore
may have increased the resilience of corals to disease. Although
offshore reefs have a relatively lower range of daily temperature,
a lower range of chlorophyll-a concentrations, and generally
have lower turbidity than nearshore reefs (Lirman and Fong,
2007; Soto et al., 2011; Rippe et al., 2019). Our results showed
no relationship between water temperature and chlorophyll-a
concentrations and SCTLD.

Interestingly, the Bayesian analysis showed that sea surface
temperature and chlorophyll-a concentrations were not useful
predictors of SCTLD occurrence or SCTLD severity. Previous
studies have indicated that anomalously high water temperatures
coincided with the onset of the SCTLD outbreak (Precht et al.,
2016; Walton et al., 2018). Although the disease onset may have
co-occurred with high water temperatures, the long-term data
covering large geographic ranges suggest that the occurrence
and severity of SCTLD within a site are not influenced by the
ambient water temperatures or the concentration of chlorophyll-
a in the water. Additionally, the spread of the SCTLD away
from the origin of the outbreak followed a linear model, even
when quarterly points were used, suggesting that there was
little seasonal difference in the rate of transmission among
reefs. These results are in contrast with previously studied
coral diseases that show strong seasonal variations positively
associated with water temperatures (Muller et al., 2008; Rogers
and Muller, 2012) and nutrients (Kaczmarsky et al., 2005; Voss
and Richardson, 2006; Vega Thurber et al., 2014), emphasizing
the unprecedented nature of the SCTLD outbreak. Indeed, many
previous disease outbreaks are often attributed to compromised
coral-hosts (Lesser et al., 2007; Muller et al., 2008; Muller and van
Woesik, 2012). The lack of correlation between the dynamics of
SCTLD and water temperature and chlorophyll suggests that this
coral disease may be the result of a novel pathogen within the
ocean taking advantage of naïve hosts.

The outbreak of the SCTLD significantly reduced coral cover
of the already depauperate Florida reef tract (Ruzicka et al.,
2013; Walton et al., 2018). Even though the outbreak lasted for
several years, much of the disease etiology is still unknown.
Our spatial epidemiological approach documents the large-scale
effects of this unprecedented outbreak and maps the extent of
spatial hotspots through time in the Florida reef tract. The spatial

pattern of the diseased reefs suggests that this outbreak is caused
by a contagious agent, with disease clusters on the scale of
tens of kilometers. The spatio-temporal model indicates that
water currents may be a vector of transmission, with bottom
advection influencing transmission rates. Our results indicate
that diverse and deep reefs are at greater risk to SCTLD than less
diverse, shallow reefs. An increase in multi-species, contagious
marine diseases is forcing diverse, complex systems toward more
homogenous and simple systems (Burman et al., 2012), and
efforts are needed to ensure that human activities are neither
causing nor exacerbating diseases on coral reefs.
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