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Coral communities in the Caribbean face a new and deadly threat in the form of the
highly virulent multi-host stony coral tissue loss disease (SCTLD). In late January of 2019,
a disease with signs and characteristics matching that of SCTLD was found affecting
a reef off the coast of St. Thomas in the U.S. Virgin Islands (USVI). Identification of its
emergence in the USVI provided the opportunity to document the initial evolution of
its spatial distribution, coral species susceptibility characteristics, and its comparative
impact on coral cover at affected and unaffected coral reef locations. Re-assessments
at sentinel sites and long-term monitoring locations were used to track the spread of
the disease, assess species affected, and quantify its impact. The disease was initially
limited to the southwest of St. Thomas for several months, then spread around the
island and to the neighboring island of St. John to the east. Differences in disease
prevalence among species were similar to reports of SCTLD from other regions.
Highly affected species included Colpophyllia natans, Eusmilia fastigiata, Montastraea
cavernosa, Orbicella spp., and Pseudodiploria strigosa. Dendrogyra cylindrus and
Meandrina meandrites were also highly affected but showed more variability in disease
prevalence, likely due to initial low abundances and the rapid loss of colonies due to
disease. Siderastrea spp. were less affected and showed lower prevalence. Species
previously reported as unaffected or data deficient that were found to be affected
by SCTLD included Agaricia spp., Madracis spp., and Mycetophyliia spp. We also
observed multi-focal lesions at SCTLD-affected sites on colonies of Porites astreoides,
despite that poritids have previously been considered low or not susceptible to SCTLD.
Loss of coral cover due to acute tissue loss diseases, which were predominantly SCTLD,
was significant at several monitoring locations and was more impactful than previous
mass bleaching events at some sites. There are no signs that the USVI SCTLD outbreak
is abating, therefore it is likely that this disease will become widespread across the U.S.
Caribbean and British Virgin Islands in the near future.
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INTRODUCTION

Coral disease is a significant and increasing threat to Caribbean
coral reef systems. This fact was highlighted by the appearance
and rapid spread of stony coral tissue loss disease (SCTLD) along
the southeast coast of Florida. SCTLD was first found affecting
corals off of Miami in 2014, when it was identified as white
plague (Precht et al., 2016), a previously described disease of
stony corals that has been affecting reefs in the Caribbean for
several decades (Sutherland et al., 2004). Faster rates of lesion
expansion, higher prevalence of mortality, the specific set of
species affected, and the continuous duration of the outbreak
of the disease led researchers to identify this disease as distinct
from white plague (Walton et al., 2018), and name it stony coral
tissue loss disease (SCTLD Case Definition, 2018). SCTLD has
since devastated coral reef communities throughout southeast
Florida and has been reported from disparate areas around the
Caribbean, including Mexico (Alvarez-Filip et al., 2019), Jamaica,
the Turks and Caicos Islands, and many others'.

An important characteristic of SCTLD that differentiates it
from other diseases of corals that cause acute tissue loss is its
relentless geographic expansion. Originally limited to the area
around the Port of Miami and Biscayne Bay, SCTLD has spread
continuously north and south along nearly the entire Florida
Reef Tract. Also, while other tissue loss diseases of corals have
shown outbreaks that are temporally limited or follow seasonal
cycles, SCTLD has shown no sign of abating in affected regions.
In fact, sites in Florida where the disease first emerged in 2014-
2015 continue to show new cases years after the initial outbreak
(Muller et al., 2020). The continuous expansion of the disease
in time and space are key factors that make SCTLD one of the
gravest threats to modern Caribbean reefs.

Other key characteristics of SCTLD which distinguish it from
other tissue loss diseases are the suite of species that it affects
and lesion development patterns. According to the current case
definition (SCTLD Case Definition, 2018), species first affected
by SCTLD at a location include the pillar coral (Dendrogyra
cylindrus), brain corals (Pseudodiploria strigosa, Pseudodiploria
clivosa, Colpophyllia natans, and Diploria labyrinthiformis), and
the maze coral (Meandrina meandrites). These are considered
indicator species of the disease affecting a location (see text
footnote 1). This is in contrast to white plague disease which
tends to affect Orbicella spp. most severely (Smith et al., 2013;
Williams et al., 2020). Morphological features of the disease
also differ from white plague in that disease signs typically
manifest as multi-focal expanding lesions that can appear on
any part of the coral (SCTLD Case Definition, 2018). These
lesions expand so rapidly that small bits of tissue can sometimes
be seen hanging from the lesion edges. In contrast, white
plague lesions can be multifocal and coalescing but originate
from the base or margin of a coral (Sutherland et al., 2004).
The expansion of white plague lesions is also less rapid than
lesions associated with SCTLD which expand at rates several
magnitudes faster (Aeby et al, 2019; Meiling et al., 2020;
Williams et al., 2020).

'www.agrra.org

These unique characteristics have made tracking the
appearance of SCTLD in new regions fairly straightforward,
however, there remains the question of whether SCTLD signs
in different regions in fact represent a common etiology.
Unfortunately, despite intensive efforts, no consistent etiological
agent has been identified for SCTLD; however, candidate
pathogens and pathogen indicators have been suggested (Meyer
et al., 2019; Rosales et al., 2020). These candidates and the
alleviation of disease signs with the application of antibiotics
(Neely et al., 2020) suggest the pathogenic agent is likely bacterial
or has some bacterial component, though investigations into
associations with viruses and other organisms are ongoing.

In early 2019, a coral disease with characteristics consistent
with SCTLD was identified affecting coral reefs off the southwest
coast of St. Thomas in the U.S. Virgin Islands (USVI). Describing
the impact of SCTLD as it spreads throughout the Caribbean is
an important step in identifying how different coral assemblages
and lineages respond through space and time. This study tracked
the emergence of SCTLD signs at coral reef sites surrounding
St. Thomas and St. John, VI, for the first 18 months after its
initial sighting in the region. We provide documentation of the
spread of the disease, species affected, and the impact on coral
communities in this time frame. We provide summaries of data
similar to that presented in Walton et al. (2018) and Alvarez-
Filip et al. (2019) for consistency with other reports of this disease
in the Caribbean.

MATERIALS AND METHODS

Distinguishing Disease Signs

Identifying the emergence of SCTLD in situ is based on
epidemiological characteristics, including which species are
affected and when they become affected, since no specific
pathogen has been identified that would allow for a confirmed
diagnosis. Therefore, although it is possible to determine when
SCTLD appears at a site, it is difficult to say for certain that
acute tissue loss disease signs on an individual coral represent true
SCTLD without following that coral through time. This is because
recent mortality indicative of disease can be attributable to other
acute tissue loss diseases, such as white plague. Whereas white
plague lesions emerge at the base or margin of a colony, expand
rapidly, but often do not coalesce and halt before full colony
mortality (Brandt et al., 2013; Smith et al., 2013), SCTLD lesions
appear as multi-focal lesions across a colony’s surface, expand
rapidly, and often coalesce resulting in total colony mortality
(Meiling et al., 2020). To be conservative, we combine and present
data for all acute tissue loss (ATL) disease signs affecting corals in
the survey data.

Transect Monitoring

The Territorial Coral Reef Monitoring Program (TCRMP) has
been conducting annual coral and fish community assessments at
locations across the USVTI since 2002 (Ennis et al., 2019). Of the
34 total monitoring locations, 19 are within the northern USVI
(St. Thomas and St. John), while 15 locations are distributed
around St. Croix; however, SCTLD was not observed on St. Croix
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during the time period of this study and so St. Croix monitoring
locations are not included here. The deepest (63 m) northern
USVI location, Ginsburg’s Fringe, was also excluded since it
is a mesophotic lettuce coral (Agaricia undata) reef making
it ecologically distinct from the other TCRMP monitoring
locations. Annual monitoring data at the other 18 St. Thomas and
St. John TCRMP locations are presented here going back to 2005,
with the exception of the Brewers Bay and Coral Bay locations,
which begin in 2008 and 2011, respectively. In addition to these
annual data, several monitoring locations were sampled outside
of annual monitoring when SCTLD was first reported (Table 1).

The TCRMP methodology collects data on the benthic
community composition at each location by surveying six
marked 10 m transects annually using video methods detailed
in Ennis et al. (2019) and summarized in Smith et al. (2013).
A diver on SCUBA takes continuous video along each transect
keeping the lens approximately 0.4 m above the substrate (a
wand guide is used to maintain height). Twenty to fifty non-
overlapping images are then captured from each transect’s video.
Captured images represent an area of approximately 0.31 m?
(0.64 m x 0.48 m). Coral Point Count with Excel Extension
software (Kohler and Gill, 2006; prior to 2019) or the “imager”
(Barthelme, 2020) and “spatstat” (Baddeley et al., 2015) packages
in Ris then used to superimpose randomly located points on each
image (20 points/image) and the substrate type under each point
is identified to the most descriptive level possible.

The TCRMP methodology collects coral demographic and
health metrics. Individual coral colonies along the same transects
are assessed in situ for a number of coral health metrics focused
on mortality, bleaching, and disease following modified AGGRA
methodology (Ennis et al., 2019). As part of a project intended to
understand coral juvenile abundances, three of the six transects

at some sites (indicated by® in Table 1), were expanded in 2016 to
include any coral that was within or intercepted a 10 m x 0.5 m
belt transect on the left side of each transect. For each coral
assessed, multiple characteristics are recorded. Those presented
here include species and the presence of disease lesions and/or
bleaching. Bleaching was defined as stark white tissue.

Roving Surveys

When SCTLD was first observed at Flat Cay (FC) in January
of 2019, periodic roving surveys by trained observers were
instituted on SCUBA or snorkeling at 59 sentinel monitoring
locations surrounding St. Thomas ranging in depth from 3 to
40 m (Figure 1). These locations included the 18 long-term
monitoring locations (indicated by stars in Figure 1 and methods
described above) as well as 42 strategically placed locations
along the potential path of disease spread. Identification of
SCTLD was determined after evaluating the species affected,
severity and description of lesions (supported with photographic
evidence, see below), and in some cases locations were revisited
within 1 week to further confirm disease progression and
species susceptibility. The presence of SCTLD was confirmed if
multifocal to coalescing lesions were found on highly susceptible
species that included D. cylindrus, M. meandrites, P. strigosa,
and D. labyrinthiformis. Roving surveys were completed at the
sentinel locations approximately monthly to bi-monthly and
were used to determine the first calendar month when the disease
was reported at each location.

Data Analysis
To compare species susceptibility with studies from other
regions, prevalence (% affected) of ATL diseases within species

TABLE 1 | Sampling time points at USVI TCRMP locations in the northern USVI (STT: St. Thomas, STJ: St. John).

Site Code Avg.depth (m) Latitude Longitude Nov/Dec 2018 Feb 2019 Mar 2019 Jul/Aug 2019 Oct/Nov 2019 Feb 2020
Black Point? BP 9 18.34450 —64.98595 X X* X*

Botany BayP BB 18.35738  —65.03442 X X* X*

Brewers Bay BW 18.34403 —64.98435 X X* X* X*

Flat Cay? FC 12 18.31822 —64.99104 X X* X* X* X* X*
SavanaP Y% 18.34065 —65.08205 X X* X*

Seahorse® SH 20 18.29467 —64.86750 X X*

South Water SW 20 18.28068 —64.94592 X X*

College Shoal CS 30 18.18568 —65.07677 X X*

Buck Island STTP Bl 14 18.27883  —64.89833 X X

South Capella SC 20 18.26267  —64.87237 X X

St. James SJ 17 18.29459 —64.83238 X X

Coculus RockP CR 7 18.31257 —64.86058 X X

Hind Bank HB 39 18.20217  —65.00158 X X

Grammanik GB 38 18.18885 —64.95659 X X

Magen’s Bay® MB 18.37425 —64.93438 X X

Fish Bay FB 6 18.31417  —64.76408 X X

Meri Shoal MS 30 18.24447  —64.75862 X X

Coral Bay CB 9 18.33797  —64.70402 X X

*Indicates sampling time points when SCTLD was observed at a site.

bindicates sites where 0.5 m belt transects on 3 of the 6 permanent transects were surveyed for coral health data. At all other sites and transects, only corals intercepting

the 6 transects were assessed for coral health (line intercept).
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FIGURE 1 | Stony coral tissue loss disease (SCTLD) distribution January 2019-June 2020. Sentinel monitoring locations and date of first detection of SCTLD around
St. Thomas and St. John, U.S. Virgin Islands between January 2019 and June 2020. Sites that are long-term monitoring locations part of the Territorial Coral Reef
Monitoring Program are indicated as stars. The Flat Cay (FC) monitoring location where SCTLD was first detected is indicated with a label. Inset: location of St.
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was calculated using corals assessed in TCRMP transects. Corals
of each species were pooled across all transects and sites for
surveys that occurred immediately after the first report of
ATL indicative of SCTLD at a site (as indicated in Table 1).
Differences in disease prevalence among species were tested
using a likelihood ratio test. For FC, where there was repeated
sampling of transects between February 2019 and February 2020,
prevalence of ATL was calculated for all affected species for each
sample time point in 2019 and 2020 (Table 1). ATL prevalence
for these species at FC was also calculated for all transects pooled
among all annual surveys between 2005 and 2018 for comparison.
Differences in ATL prevalence through time for each species were
analyzed using a likelihood ratio test. For two species, C. natans
and D. cylindrus, a Fisher’s Exact test was used instead due to
low sample sizes.

Metrics calculated at the overall coral community level
included percent coral cover from video transects. Percent coral
cover values were calculated for each transect at each time
point as the number of randomly assigned points (described
above) identified as living coral divided by the total number of

identifiable points that landed on reef substrate. Relative change
in coral cover was calculated as the difference between coral cover
values in subsequent years divided by the previous year’s value.

Species richness, diversity (H’), and disease prevalence were
also calculated for each transect at each time point from
line intercept and belt transects. Disease prevalence (%) was
calculated as the number of corals exhibiting ATL divided by
the total number of corals assessed on that transect. Similarly,
to Walton et al. (2018) and Muller et al. (2020), ATL was
used instead of specifically SCTLD due to the difficulty in
distinguishing between SCTLD and other acute tissue loss
diseases such as white plague disease. However, it is likely
that the majority of ATL lesions represented SCTLD, given
the large difference in prevalence of ATL at sites considered
SCTLD affected versus unaffected (detailed in results below). ATL
lesions were distinguished from bleached tissue by the absence of
living tissue.

To determine the impact of SCTLD on St. Thomas and
St. John coral communities, percent coral cover, coral species
richness, coral species diversity, and disease prevalence were each
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analyzed through time at monitoring locations using Friedman’s
rank tests. Relative coral cover change was calculated as the
change in coral cover from 1 year relative to the value recorded
in the year immediately prior. For example, the relative change
in coral cover for 2006 was calculated as coral cover in 2005
minus coral cover in 2006 divided by coral cover in 2005. Relative
coral cover change was also analyzed through time for each
location using Friedman’s rank tests. All statistical analyses were
performed in R (v 3.5.1).

RESULTS

Disease Spread

No SCTLD-like disease was found at long-term TCRMP
monitoring locations surrounding St. Thomas and St. John in
late 2018. However, a disease with characteristics described for
SCTLD (i.e., multifocal large lesions) affecting species identified
as highly and intermediately susceptible in the SCTLD Case
Definition (2018) was found at the FC TCRMP monitoring site
(depth 14 m) and on the shallow reefs of FC (depth 3-5m)
on 28 January 2019 (Figure 1). No ATL diseases were observed
on monitored corals at the FC monitoring site one-month
prior during normal annual TCRMP monitoring activities (see
following data section), nor were any ATL disease signs noted
on corals in observations outside of the transects in December
2018 (Brandt personal observation). In subsequent surveys of
strategically placed sentinel sites around the island immediately

following the first identification of SCTLD, SCTLD-affected reefs
were found to be concentrated to the southwest of St. Thomas
(Figure 1). SCTLD was not observed at sites to the southeast, east,
or north of the island, or on reefs surrounding St. John.

Between the first identification of SCTLD in late January
2019 and June 2020, the disease spread west to the island of
Culebra, Puerto Rico (first identified November 2019), and east
to the British Virgin Islands (first identified May 2020, noted on
vicoraldisease.org). Results from monitoring of the 59 sentinel
sites located around St. Thomas and St. John indicated that the
disease was concentrated on the southwest side of St. Thomas
until April 2019 when it appeared on reefs on the northwest side
of the island (Figure 1). The disease then remained concentrated
on the west side of the island until the fall of 2019 when it
began appearing on mesophotic (30-40 m depth) coral reefs
sites (Supplementary Figure 1) at the shelf-edge as well as sites
southeast of St. Thomas. In January 2020, the disease emerged at
multiple locations on the east and northeast end of St. Thomas
and appeared at locations on the west end of St. John. In the
6 months following that, the disease emerged at locations across
St. John, though some embayments and locations were not yet
affected by June 2020.

Species Affected

When all surveys from first observations of SCTLD at long-
term monitoring locations were combined, prevalence of ATL
due to disease showed differences among species (LR = 130.4,
p < 0.0001; Figure 2). Highly susceptible species (i..,

ATL Prevalence

*Pseudodiploria strigosa (3)
AMontastraea cavernosa (69)
*Dendrogyra cylindrus (4)
*Colpophyllia natans (7)
*Eusmilia fastigiata (8)
AOrbicella faveolata/franksi (435)
AOrbicella annularis (127)
?Madracis spp. (47)
ASiderastrea spp. (254)
?Agaricia spp. (218)

xPorites astreoides (400) |
AStephanocoenia intercepta (29)
?Mycetophyllia spp. (5)
*Meandrina meandrites (11)
xBranching Porities (186)

0% 10%

FIGURE 2 | Acute tissue loss disease prevalence among coral species at first recording of SCTLD. Prevalence (% of corals) with Acute Tissue Loss (ATL) disease
among different species of corals recorded in pooled Territorial Coral Reef Monitoring Program (TCRMP) surveys completed when disease was first reported at a site
(sample time points of first report of SCTLD for sites indicated in Table 1). Species susceptibility as listed in the case description (SCTLD Case Definition, 2018) are
indicated by symbols as follows: *, highly susceptible; A, intermediately susceptible; x, low or not susceptible; ?, Insufficient data to categorize. Numbers in

parentheses indicate number of corals sampled (n).

20% 30% 40% 50% 60% 70%
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FIGURE 3 | Images of SCTLD-affected colonies of coral multiple species. Acute tissue loss disease signs consistent with SCTLD on coral species shown to be
affected in first surveys at long-term monitoring locations around St. Thomas, VI. Species include: (A) Pseudodiploria strigosa, (B) Montastraea cavernosa,

(C) Dendrogyra cylindrus, (D) Colpophyllia natans, (E) Eusmilia fastigiata, (F) Orbicella franksi, (G) Orbicella annularis, (H) Madracis spp., (I) Siderastrea siderea,
(J) Agaricia spp., (K) Porites astreoides. Image credits: panle (A) J. Townsend, panel (B-K) M. Brandt.

species exhibiting >10% prevalence across all affected sites,
as in Alvarez-Filip et al., 2019) showed overlap with species
considered highly or intermediately susceptible in Florida and
Mexico (Figure 2). These included P. strigosa, Montastraea
cavernosa, D. cylindrus, C. natans, Eusmilia fastigiata, and
Orbicella faveolata/franksi (Figures 3A-F). Species showing
low prevalence (<10%) included the previously classified
intermediately susceptible Orbicella annularis (Figure 3G) and
Siderastrea spp. (Figure 3I). In addition, some species previously
classified as unknown or not susceptible were found to have low
prevalence of ATL, including Madracis spp. (Figure 3H), Agaricia
spp. (Figure 3J), and Porites astreoides (Figure 3K). Species that
did not show signs of disease during these initial surveys included
Mpycetophyllia spp., Stephanocoenia intersepta, branching Porites
spp.» and M. meandrites.

When examining the time series of species affected at FC,
species showed different levels of disease prevalence as well as
changes in disease prevalence through time (Figure 4). Prior
to 2019, ATL was very rare and found on only Orbicella spp.
(3 of 684 corals assessed, 0.4%; Figure 4H) and C. natans (1
of 23 assessed, 4.3%; Figure 4B). All species except C. natans

and D. cylindrus showed significant differences in ATL disease
prevalence through time (Table 2).

At FC prior to the onset of SCTLD, the most abundant types of
corals found in transects included Orbicella spp., Siderastrea spp.,
Agaricia spp., and M. cavernosa (Figures 4A,E,H,]J, respectively).
Of these, Orbicella spp. and M. cavernosa showed increasing or
steady prevalence of ATL after SCTLD emerged and declining
abundances until the last sampling in February 2020, when only
12% of combined O. franksi and O. faveolata, 30% of O. annularis,
and 11% of M. cavernosa colonies counted 1 year prior remained.
Agaricia spp. and Siderastrea spp. also declined to 13 and 21%
of their abundances 1 year prior, respectively, but generally had
low (<10%) ATL prevalence. Low prevalence among these corals
may have been due to their small size; once affected by SCTLD
these corals may die quickly, not allowing for active disease to
have been picked up in the periodic surveys.

Other species that were in low abundance at FC (n < 4)
yet were affected by disease included C. natans (Figure 4B),
D. cylindrus (Figure 4C), E. fastigiata (Figure 4D), and P. strigosa
(Figure 4I). At least one of colony of each of these species was
affected early on, but then then no disease was recorded after
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FIGURE 4 | Acute tissue loss diseases among species at FC. Prevalence (%) of acute tissue loss diseases affecting the 10 most abundant coral species (A-J) from
long-term monitoring transects at FC in the time period before SCTLD was identified (combined annual monitoring between 2005 and 2018, left of dashed lines),
and during repeated sampling in 2019 and in February of 2020 (right of dashed lines). Sample sizes of corals at each time point indicated at top of each graph.

March 2019, likely because individuals of these species died from
disease and no longer appeared in the transects, save for one
E. fastigiata. M. meandrites, a highly susceptible species and often

low in abundance (n =

used as an indicator of the onset of SCTLD at a site, was also
8) and showed no disease prevalence
within transects at FC when first sampled after SCTLD emerged
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(Figure 4F). However, subsequent samplings showed disease
prevalence within this species, and then the loss of the species
from transects by October of 2019 (Figure 4F).

Disease Dynamics and Impact

Prevalence of ATL disease was significantly different through
time at 6 of the 8 SCTLD-affected monitoring sites (Table 3).
In 2019, ATL prevalence was statistically higher than previous
sample year at five of these sites (Black Point, College Shoal,
FC, Savana, Seahorse; Figure 5A and Supplementary Table 1

TABLE 2 | Results of analysis of frequencies tests of diseased versus not disease
colonies in time points between 2019 and 2020 and all surveys combined for
2005-2018 at FC.

Species Statistic P
Agaricia spp. LR=17.212 0.0041*
Colpophyllia natans Exact test 0.07326
Dendrogyra cylindrus Exact test 0.2143
Eusmilia fastigiata Exact test 0.0287*
Montastraea cavernosa LR =61.322 < 0.0001*
Meandrina meandrites LR =18.099 0.0004*
Orbicella annularis LR = 46.606 < 0.0001*
Orbicella faveolata/franksi LR =257.052 < 0.0001*
Pseudodiploria strigosa Exact test 0.00075*
Siderastrea spp. LR =20.386 0.0011*

Sample sizes per species and time period are indicated in Figure 4.
*indlicates statistical significance where p < 0.05.

TABLE 3 | Overall results of Friedman’s rank non-parametric tests examining
different reef metrics at long-term TCRMP locations through time.

Location ATL Coral cover Coral species Coral species
prevalence richness diversity
Black Point < 0.0001* 0.0002* < 0.0001* 0.0003*
Botany Bay 0.0079* < 0.0001* 0.0023* 0.0231*
Brewers Bay 0.5607 0.2302 0.0144* 0.0073*
College Shoal 0.0110* 0.0783 0.0590 0.0132*
Flat Cay < 0.0001* 0.0023* 0.0028* 0.0072*
Savana 0.0014* < 0.0001* 0.0001* 0.0003*
Seahorse 0.0002* 0.0290* 0.0149* 0.0021*
South Water - 0.7926 < 0.0001* 0.0004*
Buck Island STT 0.2628 0.3438 0.0009* 0.0036*
Coculus Rock - 0.4168 0.0014* 0.0260*
Coral Bay 0.4335 < 0.0001* 0.0121* 0.0114*
Fish Bay - 0.1100 0.0006* 0.0102*
Grammanik 0.0648 0.0132* 0.0009* 0.0012*
Hind Bank 0.0014* 0.0010* 0.0002* 0.0002*
Magens Bay - 0.0650 0.0001* 0.0012*
Meri Shoal 0.0011* 0.0004* 0.0145* 0.0016*
South Capella 0.1849 0.0507 0.1594 0.0079*
St James 0.5265 0.0005* < 0.0001* 0.0003*

Metrics included prevalence of ATL due to disease, percent coral cover,
coral species richness, and coral species diversity (as measured by the
Shannon H’ index).

*Indlicates significance of p < 0.05 for overall test. SCTLD observed at bolded sites.
Locations with no p-value under ATL prevalence had no prevalence of ATL.

connecting letters) and was statistically equal to mass bleaching-
related ATL disease outbreaks at one site (Botany Bay; Figure 5A,
and Supplementary Table 1). Two SCTLD-affected sites, Botany
Bay and South Water, showed elevated disease in 2019 but did
not show statistically significant changes in disease prevalence
through time (Table 3). Two additional sites that were unaffected
by SCTLD (Hind Bank, Meri Shoal) showed significant changes
in ATL disease prevalence through time (Table 3). These changes,
however, were related to the mass bleaching events in 2005
and 2010 which immediately preceded white plague disease
outbreaks the following year (Figure 5B and Supplementary
Table 1, reported in Smith et al., 2013). All other sites unaffected
by SCTLD showed little to no ATL prevalence through time
(Figure 5B).

Over the 2005-2019 monitoring period, 5 of the 8 SCTLD-
affected sites showed significant changes in coral cover through
time, but only FC, where SCTLD was first detected, saw
a significant decline related to the emergence of SCTLD
(Figure 6A, Table 3, and Supplementary Table 2 connecting
letters). Coral cover did not show recent declines at sites
unaffected by SCTLD (Figure 6B). Coral species richness and
diversity declined at many sites around the 2005 bleaching event,
but then slowly rebounded or surpassed their 2005 levels prior
to the appearance of SCTLD in the USVI (Figure 7, Table 3,
Supplementary Figure 2, and Supplementary Tables 3, 4).
Species richness showed significant declines related to SCTLD at
two sites, FC and Botany Bay (Figure 7A and Supplementary
Table 3) and species diversity (as measured by the Shannon
index) also declined significantly in relationship to the emergence
of SCTLD for one site, Botany Bay (Supplementary Figure 2A
and Supplementary Table 4).

Relative change in coral cover was significantly different
through time at 5 of the 8 SCTLD-affected sites (Table 4). At
those sites, the relative drop in coral cover in 2019 was as large
or larger than that which occurred in 2006 due to the 2005 mass
bleaching event. Flat Cay showed the most dramatic loss with an
average relative drop of 53.3% from the previous year (Table 4).
Three additional sites that were not affected by SCTLD showed
significant changes in relative coral cover through time (Coral
Bay, Meri Shoal, South Capella). For sites Meri Shoal and South
Capella, these changes were due to losses from the 2005 mass
bleaching event. At Coral Bay, significant change was seen in
2018, almost certainly related to the passage of Hurricanes Irma
and Maria in 2017 (Irma tracked directly over St. John).

The higher frequency sampling at FC showed that percent
cover of both highly and intermediately susceptible species
dropped between the last SCTLD-free monitoring time point
and the first survey when SCTLD was present (Figure 8).
Highly susceptible species percent cover dropped again, but only
slightly by the next sampling, and then remained approximately
the same. Highly susceptible species at FC included primarily
M. meandrites, E. fastigiata, D. labyrinthiformis, and P. clivosa
(Supplementary Figure 3A). While the former three species
showed large losses, P. clivosa remained approximately the same,
suggesting that this species may be less susceptible at this
location. However, percent cover of intermediately susceptible
species dropped continuously across all samplings in 2019 and
2020. Intermediate species included Orbicella spp., M. cavernosa,
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FIGURE 5 | Prevalence of ATL due to disease (+SEM) at northern U.S Virgin Islands (USVI) TCRMP locations from 2005 to 2019. Acute tissue loss refers to colonies
exhibiting large lesions consistent with disease. Prior to 2019, ATL was primarily due to white plague, while in 2019, ATL was almost exclusively due to SCTLD.
(A) Locations with SCTLD present; (B) Locations with no SCTLD present as of December 2019.

Myceptophyllia spp., S. intersepta, and S. siderea. Of these the
largest drops were observed in Orbicella spp. and M. cavernosa
(Supplementary Figure 3B). Low susceptible species showed
no large changes during the time period, and included Porites
spp.» Madracis spp. (Supplementary Figure 3D). ATL prevalence
increased in early 2019 and remained high until mass bleaching
was observed in October when no ATL was recorded. ATL was
then once again observed in February 2020 corresponding with a
drop in bleaching prevalence (Figure 8).

DISCUSSION

The spread of SCTLD around the island of St. Thomas and to
neighboring islands has been rapid and unrelenting. Previous

outbreaks of acute tissue loss diseases in the USVI have in most
cases been spatially limited or restricted to one or two affected
species (Gladfelter, 1982; Grober-Dunsmore et al., 2006; Brandt
etal., 2013). An exception to this was in 2005-2006, when thermal
stress-driven mass coral bleaching in the fall of 2005 was followed
by outbreaks of white plague disease on reefs throughout the
USVI (Smith et al., 2013). This outbreak affected the majority
of coral species (Whelan et al., 2007; Miller et al., 2009; Smith
et al., 2013) and reef habitats (Smith et al., 2016b), and was also
observed to impact other Caribbean locations (Eakin et al., 2010).
However, all of these past disease outbreaks had a definitive end,
typically coinciding with a change in environmental conditions,
and subsequent years saw low prevalence of disease (Smith
et al., 2013). In contrast, during this study SCTLD continued
to emerge on new reefs over the one-year time frame, which
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FIGURE 6 | Temporal series of % coral cover (=SEM) at northern USVI TCRMP locations from 2001 to 2019. (A) Locations with SCTLD present; (B) Locations with

no SCTLD present as of December 2019.

included a change in seasons. SCTLD has continued to emerge
on new reefs throughout the USVI even after the time frame of
this study’.

Stony coral tissue loss disease in the USVI also appears
to be spreading from its first point of detection at FC in
a linear pattern from reef to reef through time. This type
of spread is similar to what has been observed in Florida,
where the temporal and spatial pattern of disease incidence on
reefs indicated waterborne transmission along oceanic currents
(Dobbelaere et al., 2020; Muller et al., 2020). Waterborne
transmission of SCTLD has been demonstrated in laboratory
settings (Aeby et al., 2019), including for SCTLD in the USVI

Zvicoraldisease.org

(Meiling et al., 2021). The spread of SCTLD both within reefs
and among reefs differs from observations of other acute tissue
loss diseases, like white plague. Though white plague has been
demonstrated to be transmissible through water in laboratory
experiments (Williams et al, 2020; MacKnight et al, 2021)
and its distribution within a reef shows significant clumping,
there is limited evidence for it spreading from reef to reef
(Muller and van Woesik, 2012). White plague has also been
associated with environmental drivers including thermal stress
and fragmentation (Brandt et al., 2013), rainfall and turbidity
(Chaves-Fonnegra et al, 2021), and changes in macroalgal
cover (Nugues et al, 2004; Brandt et al, 2012). SCTLD on
the other hand, was not significantly associated with common
environmental drivers of coral disease such as temperature and
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FIGURE 7 | Species richness of coral community (=SEM) at northern USVI TCRMP locations from 2005 to 2019. (A) Locations with SCTLD present; (B) Locations
with no SCTLD present as of December 2019.

chlorophyll (Muller et al, 2020). A lack of relationship with
environmental drivers, and its unrelenting spread suggests that
SCTLD is novel to the coral reef habitats where it is emerging,
including reefs of the USVIL.

The majority of coral reef ecosystems that SCLTD has
been found to affect have been located in shallow waters
(<30 m). This may be due to the geomorphology of the regions
where it has appeared combined with SCUBA diving limits.
Therefore, a unique aspect of our study are the observations of
SCTLD from multiple mesophotic coral reef sites, including a
long-term monitoring location (College Shoal) and other sites
surveyed in the sentinel monitoring component of this study
(Supplementary Figure 1). These observations indicate that
SCTLD is capable of affecting corals at depths up to at least
40 m. Mesophotic coral reef habitats have been proposed as
possible refugia from many stressors, including thermal stress

(Riegl and Piller, 2003) and anthropogenic impacts from coastal
development (Smith et al., 2008). Mesophotic reef habitats in the
USVI are extensive, encompassing a greater area than shallow
reefs, and they share common species compositions with shallow
reefs (Smith et al., 2016a, 2019). This study suggests that upper
mesophotic reef habitats in the USVI do not represent a refuge
from SCTLD. Therefore SCTLD has the potential to impose
considerable damage on these reefs that represent a vast area of
living coral and are habitat to essential fisheries. However, lower
mesophotic habitats at depths below 65 have not been extensively
surveyed. One 65 m depth Agaricia undata monitoring site of
the TCRMP immediately below an affected reef at 30-40 m
did not show disease signs on susceptible M. cavernosa as
of April 2021 (T. Smith, unpublished observation). A further
examination of the refuge potential of lower mesophotic reefs
would be valuable.
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TABLE 4 | Average relative change in coral cover at northern USVI TCRMP locations from 2005 to 2019.

Location p-value 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Black Point 0.0089*  —-35.0 22,5 29.6 —-1.1 2.7 46.6 1.3 —1441 10.1 12.0 -23 —1441 14.3 —14.5
Botany Bay 0.0029*  —-26.2 —6.8 15.9 —-18.4 47.5 16.5 —6.6 5.4 240 -184 134 349 —-193 —26.0
Brewers Bay 0.0166* 30.0 —14.0 2.7 -3.5 10.0 -3.0 —-6.5 —10.2 4.5 6.3 -10.3
College Shoal 0.2122 —20.6 28.3 9.0 1.4 4.9 42 -120 2.7 4.7 1.4 -5.5 —5.1 6.8 —4.4
Flat Cay 0.0036*  —36.1 15.0 42.9 59 147 32.1 -3.9 —5.1 5.1 7.4 —3.1 -0.3 7.5 —53.3
Savana 0.8386 0.5 5.1 11.8 3.2 —4.0 0.1 18.7 14.2 -9.1 —-18.0 -32 212 —1569 -2.5
Seahorse 0.0441*  —49.9 3.6 —41 —6.6 13.8 11.9 20.0 -—-148 13.2 —-2.3 -0.3 -1.0 -0.1 3.1
South Water 0.8192 27.2 70.5 1.3 7.8 177 47.2 9.9 1.6 44.7 —-8.2 -1.3 27.0 5.8 —0.4
Buck Island STT 0.3349 99.3 282 —14.2 54.0 35.4 231 29 —182 -2.8 1056 148 2.4 291 -1.6
Coculus Rock 0.1971 -0.7 171 21.0 0.2 —7.5 10.5 20.3 -20.8 12.0 -0.6 294 -176 5.8 3.1
Coral Bay 0.0154* 15.9 —7.3 5.7 —0.1 -54 104 305 —14.9
Fish Bay 0.1765 —46.1 16.0 —-19.2 165.5 215 281 39.4 611 -383 176.9 28.5 -13 173 103.4
Grammanik 0.0938 25.5 28.6 7.5 2.3 59 —-13.2 1.8 —-1.4 -1.5 -5.9 11.8 —16.4 2.3 —6.9
Hind Bank 0.0861 —42.9 53.8 50.9 -0.5 1.7 4.2 —2.4 —9.6 9.4 229 24.5 —2.1 -3.8 -1.8
Magens Bay 0.3324 107.7 7.7 66.8 —-451 2216 -126 63.1 —-43 =223 5.9 33.0 19.8 8.5 8.6
Meri Shoal 0.0062* -262 —11.4 18.2 -5.5 -1.8 -9.8 182 —-10.0 0.1 —0.4 35 —116 1.3 -1.6
South Capella 0.0035*  —55.4 92.6 —-3.5 10.0 10.0 —7.6 1563 143 3.8 1.3 3.2 -39 -—-115 3.0
St James 0.1971 15.0 93.0 24.4 45.8 -1.5 25.8 1.5 0.3 148 132 171 7.7 -3.3 —22.6

Relative change was defined as the change in coral cover from 1 year relative to the value recorded the year immediately prior (i.e. “2006” is change from 2005 to
2006/2005). Results of Friedman’s rank non-parametric tests also displayed (*indicates significance of p < 0.05). SEM and connecting letters in Supplementary Table 5.

SCTLD observed at bolded sites.

Our data indicate that species susceptibilities in the USVI
show similarities with that reported for Mexico (Alvarez-Filip
et al., 2019) and Florida (SCTLD Case Definition, 2018; Walton
et al., 2018). For example, based on observed high (>10%)
disease prevalence levels, we found that C. natans, E. fastigiata,
M. cavernosa, Orbicella spp., and P. strigosa were all highly
susceptible. Other species that were highly affected but more
variable in disease prevalence were D. cylindrus (Figure 3C) and
M. meandrites (Supplementary Figure 4A). Observations across
affected areas by the authors have shown numerous recently dead
colonies of these species that were likely killed by SCTLD and
finding living colonies, even where they were formerly abundant,
has become rare. A species group showing low prevalence of
disease was Siderastrea spp. However, SCTLD may be under-
reported for this group as other studies have suggested Siderastrea
spp. may present variable signs other than acute tissue loss,
including dark patches (Walton et al., 2018). Species previously
reported as unaffected or data deficient that were found to be
affected by SCTLD in our data included species of the genera
Agaricia (Figure 3]), Madracis (Figure 3H), and Mycetophyllia
(Supplementary Figure 4B). Interestingly, poritids have been
considered not susceptible to SCTLD in previous reports (Walton
et al., 2018; Muller et al., 2020), but we observed multi-focal
lesions on colonies of P. astreoides at affected sites (Figure 3K and
Supplementary Figure 5), albeit at low levels. Some of our other
work has suggested that these lesions may be SCTLD-related
but often stop progressing (Meiling et al., 2020). Lesions were
also observed on colonies of D. labyrinthiformis at monitoring
locations (Supplementary Figure 4C), but this species was not
recorded in monitoring transects due to its low abundance within
habitats assessed by TCRMP.

The species groups that are most frequently affected by
SCTLD make this disease distinct from other acute tissue loss
diseases in the USVI region. In particular, Orbicella spp. have
previously been identified as the most susceptible species group
to white plague disease (Calnan et al., 2008; Brandt et al., 2013;
Smith et al., 2013) as well as to an acute tissue loss syndrome
affecting mesophotic corals (Smith et al., 2010). In addition,
in two independent laboratory transmission experiments where
multiple species were exposed to white plague disease, Orbicella
spp. showed the highest prevalence and shortest times to
infection when compared with the other species (Williams et al.,
2020; MacKnight et al., 2021). In this study, Orbicella spp. showed
high prevalence, but not the highest. Once affected, however,
populations of this species group tended to show sustained
prevalence. This may be because Orbicella spp. exhibit lower
lesion progression rates (Meiling et al., 2020) and when combined
with their large size distributions (Ennis et al., 2019), this results
in disease activity that persists on colonies for a longer period of
time. Other species, such as M. meandrites, that are on the smaller
end of coral colony size distributions and show faster progression
rates may “wink out” quickly.

Another key difference between SCTLD and white plague is
the prevalence of SCTLD on M. cavernosa. This species is rarely
affected by white plague in field studies (Calnan et al., 2008;
Smith et al., 2013), and when challenged with the disease for
8 days showed no signs of lesions, while six other coral species
exhibited lesions after 2-3 days (MacKnight et al., 2021). The
resistance of this species to white plague and other diseases
may be due to its immune activity which was found to be
comparable to Porites species that tend to be disease resistant
(Mydlarz and Palmer, 2011). M. cavernosa also showed less
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oxidative stress when compared with the Orbicella spp. (Mydlarz
and Palmer, 2011). Therefore, the high prevalence of SCTLD
on M. cavernosa may not be immunity-linked but may be the
result of other physiological or ecological factors having to do
with the coral host or pathogen virulence factors interacting
with the host. Understanding why M. cavernosa shows high
prevalence of SCTLD but no other common coral diseases
may help in the identification of key characteristics of SCTLD
transmission and virulence.

When compared with previous events producing losses in
coral cover, SCTLD presents a unique and catastrophic threat.
Coral bleaching events and subsequent disease outbreaks tend to
be temporally restricted to several months or up to a year. Other
events that can cause significant losses to coral cover include
acute events like tropical storms or chronic stressors such as
the continued development of coast lines. Tropical storms large
enough to cause losses in coral cover are periodic and also tend
to be spatially limited. In the USVI, the unprecedented passage
of two category 5 hurricanes (Irma and Maria) within 2 weeks
of each other in 2017 resulted in impacts to coral cover that were

essentially limited to sites shallower than 10 m (Ennis et al., 2019).
Coastal development, resulting in runoff of damaging sediments,
has also caused declines in coral cover in the region (Nemeth
and Sladek Nowlis, 2001) and coastal activities that affect water
quality have led to chronic mortality on corals (Ennis et al., 2016).
However, the impact of these activities also tends to be spatially
limited to nearshore areas and there is a gradient of water quality
and impact with distance from shore (Smith et al., 2008; Ennis
etal., 2016), allowing for some coral reefs to remain un-impacted.
Disturbingly, SCTLD has yet to show signs of “burn out” in
affected regions, like other infectious coral diseases (Brandt et al.,
2012), and it has spread throughout the entire range of the
northern USVI, and most recently (September 2020) emerged
on St. Croix (see text footnote 2). No temporal limitations or
seasonal cycles in SCTLD have been observed to date; even the
first sites in Florida where the disease emerged in 2014 continue
to exhibit new cases (Muller et al., 2020).

Stony coral tissue loss disease is currently decimating what
remains of many Caribbean coral reef ecosystems, which had
already experienced significant declines in coral cover over the
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past 4 decades due to anthropogenic stressors (Gardner et al.,
2003). In Florida, between 2014 and 2017, significant decreases
in species diversity have occurred, as well as ~50% decline in
coral density (up to 95% decline in high susceptibility species),
and ~60% reduction in living coral tissue (Walton et al., 2018).
If continued unabated, it is likely that SCTLD will have similar
impacts in the USVI and surrounding regions. In a region where
the economic and ecological benefits of living coral are so critical
(Storlazzi et al., 2019), the level of coral loss caused by SCTLD is
alarming and warrants immediate response.
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