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interventions elicit efficiencies in
endemic disease response
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Environmental Sciences, Nova Southeastern University, Dania Beach, FL, United States

The presence and abundance of reef-building corals are crucial to the long-term
existence of Caribbean coral reef ecosystems, providing both direct and indirect,
local and global, ecological, economic, and social benefits. In 2014, stony coral
tissue loss disease (SCTLD) was first identified in southeast Florida and remains
endemic to the region, while continuing to spread throughout the Caribbean.
Effective in situ intervention treatments using antibiotic paste can halt lesion
progression on Montastraea cavernosa up to 90% of the time. This study
investigated intervention activities over a three-year period to identify
efficiencies in disease response. Since May 2019, 1,037 corals, >85% of which
were M. cavernosa, were treated during disease intervention dives in southeast
Florida. Treated coral density, the number of treated corals per meter along a dive
track, was significantly higher in the first year compared to subsequent years and
displayed annual peaks in late summer each year. Season significantly influenced
treatment density, leading to higher values in the wet season across all years,
2019 to 2022. Areas of highest treatment density were identified between
Haulover Inlet and Government Cut near Miami and Hillsboro Inlet in northern
Broward County. Areas with the highest treatment density were only identified in
the first year, suggesting that broadscale interventions may have decreased
disease prevalence in subsequent years. Results indicate that in endemic areas
with sporadic and dynamic disease prevalence, intervention efforts should be
weighted proportionally across space and time to maximize intervention
efficiency. This study provides optimistic results for the potential of
interventions reducing disease prevalence and supports that disease
interventions are an effective coral restoration tool that can decrease the
increasing burden on post hoc coral restoration.
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Introduction

Stony coral tissue loss disease (SCTLD) is one of the most
destructive Caribbean coral diseases. Its persistence, virulence,
mortality rate, and previously documented high disease prevalence
(61%) compared to other white tissue loss diseases (<5%) (Precht
et al, 2016; Aeby et al,, 2019) have decimated coral populations in
southeast Florida (SEFL), leaving some species with >98% tissue loss
(Hayes et al, 2022). SCTLD was first reported in September 2014
near Miami, Florida in the Kristin Jacobs Coral Reef Ecosystem
Conservation Area (Coral ECA) although the exact location and date
of its origins are questionable as multiple diseased Dendrongyra
cylindrus colonies displaying similar symptoms were documented
in February 2014 further north (Jones et al., 2021). The disease onset
coincided with and may have been exacerbated by a massive
sedimentation event caused by the 2013-2015 dredging in the Port
of Miami (Barnes et al., 2015; Cunning et al., 2019) and the 2014-
2016 summer thermal stress-driven coral bleaching events (Manzello,
2015; Precht et al., 2016; Aeby et al., 2019; Jones et al., 2020).

As of November 2023, the causative agent of SCTLD remains
unknown. Data support that the disease is associated with dysbiosis
of the zooxanthellae living within the coral tissue, followed by a
secondary bacterial infection directly affecting the coral tissue itself
(Landsberg et al., 2020; Work et al., 2021), while other studies
suggest it to be predominantly bacterial or influenced mainly by
bacterial interactions (Iwanowicz et al., 2020; Rosales et al., 2023).
SCTLD differs from other white plagues and syndromes in that it
often displays lytic necrosis of the coral tissue along the disease
margin (Aeby et al,, 2021; Croquer et al., 2021). Diseased colonies
are often found in clusters among the reef in SEFL, suggesting a
contagious mode of transmission (Muller et al., 2020). Dobbelaere
et al. (2020) found that disease spread matched that of a neutrally
buoyant particle, suggesting that it is water-borne (Aeby et al., 2019)
and currents likely play an important role in its spread. SCTLD has
been documented to infect over 24 of the estimated 45 species of
stony corals found within Florida’s Coral Reef (FCR), making it
wide-ranging and highly destructive to the majority of reef-building
species (Walton et al., 2018; Aeby et al., 2021; Florida Coral Disease
Response Research & Epidemiology Team, 2018).

Because of SCTLD’s continued persistence, high prevalence
among reefs, wide range of susceptible species, and high mortality
rate of infected individuals (Aeby et al., 2019; Estrada-Saldivar et al.,
2020; Spadafore et al., 2021; Alvarez-Filip et al., 2022), efforts were
undertaken to develop disease interventions to stop the spread of
SCTLD. However, stony coral disease identification and
intervention methods have been historically limited and effective
methods and materials were and remain underdeveloped. Many
previous attempts were limited to ex situ scenarios where colonies
were treated in aquaria. For example, Sweet et al. (2014) found that
ampicillin and paromomycin, two common antibiotics used to treat
gram-positive bacterial infections, completely arrested white band
disease in Acropora, a genus of branching corals, while two other
antibiotics had little to no effect on these disease lesions. Although
effective, ex situ methods are limited in scale because colonies must
be removed, transported, treated for a period of time and then
replanted on the reef.
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Previous in situ treatments tested on various common coral
diseases have included shading, aspiration, trenching of coral tissue,
removal of microbial material and more, with success varying by
method and disease. In corals presenting with yellow band disease, a
trench cut into the coral tissue and skeleton had high short-term
success of ~70% but long-term success of only ~10% (Randall et al.,
2018). Black band disease in the Looe Key National Marine
Sanctuary in the late 1980s, was successfully treated by in situ
removal of the microbial mat followed by the application of clay to
seal the lesion edge, halting the spread of the lesion (Hudson, 2000;
Teplitski and Ritchie, 2009). Although effective, coral colonies were
reinfected ~30% of the time (Hudson, 2000). This method was
highly time-consuming and exhibited the need for a wide-reaching
and efficient intervention method that decreased the probability of
disease re-emerging along the reef (Hudson, 2000). Phage therapy
has been tested on corals with white plague in the Red Sea, and was
successful when used in the early stages of infection (Efrony et al.,
2009). In 2015, topical application of a mixture of marine epoxy and
chlorine powder were used to successfully halt black band disease in
Hawaii (Aeby et al., 2015). This method did not require extensive
equipment, time, or strict permitting and was relatively inexpensive,
leading to its adoption for the first broadscale treatments of SCTLD.
The first SCTLD treatments with epoxy and chlorine powder were
monitored extensively to understand their efficacy and showed
moderate success on Orbicella spp. (77%) but not for
Montastraea cavernosa (<40%) (Walker et al., 2021c).

Concomitantly, to increase the applicability and viability of in
situ disease treatments, a team of scientists formed Ocean
Alchemists LLC and developed CoralCure'"" Base2b, a silicone-
based paste, to be used in conjunction with powdered antibiotics, as
these had shown success in ex situ treatments of corals presenting
with SCTLD lesions. The paste allowed for proper lesion adhesion
and drug release over three days. Amoxicillin, an antibiotic effective
against gram-positive bacteria, was selected for these treatments
based on its accessibility, low cost, and frequent applicability in
medicine which showed promise for treating SCTLD, as the
causative agent remained unknown. The CoralCure'" treatment
consisted of amoxicillin and base in a 1:8 ratio (Neely, 2018). Once
permits were approved for emergency treatment usage, disease
intervention teams started treating lesions across FCR in 2018
(Neely et al., 2020; Neely et al., 2021; Shilling et al., 2021; Walker
et al., 2021b; Walker et al., 2022a). Walker et al. (2021b) found that
CoralCure ' treatment paste, at the disease lesion, combined with a
‘disease break’ filled with CoralCureTM, cut about 5 cm from the
disease lesion and lcm deep on the live tissue side, was the most
effective in situ intervention method halting disease lesions on
Montastraea cavernosa at a rate of 91.2% within the first year of
treatment in SEFL. Additionally, CoralCure™ treatments showed
long term success in which 95% of treated corals across 5 species,
Orbicella faveolata, M. cavernosa, Colpophyllia natans,
Psuedodiploria strigosa, and Diploria labyrinthiformis, showed no
signs of disease after 2 years in the Florida Keys (Neely et al., 2021).
This highly effective treatment method diminished the need to
return to monitor, therefore increasing the efficiency of broad scale
interventions while reducing disease loads on the reef.
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The effectiveness of broad scale disease interventions relies not
only on treatment efficacy, but also on the ability to find and treat as
many diseased individuals as possible throughout the seascape,
requiring extensive planning and field work. High-density coral
reefs naive to a new disease may have many diseased corals in close
proximity, making these treatment dives highly efficient (high
density of corals requiring treatment per search area). However,
once disease moves through the highly susceptible species and
individuals in an area, it becomes spatially and temporally
sporadic, making disease intervention efforts less efficient and
more costly. For example, between January 2019 and August
2022, 3,765 corals were treated in the Florida Keys National
Marine Sanctuary (FKNMS) and 1,037 corals were treated in the
Coral ECA. Divers in the FKNMS typically treated 25-50 corals per
dive, about one coral every 13.5 minutes, whereas Coral ECA divers
treated 2-5 corals per dive, one coral every 37.2 minutes on dives
where at least one coral was treated (Neely, unpublished data). This
disparity in treated corals between regions might be attributed to
variation in the SCTLD highly susceptible coral densities between
regions, with higher disease-susceptible coral density in FKNMS
(Toth et al., 2023). The Coral ECA reefs have historically had lower
species diversity, coral cover, and reduced coral populations than
the FKNMS (Veron, 1995) and the endemicity of SCTLD has
further reduced coral density and reduced live tissue cover by
59% in the Coral ECA (Walton et al., 2018; Hayes et al., 2022).
Thus, disease interventions in the Coral ECA require covering
longer distances or larger areas to locate diseased colonies than in
the FKNMS.

Although significantly less expensive than the restoration
required to replace corals lost to disease, regional scale in situ
disease interventions are daunting and expensive, especially since
current interventions do not provide an apparent long-term benefit
to getting reinfected. Coral diseases have previously been associated
with thermal stress (Bruno et al., 2007; Howells et al., 2020;
Williams et al., 2011) and terrestrial runoff (Bruno et al., 2003;
Haapkyld et al,, 2011), thus disease intervention efficiencies in
endemic locations might be enhanced by targeting certain times
of the year or areas that receive more terrestrial influences. SCTLD
has been reported to be affected by thermal stress, with increasing
prevalence during warmer, wetter periods (Walker et al., 2022b),
but also complete quiescence during bleaching (Meiling et al.,
2020). Therefore, we analyzed differences in efficiency of
broadscale disease interventions within the Coral ECA over a 3-
year period to maximize future coral treatments, providing a
roadmap for ongoing and future disease responses in endemic
zones to evaluate and improve their efficiency and effectiveness at
halting disease, saving live coral tissue, and reducing the need for
post hoc restoration.

Materials and methods

Broad-scale disease interventions reported herein occurred
between May 2019 and April 2022 in the southern portion of the
Coral ECA bounded by Hillsboro Inlet to the North and Cape Florida
Channel to the South on FCR (Figure 1). Disease interventions have
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continued through the publication of this study but are not included
because they did not encompass a full year at the start of the analysis.
With limited resources at hand, the focus of the disease response was
to treat as many diseased individuals as possible to reduce disease
loads, stop lesion progression, and preserve coral tissue coverage.
Treatment dive sites were initially chosen using data from the
Southeast Florida reef-wide post-hurricane Irma coral disease
surveys that collected the number of coral species, density, and
percent cover at 62 sites in 2017 (Walker, 2018). Benthic habitat
maps and bathymetry data (Walker et al., 2008; Walker, 2012) were
used in ArcGIS to identify high topographic relief areas indicative of
reef habitat to fill spatial gaps. The mapping data ensured that divers
spent time surveying reef habitats rather than seagrass, sand, or
rubble areas. Additionally, the SCTLD presence data during the 2020
NOAA Coral Reef Conservation Program (CRCP) National Coral
Reef Monitoring Program (CRCP project #743) benthic and fish
surveys were used to identify habitats where SCTLD was more likely
to be present: the shallow habitats in the Broward-Miami ecoregion
(Walker et al., 2021a).

Dives occurred on reef habitats of Broward and Miami-Dade
counties in depths ranging from 3 to 15 m. During each dive, scuba
divers spread out near the bottom to within visible range of each
other, typically covering a breadth of approximately 15 meters,
heading with the current while following the reef topography. If
divers swam upon a non-hardbottom area or an area without stony
corals for more than 5 minutes, they would end their dive and move
to a new location, to increase the likelihood of finding corals with
lesions, heretofore referred to as ‘diseased coral’. Once a diseased
coral was found, divers visually assessed the lesion to ensure it was
consistent with SCTLD. Disease lesions were considered to be
SCTLD if lesions had distinct tissue loss, clear margins of newly
exposed bare skeleton, and/or appeared to be focal or multi-focal
(Florida Coral Disease Response Research & Epidemiology Team,
2018). If so, divers proceeded to tag, identify, assess, measure, and
photograph each coral before treatment. Treatment consisted of
applying CoralCure'™ with amoxicillin (1:8 weight ratio) to the
disease lesion, sometimes combined with a disease break, a 1 cm
trench cut with a submersible angle grinder about 5 cm inward from
the lesion to isolate visually diseased areas from the remaining live
tissue. The most time-consuming part of each coral treatment is the
tagging, assessment and documentation and therefore the size of the
colony, length of treatment paste applied, and number of lesions
were not factored into effort. Colonies were not revisited to assess
treatment success, however if a previously treated colony was
encountered with disease, it was retreated and documented.

A floating DGPS WAAS unit time synced to a dive computer
was used to attain each treated coral’s location and the entire spatial
and temporal dive extent. The diver recorded the time at the start
and end of the dive and at each treated coral. GPS point and line
data collected from each dive were obtained using DNR Garmin
(Version 6.1.0.6, Minnesota Department of Natural Resources,
2011). Both line and point data were input to ArcGIS Pro
(Version 3.1.2, Esri Inc, 2023). GPS points associated with the
time recorded at each treated coral were extracted to a separate
database. The line data were trimmed to ensure they represented the
underwater survey time. These data were used to calculate the total
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FIGURE 1

(A) Florida's Coral Reef in southeast Florida, the study area outlined in red. (B) Disease intervention dive tracks from May 2019 to April 2022
overlaying Florida’'s Coral Reef within the Kristin Jacobs Coral Reef Ecosystem Conservation Area. (C) Disease intervention treated corals by species
from May 2019 to April 2022 overlaying Local Coastal Regions (LCRs). Coral species listed in order of most frequently treated to least

frequently treated.

number of treated colonies divided by the linear distance covered.
This metric was termed treatment density and used as a measure
of efficiency.

Coastal spatial variation within the study area was analyzed
using a layer depicting Local Coastal Regions (LCRs). Each LCR was
bounded by the middle of each inlet mouth and the midpoint
between two consecutive inlets (Figure 1). The LCRs were named
according to the inlet and relative location (“Port Everglades North”
to designate the area between Port Everglades and the midpoint of
Port Everglades and Hillsboro Inlet).

Data analysis was conducted in ArcGIS Pro (Version 3.1.2, Esri
Inc., 2023) and R (Version 4.1.0, R Core Team, 2021). A spatial
autocorrelation test (Global Moran’s I) showed that treated corals
(Moran’s Index = 1.00157, z = 59.43677, p = 0.00) and dive track
locations (Moran’s Index = 0.997269, z = 38.743816, p = 0.00) were
spatially autocorrelated, but treatment density was not (Moran’s
Index = 0.021719, z = 1.940706, p = 0.052294). Thus, a kernel
density estimation was performed to visually represent treatment
density spatial patterns using the geometric center of the dive tracks.
Statistical spatial analyses were limited to the LCR analyses
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conducted in R (Version 4.1.0, R Core Team, 2021), where none
of the LCR treatment density values were normally distributed
except the Cape Florida Channel North region. A negative binomial
GLM was used to compare treatment density between LCRs to
one another.

Dive tracks and treated coral data were categorized by each
project year beginning in May and continuing through the
following April. The project years were as follows: A: May 1%
2019- April 30" 2020, B: May 1*' 2020 - April 20™ 2021, C: May 1°*
2021 - April 30" 2022. Seasons were categorized as wet from May
1° to October 30" and dry from November 1% to April 30™ based
on historic climate data (Davis and Ogden, 1994). The dry season is
associated with less rainfall and cooler water and air temperatures,
and the wet season is associated with more rainfall and warmer
water and air temperatures. Shapiro-Wilkes test and distribution
plots of each variable determined that none of the factors were
normal. Therefore, negative binomial GLMs were used for analyses
of treatment density, by seasons and project years, independently.
Additional negative binomial GLMs were conducted to inspect
relationships between project year and LCR, season and project

frontiersin.org
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TABLE 1 Dives and corals treated by Project Year.

Project Year Dives Corals Treated
A (May 2019 - April 2020) 99 402
B (May 2020 - April 2021) 101 262
C (May 2021 - April 2022) 133 277

year, as well as season and LCR. All negative binomial GLMs were
conducted using coral treatments and a logarithmic offset term of
dive distance to represent the values of treatment density. For all
negative binomial GLMs, where applicable, pairwise comparisons
were completed using the “emmeans” package (Lenth et al., 2022),
the “pairs” and “contrast” functions, and the “pairwise” method
(Spadafore et al,, 2021) to determine the significance between levels
of factors.

Results

Disease intervention teams conducted 333 dives (Table 1)
across 120 days throughout the Coral ECA from May 2019 to
April 2022 covering roughly 250 km of reef (Figure 1B). On average,
each field day consisted of three dives covering an average linear
distance of 722.89 m on each dive. During the project period, 1,037
corals were treated, however only 941 of these corals were included
in analysis due to missing location information. The average
number of corals treated per dive was 2.81 corals. Corals treated
during the study period comprised nine species including 888 (86%)
Montastraea cavernosa, 76 (7%) Orbicella faveolata, 27 (3%)
Pseudodiploria strigosa, 19 (2%) Pseudodiploria clivosa, 15 (1.5%)
Colpophyllia natans, 5 (<1%) Solenastrea bournoni, 4 (<1%)
Diploria labryinthiformis, 2 (<1%) Siderastrea siderea, and 1
(<1%) Orbicella annularis indicating that highly and
intermediately susceptible species were found with active lesions
throughout the study period (Figure 1C).

10.3389/fmars.2023.1302697

Since disease intervention activities were not randomized or
normalized by region or time of year and were not standardized by
time, length, or survey area, the treated corals were standardized to
the dive length (treated corals per m) to get an estimate of effort per
dive. A polynomial regression of treated corals and dive distance
determined that coral treatments were a significant, but minor
function of dive distance (p = 5.59 x 107, Adjusted R* © 0.05758),
suggesting that dives covering more distance were not guaranteed to
have more diseased corals and other factors were mostly responsible
for the variation of the number of corals treated on any given dive.

The number of dives and treated corals varied by project year
(Table 1). Year A (May 2019 — April 2020) had the fewest number
of dives (99) but most coral treatments (402). Similar numbers of
coral treatments (262 and 277, respectively) were conducted in Year
B (May 2020 - April 2021) and Year C (May 2021 - April 2022), but
32 more dives were conducted in Year C. A negative binomial GLM
showed that project year was a significant predictor of treatment
density per dive (LR y*> = 21.863, df = 2, p = 1.789 x 107,
respectively). Treatment density was significantly higher in
Project Year A than in Project Years B and C (p = 0.0102 and p
< 0.0001, respectively; Figure 2). Additionally, a negative binomial
GLM showed that dive distance was not significantly different by
year (LR > = 4.5937, df = 2, p = 0.1006).

Total number of dives and treated corals varied by LCR
(Table 2). The number of dives was lowest in Cape Florida
Channel North (8) and highest in Haulover South (107). The
number of treated corals was highest in Haulover South (333),
Haulover North (290), and Hillsboro South (136). Treatment
density per dive was not significantly correlated to latitude (z =
-0.18352, p = 0.8544), however, a negative binomial GLM showed
that LCRs were a significant predictor of treatment density (LR
Xz T47.249,df=7,p=4.992 x 1078, Figure 3A). The Haulover North
region was a significant predictor of the model (z = 2.169, p =
0.0301). The regions with significant positive effects were Haulover
North, Haulover South, and Hillsboro South, predicting higher
treatment densities than other LCRs (p < 0.0001, p = 0.0001, p =

Treatment Density per dive by Project Year
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FIGURE 2

Project Year

Treatment density per dive (treated corals/dive distance (m), median) was significantly higher in Year A than Years B and C (p=0.0102 and p<0.0001,
respectively). Statistical significance is represented by letters. (Project Year classification: A- May 2019 through April 2020, B- May 2020 through April

2021, C- May 2021 through April 2022)
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TABLE 2 Dives and corals treated by Local Coastal Region.

Local Coastal Region IDJ\VH Corals Treated
Hillsboro South 38 136
Port Everglades North 44 91
Port Everglades South 26 28
Haulover North 76 290
Haulover South 107 333
Government Cut North 27 38
Government Cut South 8 14
Cape Florida Channel North 8 14

10.3389/fmars.2023.1302697

0.0031, respectively). The region with significant negative effects
was Government Cut North, predicting lower treatment densities
than other LCRs (p = 0.0131). The kernel density estimation for
treatment density per dive exhibited a large area of high kernel
density in Haulover South and medium values in Hillsboro
South (Figure 4).

LCR and project year were also identified as significant predictors
of treatment density per dive (LR > = 54.266, df = 7, p = 2.083 x 10
and LR y* = 22.422, df = 2, p = 1.352 x 10”°, respectively) (Figure 5).
Haulover South was the only region with significant positive effects
across all three years, predicting higher treatment densities than other
LCRs (p < 0.0001, p = 0.001, p = 0.0162). No regions had significant
negative effects across all three years. Haulover North, Hillsboro
South, and Port Everglades North had significant positive effects in

Treatment Density per dive by Local Coastal Region
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treatment density. Statistical significance is represented by letters. (B) Visual representation of median treatment density per dive by LCRs from May
2019 to April 2022. Median treatment density per dive by Local Coastal Region shown through gradient, high values shown in red, moderate in
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FIGURE 4

Disease intervention dive tracks overlaying treatment density kernel
density estimation. The highest kernel density of treatment densities
was found largely in Haulover South with a small portion in
Haulover North.

Year A, predicting higher treatment densities than other LCRs (p <
0.0001, p < 0.0001, and p = 0.0225, respectively). No regions had
significant negative effects in Year A. Haulover North had significant
positive effects in Year B (p = 0.0162). Government Cut North and
Hillsboro South had significant negative effects in Year B, predicting
lower treatment densities than all other LCRs (p = 0.0012 and p =
0.0162, respectively). Government Cut North had significant negative
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effects in Year C, predicting lower treatment densities than other
LCRs (p = 0.0001). Haulover South was the only region with
significant positive effects in Year C (p = 0.0162).

The kernel density estimation by project year showed that Year
A had the highest clustering of high treatment density dives in
Haulover North and Port Everglades South (Figure 6A). Year B was
relatively consistent throughout the study area (Figure 6B) and did
not indicate areas with higher or lower treatment density while Year
C showed higher treatment density in Haulover South and Port
Everglades South (Figure 6C). Interestingly, many Year B dives in
Haulover North and South and Year C dives in Hillsboro South
yielded low treatment densities, unlike Year A.

Seasonal dives and coral treatments varied over the project
duration. The wet season had 2.5 times the number of treated corals
(673) than the dry season (268) despite only having 1.6 times more
dives (206 versus 127) (Table 3). Treatment density per dive was
significantly higher in the wet season than in the dry season (p =
0.0001) and season and project year were significant predictors of
treatment density each year (>~ 19.534, df =1, p = 9.885 x 10 and
x> = 21.984, df = 2, p =1.684 x 107, respectively) (Figure 7).
Treatment density in the wet season of Year A was significantly
higher than that of the wet season of Year C (p < 0.001), however,
treatment density of the wet season of Year B was not significantly
different from the treatment density of Year A or Year C (p = 0.4218
and p = 0.0867, respectively). An F-test confirmed that season
explained the variance in treatment density and had the same
relative effect each year of the project in which wet season
treatment densities were significantly higher than those in the dry
season each year (F = 0.61069, p = 0.002786).

A negative binomial GLM identified LCR and season as
significant predictors of treatment density per dive (LR
x> = 44279, df =7, p = 1.887 cx 107 and LR > = 11.271, df = 1,
p = 7.872 x 107, respectively) (Figure 8). Haulover North was the
only region with significant positive effects across both wet and dry
seasons, predicting higher treatment densities than other LCRs, no
matter the season (p = 0.0187, p < 0.0001, respectively). No regions
had significant negative effects across both seasons. Hillsboro South
had significant but differing effects across wet and dry seasons
despite having similar median treatment density values in both
seasons (Figure 9). The region had significant negative effects in the
wet season (p < 0.0001) and significant positive effects in the dry
season (p = 0.0421), the opposite of the general seasonal trend seen
within the data. Haulover South had significant positive effects in
the wet season, predicting higher treatment densities than other
LCRs (p < 0.0001). Port Everglades North had significant negative
effects in the wet season (p = 0.0421). Government Cut North,
Government Cut South, and Port Everglades South had significant
negative effects in the dry season, predicting lower treatment
densities than other LCRs (p = 0.0020, p = 0.0421, and p =
0.0187). The kernel density estimation of treatment density per
dive by season showed distinct differences in each season (Figure 9).
The highest values identified in the wet season occurred in the
middle of Haulover South with a relatively high area identified on
the border of Haulover North and Port Everglades South. The
highest values identified in the dry season occurred at the border of
Port Everglades north and Hillsboro South, an area where low
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Local Coastal Region and project year were identified as significant predictors of treatment density per dive. Red asterisks represent region and year
combinations that had significant effects on the model. Haulover South was the only region with significant effects across all three years. (Project
Year classification: A- May 2019 through April 2020, B- May 2020 through April 2021, C- May 2021 through April 2022).

values were seen in the wet season. However, all kernel density
estimation values of treatment density in the dry season (November
to April) were lower than all values estimated in the wet season
(May to October).

Discussion

Caribbean coral reef ecosystems are experiencing increased
stressors and threats, endangering their long-term existence and
their ability to provide numerous relied upon benefits (Lirman et al.,
2018; Moberg and Folke 1999). SCTLD, potentially the most
damaging threat to reefs to date, is spreading throughout many
Caribbean and Mesoamerican locales threatening the future of
Caribbean coral reef existence and functionality (Kramer et al,
2019; Lee Hing et al,, 2022; Walker et al., 2021c). The number of
treated corals in this study illustrates that SCTLD continued to
infect reef building corals in endemic regions eight years after initial
onset. The information provided herein can aid in planning disease
intervention response in other locales.

Finding efficiencies in disease interventions helps optimize
disease responses faced with limited available resources. This
study provides guidance to increase SCTLD intervention
efficiencies, especially once it becomes endemic. Disease
interventions using CoralCure'", are highly effective at stopping
lesions (Neely et al., 2021; Walker et al., 2021b), particularly when
using a disease break, and should continue as long as SCTLD
persists to save stony coral genetic diversity and decrease reliance
on post hoc restoration (e.g. microfragging and outplanting). Saving
existing corals maintains many ecological functions that may take
many years to recover from post hoc restoration, if ever. This study
supports that highly effective interventions weighted proportionally
across space and time can optimize broadscale intervention
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efficiency. However, because spatiotemporal patterns of disease
are often dynamic, periodic analyses may be needed to inform
future efficiencies.

Although our study lacked comparable untreated control sites
to specifically test the observed pattern, the spatiotemporal patterns
of treatment densities herein are likely indicative of SCTLD spatial
and temporal patterns. Treatment density was the number of
treated corals standardized by the linear distance of a dive. The
number of treated corals was not simply a function of longer dives
because dive length only explained 5.8% of the variance in
treatment density. Therefore, it is likely that higher treatment
density was generally indicative of higher disease prevalence.
Treated corals (Table 1) and treatment densities decreased
throughout this study (Figure 6). Year A had the highest number
of treated corals with fewer dives than Years B and C while more
dives were needed in Year C to match the number of treatments in
Year B and was not attributed to a decrease in dive distance. These
variations perhaps indicate a decrease in disease prevalence,
increase in disease-driven mortality, or both. Although the
specific fate of each coral was not evaluated in this effort, regional
coral cover, density, and live tissue area remained stable throughout
the study period (Hayes et al., 2022; Viehman et al., 2023),
indicating that disease-driven mortality was not a major factor.
Generally, coral disease prevalence is strongly influenced by
exposure, virulence, susceptibility, and colony health (Moriarty
et al., 2020; Vega Thurber et al., 2020; Sweeny and Albery, 2022).
As long as the source and etiology of SCTLD remains unknown, we
can only speculate about disease exposures. However, disease
interventions stop disease lesions (Neely et al., 2020; Neely et al.,
2021; Walker et al,, 2021b) and have the potential to decrease local
pathogen load and reduce transmission to nearby individuals, as
shown in other marine diseases (Atad et al., 2012; Groner et al,,
2016). Mean treatment density decreased significantly after the
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Disease intervention dive tracks by year overlaying kernel density estimations of treatment density per dive for each project year (A—C). Year (A) was
the only year with high kernel density areas identified (red) (A). There was little variability of kernel density in Years (B, C). (Project Year classification:
A- May 2019 through April 2020, B- May 2020 through April 2021, C- May 2021 through April 2022)

initial year of intervention activity, from 0.0063 treated corals/m to
0.0038 treated corals/m meaning increased area was required to
treat the same number of corals. Returning to previous reef areas of
higher treatment density did not yield the same treatment density,
suggesting that disease prevalence did not stay consistently high
over time. These results align with Forrester et al. (2022) who found
reduced SCTLD prevalence, lesion severity, and mortality at
treatment sites in the British Virgin Islands. Although only few
individuals at each treatment site received treatment, such sites

TABLE 3 Dives and corals treated by Season.

Season Dives Corals Treated
Wet (May 1 to October 31) 206 673
Dry (November 1 to April 30) 127 268

Frontiers in Marine Science

exhibited community-wide benefits such as decreased disease
prevalence over time and an increase in cover of some highly
susceptible species. Due to the lack of control sites within our
study, we cannot explicitly conclude sites with treated corals
exhibited similar patterns to Forrester et al. (2022), but the
decrease in disease prevalence throughout the study suggests this
as a plausible explanation.

Abundance and virulence of coral diseases are known to
fluctuate through space and time with varying environmental
factors (Vega Thurber et al., 2014), and disease prevalence can be
exacerbated by increased sea surface temperatures and weekly sea
surface temperature anomalies (Burke et al., 2023). SEFL has two
distinct seasons which coincide with temperature, wherein the wet
season is the warmest and the dry season the coolest. A number of
studies show temporal fluctuations of SCTLD in the Coral ECA
with the highest metrics during the warm, wet season (Walker et al.,
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Season and project year were significant predictors of treatment density per dive where season had the same effect each project year. The wet
season had significantly higher treatment densities than the dry season each year. Statistical significance is represented by letters.

2021¢; Walker et al,, 2022b). Mean temperature, mean rainfall and
flow out of the inlets over various temporal windows explained
63.1% of the variation in the number of SCTLD treatments and
66.2% of the total number of corals with lesions on the large
Orbicella faveolata population. Treatment densities exhibited
distinct seasonal and spatial patterns throughout each year and
were significantly higher in the hotter wet season every year
(Figure 7). These results indicate that a larger proportion of
disease intervention effort should be prioritized during the hotter
wet season in the Coral ECA. However, a lower proportion of
disease intervention activity still must be conducted in the dry

season since disease remains year-round and corals can die in a few
weeks (Aeby et al., 2019; Neely et al., 2021; Walker et al., 2021b).
Treatment densities were spatially variable along the coast,
however the lack of correlation with latitude suggests that disease
differences were likely driven by other factors (Figure 4). Our results
indicate that disease interventions should be spatially allocated
proportionally to focus more effort in regions of previously higher
efficiency, while still maintaining lower effort (perhaps less
frequent) across all areas. Haulover North, Haulover South, and
Hillsboro South had the highest treatment densities, which may
mean that disease prevalence was higher in these areas (Figure 3).
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significant effects on the model. Haulover North was the only region with significant positive effects across both seasons. Hillsboro South had
significant negative effects in the wet season and significant positive effects in the dry season, an opposing pattern to that identified in Figure 7. (Wet

Season: May to October, Dry Season: November to April).
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Disease intervention dive tracks overlaying seasonal kernel density estimations of treatment density per dive. Kernel density estimation values during
the dry season, from November to April (A), were lower than all values estimated in the wet season, from May to October (B). Kernel density
estimations showed that Hillsboro South and Port Everglades North were relatively consistent throughout seasons, with the highest values in the dry
season and lowest values in the wet season. Conclusions regarding kernel density cannot be made for Cape Florida Channel North or Government
Cut South due to the limited number of dives conducted during the dry season

Most of the coral reefs in the Coral ECA occur within three miles of
the coast (Walker, 2012), making them highly influenced by coastal
activities such as beach restoration (Jordan et al., 2010), dredging
and shipping (Walker, 2012), runoff from land, and discharge from
inlets and outflow pipes (Wear and Thurber, 2015).
Anthropogenically induced water quality decline has been linked
to increased coral disease prevalence elsewhere (Bruno et al., 2003)
making it an important consideration for SCTLD. Staley et al.
(2017) found that in southern Coral ECA sites, near Haulover Inlet
and Government Cut, reef water and coral mucus prokaryotic
communities were more influenced by outfall source communities
than more northern sites, near Port Everglades and Hillsboro Inlet,
which were more influenced by ocean water source communities.
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These source communities likely influence the coral microbiome,
potentially shifting community structure and impacting the coral’s
resistance to pathogens (Pollock et al., 2019). Interestingly, the
regions with highest treatment densities mirror the spatial
epidemiological probability models of the spread of SCTLD which
found peaks near Haulover Inlet and Hillsboro Inlet in 2016 (Muller
et al, 2020). Although the relationship between nutrients and
SCTLD bears more research focus, other countries experiencing
SCTLD should consider the presence and location of inlets, outfalls,
and water sources, and their impacts, in disease monitoring
and response.

Seasonal increases of rainfall and runoff may exacerbate water
quality decline. The general inland water flow in 2019 was
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southwestward throughout Broward and northern Miami-Dade
Counties (Abtew et al,, 2019). However, near the midpoint of
Miami-Dade County, the water flow turns eastward, aligning
latitudinally with Haulover Inlet (Abtew et al., 2019). This
increased water flow and subsequent runoff intensified in the wet
season may help to explain the heightened number of diseased
corals and treatment density in the Haulover regions because
nutrient loading/enrichment has the potential to lower the
resistance of corals to disease pathogens (Bruno et al., 2003; Vega
Thurber et al., 2014). Statistical models of water quality data at reef
sites between 2018 and 2021 found that inlet flow, rainfall, and wind
predictors explained 79% of the model variation of orthophosphates
and 55% of nitrates (Walker et al., 2022b). Since rain and inlet flow
also correlate with increased SCTLD (Walker et al., 2022b), it is
possible that SCTLD is exacerbated seasonally by excessive
nutrients during increased rainfall and inlet flow rates.

Higher coral disease prevalence can be associated with higher
host density (Bruno et al., 2007; Walton et al., 2018; Hayes et al.,
2022), but this can depend on site diversity (Muller et al., 2020;
Costa et al,, 2021), exposure (Studivan et al., 2022), stress (Precht
et al., 2016), and species susceptibility (Precht et al., 2016; Florida
Coral Disease Response Research & Epidemiology Team, 2018).
The scope of our efforts was too large to account for varying coral
density between dives because counting all corals along a 724 m x
15 m search area was not feasible. However, coral density of the
nearshore habitats within the study area is fairly homogenous on a
regional scale (Burman et al., 2012; Klug, 2015). Given the
haphazard nature of the dives, the amount of reef habitat covered
per dive, and replication between years and regions, differences in
coral densities between dives probably did not have a significant
effect on our results.

Identifying and periodically revisiting high coral density areas
can increase intervention efficiency because it allows more colonies
to be assessed over a dive. Interventions at high-density locations
may have an added benefit of increasing the likelihood of successful
natural reproduction by attempting to save corals already located
nearby one another. This is especially important at restoration sites
where corals are planted at higher densities, such as spawning hubs
(Gilliam et al, 2021). Spawning hubs are areas where corals of
targeted restoration species are brought in close spatial proximity to
increase local densities with the hopes of increasing fertilization
success and natural reef recovery (Gilliam et al., 2021). Costa et al.
(2021) found an increase in SCTLD disease prevalence with
increased species diversity in epidemic (2-6 months) and endemic
(>9 months) zones, however coral cover declines were less apparent
because of the rarity of highly susceptible species. Since disease
prevalence can be related to host density and diversity, disease
monitoring and interventions at restoration sites are necessary to
attempt to reduce local disease loads and save the live tissue of
costly, valuable relocated corals.

Continued research is necessary to fully identify the disease-
causing agent and specific stressors leading to the development of
SCTLD lesions to advance treatment methods specific to stony coral
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tissue loss disease. However, disease intervention has been shown to
be an effective tool in helping to conserve live coral tissue and thus
decreasing the burden and cost of post hoc reef restoration. By
increasing disease intervention activity efficiency, resources can be
used to broaden the scope of disease responses.
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