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Stony coral tissue loss disease (SCTLD) causes severe mortality in many hard
corals and is now present in most of the Caribbean. The application of amoxicillin
paste is currently the most successful local intervention to treat SCTLD lesions in
nature, but the potential development of antibiotic resistance makes alternatives
valuable. In a preliminary field trial (n = 84 corals), we compared two treatments
against SCTLD, (1) amoxicillin paste and (2) chlorine mixed with cocoa butter
paste and covered with a clay band. We found that amoxicillin and chlorine
treatments both significantly reduced the rate of tissue loss in SCLTD-affected
corals as compared to controls. Amoxicillin treatment was the most effective and
effectively halted tissue loss in 78% of colonies. Even so, chlorine treated colonies
lost tissue at approximately half the rate of untreated controls. The non-specific
antiseptic nature of chlorine treatments may also be useful for other tissue loss
diseases of unknown etiologies. Although, not perfect, the chlorinated cocoa
butter treatment can be added to the growing list of methods to reduce mortality
from disease in the field.
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1 Introduction

Coral diseases contribute substantially to ongoing coral community declines (Rogers
and Miller, 2013), and their future impacts are likely to be exacerbated by increasing ocean
temperatures and eutrophication (Harvell et al., 2007; Maynard et al., 2015). In the tropical
Atlantic, the impacts of stony coral tissue loss disease (SCTLD) are particularly severe
(Papke et al., 2024) because of its broad host range (at least 22 species infected, Roth et al.,
2024), efficient transmission (Aeby et al, 2019; Muller et al., 2020) and high rate of
mortality (e.g. Precht et al., 2016). SCTLD was first reported in 2014 in Florida, USA
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(Precht et al.,, 2016) and has subsequently spread to most other parts
of the region, reaching the southernmost parts of the Caribbean in
2023 (Roth et al.,, 2024).

In general, efforts to develop and refine management actions to
limit the spread of coral diseases aim to reduce pathogen loads in
infected colonies, control local stressors that might intensify
impacts, and promote coral population recovery after an outbreak
(Beeden et al., 2011). Several methods have been used to treat coral
diseases in-situ (summarized by Neely et al, 2021). Approaches
include shading to slow disease growth, aspiration to remove
diseased tissue, creating a barrier to disease spread by excavating
a trench around the infection or applying materials like modelling
clay and epoxy. A complementary approach, often used in
combination with barriers, uses antibiotics, phages, or
disinfectants like chlorine to treat infections. There is still
uncertainty surrounding the etiology of SCTLD, and causal agents
may include viruses or bacteria (reviewed by Papke et al., 2024).
Nonetheless, the contagious transmission of SCTLD and the
consistent changes in microbial community associated with
disease progression (Rosales et al., 2023; Papke et al., 2024)
support the use of disinfectants and/or antibiotics to reduce
pathogen loads.

The application of antibiotics by divers is the most widely used
method to treat corals infected with SCTLD (Papke et al., 2024).
Following successful laboratory tests showing that antibiotics halted
SCTLD lesions (Aeby et al., 2019; Muller et al., 2020), topical
amoxicillin pastes were developed that could be applied around
the perimeter of SCTLD lesions on colonies (Neely et al., 2020).
Field trials in Florida showed that this approach healed or halted the
spread of most active lesions, though new lesions sometimes
appeared on treated colonies (Neely et al., 2020; Shilling et al.,
2021; Walker et al., 2021). With periodic retreatment, the
probability of reinfection was predicted to decrease through time
(Neely et al., 2021). As a result, in-water treatment programs are
active in at least 12 Caribbean locations (Roth et al., 2024) and
treating even a fraction of corals at a site benefits the overall coral
community (Forrester et al., 2022).

Despite its effectiveness, the potential for reduced effectiveness
with long-term use underscores the importance of developing
alternative, non-antibiotic treatments. First, the efficacy of
amoxicillin treatment may vary. As example, Walker and
colleagues (2021) report a 58.8% success rate of antibiotic
treatment on Montastraea cavernosa whereas Neely and
colleagues (2021) report effectiveness exceeding 95% on multiple
other coral species, and so alternatives may be valuable for less-
responsive species. Second, antibiotic pollution in the environment
is a major global problem affecting human health as it can speed up
the development of antibiotic resistant pathogens (CDC, 2024).
Hence, using antibiotics on corals is of concern, and chlorine is a
potential alternative based on its successful use to control aquatic
microorganisms (Tebbutt, 1997) and wildlife diseases (Langwig
et al., 2015). Chlorinated epoxy barriers were successful at
treating corals with black band disease (Aeby et al, 2015), but
were less effective at treating SCTLD in Florida (Neely et al., 2021;
Shilling et al., 2021; Walker et al., 2021). Our objective was thus to
test an alternative method of chlorine treatment - application in
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cocoa butter paste with a clay barrier. We hypothesized this
approach might allow for a concentrated exposure of lesions to
the chlorine, with the clay band also preventing treatment beyond
the covered area. We compared the effectiveness of chlorine
treatment in reducing the progression of SCTLD to that of
amoxicillin-treated colonies and untreated controls. This study
was part of a broader effort to manage impacts of SCTLD across
the British Overseas Territories (Dosell et al., 2021; Meakins, 2022).

2 Materials and methods

2.1 Study sites

The study was performed at the Eastern end of Horseshoe Reef,
near Anegada in the British Virgin Islands (BVI) (18°44' L, 64°20'
W). Anegada and its surrounds formed as an extensive reef
platform during the last interglacial highstand (roughly 130,000
years ago), distinguishing it from the other islands in the Puerto
Rico/Virgin Islands platform, all of which are volcanic (Gore, 2013).
Horseshoe Reef is the third largest contiguous reef in the Eastern
Caribbean (133 km?). It comprises a high energy windward barrier
reef plus an extensive network of shallow leeward patch reefs, both
of which supported coral cover (often exceeding 50%) and diversity
in the 1960-1970s (Ogden, 1977; Dunne and Brown, 1979; Brown
and Dunne, 1980). Because of its biological richness and valuable
fisheries, a large part of Horseshoe Reef was declared a Fisheries
Protected Area in 1990 under the Virgin Islands Fisheries
Ordinance. It thus exemplifies a site of high conservation values
and for this reason was an area of high priority for the BVI SCTLD
treatment program.

SCTLD was first discovered in the BVI in 2020 and had
transitioned to endemic status (as defined in Neely, 2018a) by the
start of the study. Perhaps because of its separation from other
islands and local efforts to mitigate the spread of SCTLD (Forrester
et al,, 2022), the disease was not observed around Anegada until
January 2022 and our study sites were still in epidemic phase (as
defined in Neely, 2018a) at the start of the study. Corals were treated
at six sites, each approximately 40 x 40 m (Supplementary Table 1).

2.2 Study design and treatments

We used a simple experimental design, in which corals with
signs of SCTLD lesions were haphazardly assigned to one of three
treatments: (i) chlorine, (ii) amoxicillin, or (iii) control - no
treatment. We treated 84 corals of several species, and sample
sizes were unequal across species (Table 1) because field time was
limited and the abundance and diversity of corals that could be
treated varied at the sites.

Most experimental corals (77 of 84) were initially treated
between 09-23 January, and the 5 remaining corals were treated
between 22 February and 02 March 2023. All corals were tagged,
and their location mapped relative to a permanently marked 30 m
linear transect. Control colonies were left untreated. For the
antibiotic treatment, amoxicillin paste (Coral Cure Base2b, Ocean
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Alchemists LLC) was applied to SCTLD lesions using a syringe (see
Neely, 2018b). For the chlorine treatment, a cocoa butter/mineral
oil paste (7:1 by volume) was used as base. Chlorine granules (68%
calcium hypochlorite) were ground into a finer powder using a
mortar and pestle and mixed into the cocoa butter base (ratio 1:1 by
mass). The paste was placed into 60 ml syringes and applied to
SCTLD lesions. A roughly 5 mm thick sheet of non-hardening
modelling clay (Sargent Art plasticina) was applied over the paste,
overlapping 3-5 cm into the adjacent live tissue, to contain the
chlorine (Supplementary Figure 1).

Any new lesions that appeared during the study were treated as
encountered, and existing lesions were retreated if the clay barrier
was dislodged, or the disease progressed past the barrier. We
compared the retreatment rate for amoxicillin- and chlorine-
treated colonies by recording the percentage of visits during
which re-application was needed.

Coral disease prevalence, spread and virulence can be
influenced by biotic and abiotic factors (Harvell et al., 2007) and
SCTLD is no exception. Studies have reported differences in
virulence among species (Sharp et al., 2020; Alvarez-Filip et al.,
2022), regions (Aeby et al., 2019; Sharp et al., 2020) and with heat
stress (Meiling et al., 2020). As such, sites were surveyed on SCUBA
from December 2022 - February 2023 (pre-treatment) to provide
background on the coral species composition and general state of
the coral reef where treatments would be conducted. A permanent
30 m transect centered at each site was used for the surveys and as a
reference to help relocate treated corals. Coral community
composition was described by recording the species of all colonies
counted within a 30 x 2 m belt (60 m?) centered on the tape. Percent
cover of benthic substrata was estimated by recording the substrate
underlying the tape every 0.5 m. Coral diseases (SCTLD & other
endemic diseases) were documented by recording and
photographing all colonies with visible disease lesions along the
same 30 m transect but the width was extended out to 6 meters
(180 m?).

2.3 Monitoring corals

We measured, photographed, and described SCTLD lesions for
all tagged corals approximately every 4 weeks (4 or 5 occasions per
colony) until the end of the study (03 May 2023). Each colony was
measured in length (L) width (W) and height (H) in cm, and colony
surface area (CSA) was estimated as

5(L H
CsA - zﬂ(w)

3

assuming colonies were hemispherical in shape (Fisher et al.,
2008). Treated corals were variable in size, but sizes were generally
similar across treatments so this should not have biased the
outcome (Supplementary Figure 2).

During each visit, a single observer (AH) visually estimated the
percent of tissue that was live (PL) for each colony. The surface area
of live tissue (CSAL) was calculated as
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PL
CSAL = CSA x | —
(100)
and the daily rate of tissue loss (TL) was calculated from change

in CSAL as

(Im'tial CSAL — Final CSAL)
TL = Initial CSAL

Time

where time is the number of days between the initial and
final measurement.

We calculated the difference between the initial and final
percentage of live tissue on each colony as an approximate index
of whether the treatments halted, or substantially slowed, the overall
progression of the disease. Visual estimates of PL are typically
accurate to within 10% (Neely, 2024), so the progression of disease
was classified as halted for surviving colonies with <10% change
in PL.

On each visit, we recorded the number of lesions on each living
colony and compared the rate at which colonies developed lesions
(new lesions per colony per day) among the three treatments.

2.4 Data analysis

Statistical modelling was done in the R programming
environment, using the packages survival (Therneau, 2024) and
stats (R Core Team, 2024). Differences among treatments in all
coral responses except survival were tested using Welch’s one-way
ANOVA followed by pairwise comparisons using the Games-
Howell method (when data were normally distributed but
heteroscedastic), or Kruskal-Wallis one-way ANOVA followed by
Dunn’s test for pairwise comparisons (when data were not normally
distributed nor homoscedastic). We compared survival probabilities
among treatments using the Kaplan-Meier method for interval- and
right-censored data, with differences indicated by lack of overlap in
95% confidence intervals. All p-values were adjusted for multiple
comparisons using Holm’s method.

3 Results
3.1 Condition of coral reefs at study areas

Pre-treatment surveys found up to 12 species of hard coral
within transects with the numerically dominant coral genera being
Orbicella spp. and Porites spp. (Supplementary Table 3). Mean coral
cover was 7.2% (SD * 4.2%) and mean macroalgae cover was 35.3%
(SD =+ 17.9%) (Supplementary Table 2). SCTLD was found at all six
sites, and SCTLD lesions were observed on nine species
(Supplementary Table 4). The mean prevalence of SCTLD was
2.8% (SD * 2.0%) (Supplementary Table 2), and it was the most
frequently observed disease (71% of all disease lesions). Seven other,
presumably endemic, diseases were observed and included Porites
focal bleaching and chronic tissue loss disease, Siderastraea siderea
dark spot and chronic tissue loss disease, Orbicella focal bleaching
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TABLE 1 Number of corals in each treatment by species and overall (Total).

10.3389/fmars.2024.1465173

Coral taxon Serke featment
susceptibility Amoxicillin Chlorine Control

Orbicella annularis medium 7 6 12
Diploria labyrinthiformis high 9 12 3
Pseudodiploria strigosa high 11 5 4
Orbicella faveolata medium 1 1 4
Colpophyllia natans high 0 1 2
Agaricia spp. (agaricites or humilis or lamarcki) low-uncertain 0 1 1
Montastraea cavernosa medium 0 2 0
Siderastrea siderea medium 0 1 1
Totals 28 29 27

Taxa are classified by susceptibility to SCTLD: high = highly susceptible species with early onset, rapid progression and almost complete mortality within a few months; medium = later onset and
slower progression, with death occurring over months or years for larger colonies; low-uncertain = presumed susceptible but insufficient data to categorise onset (following Florida DEP, 2018).

and growth anomalies, and Diploria labyrinthiformis growth
anomalies. Mean endemic disease prevalence (excluding SCTLD)
was 0.65% (SD * 0.46%) (Supplementary Table 5).

3.2 Treatment effects on
experimental corals

Reapplication of amoxicillin paste was required on 44% of visits,
whereas the chlorine-treated corals required reapplication of the
paste and/or clay band on 79% of visits (tyweicn = 5.91, p <0.0001).

Most treated corals initially had a single SCTLD lesion, with a
maximum of six lesions on a single colony (Supplementary
Figure 4). Neither of the treatment methods prevented the
development of new lesions and the rate at which they appeared
on chlorine-treated corals (mean + SD = 0.005 + 0.004 lesions per
coral per day) was indistinguishable from that on corals treated with
amoxicillin (mean + SD = 0.002 + 0.004 lesions per coral per day)
(twelen = 1.54, p = 0.13).

At the start of the experiment, the amount of live tissue (%) was
variable among treated colonies but similar overall across the three
treatments (Supplementary Figure 3). Once treatment commenced,
rates of tissue loss differed significantly among the treatments
(X2Kruskall- wallis = 32.2, p < 0.0001). With data from all coral
species pooled, compared to untreated controls, tissue loss was
significantly slower in chlorine-treated colonies (p = 0.02) and
amoxicillin-treated colonies (p < 0.0001). amoxicillin-treated
colonies lost tissue at a significantly slower rate than chlorine-
treated colonies (p = 0.016) (Figure 1). The absolute amount of
tissue lost is time-dependent but, for descriptive purposes, we note
that roughly two thirds of the way through the experiment (after 80
days) the median percent of tissue lost was 74.4% for controls,
17.6% for chlorine-treated colonies and 1.7% for amoxicillin-
treated colonies.

Qualitatively similar patterns of median tissue loss were
observed when data for the three most common coral species
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were plotted separately, although variability among species was
evident (Figure 1). Relative to control colonies, amoxicillin
significantly reduced tissue loss in O. annularis (p = 0.0005) and
D. labyrinthiformis (p = 0.008), chlorine treatment significantly
reduced tissue loss in O. annularis (p = 0.02) and no significant
differences were found with either treatment in P. strigosa
(X2Kruskall-wallis = 3.94, p = 0.14).

A lesion was considered successfully halted over time if a colony
lost <10% tissue from the beginning to the end of the study. For
amoxicillin treatment, 22 of 28 colonies lost <10% of initial live
tissue (78%), for chlorine treatment 6 of 29 (21%) of colonies lost
<10% and in control colonies 4 of 25 colonies (16%) lost
<10% tissue.

We detected no significant differences in predicted colony
survival probability among treatments (p always > 0.05).
Nonetheless, the data were suggestive of higher survival of the
amoxicillin-treated colonies because all colonies survived the study
and, consistent with the data on tissue loss, the survival rate of
chlorine-treated corals appeared to be intermediate between that of
the controls and amoxicillin-treated colonies (Figure 2).

4 Discussion

We found that amoxicillin and chlorine treatments were both
effective at reducing tissue loss in SCLTD-affected corals relative to
controls, but not surprisingly, amoxicillin treatment was the most
effective. Amoxicillin has been shown to be effective at treating
SCTLD in previous studies in Florida (Neely et al., 2020, Neely et al.,
2021; Shilling et al., 2021; Walker et al., 2021) and Belize (Lee Hing
et al., 2022). The chlorine treatment we tested (chlorine mixed with
cocoa butter and covered with a clay band) was less successful than
amoxicillin, but can slow down SCTLD lesions. Chlorine mixed
with marine epoxy was tested on SCTLD-affected colonies in prior
studies, but comparisons with our results are difficult because they
focused on whether lesions were stopped rather than emphasizing
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rates of tissue loss (Neely et al., 2021; Walker et al., 2021). However,
a consistent finding is that amoxicillin is a more effective treatment
for SCTLD than chlorine, whether delivered in epoxy or
cocoa butter.

Although our sample sizes were small, our results suggest
possible differences among species in response to treatments may
allow future efforts for SCTLD to be refined. Orbicella annularis had
a significant reduction in tissue loss when treated with antibiotics
and the chlorine mixture, Diploria labyrinthiformis only responded
to antibiotics and there was no effect of either treatment on
Pseudodiploria strigosa. Neely and colleagues (2021) also noted
some species-specific differences in antibiotic treatment for SCTLD,
but these were not statistically significant. Similarly, Shilling and
coworkers (2021) tested different treatment methods (amoxicillin
and chlorine mixed with marine epoxy) for SCTLD in Montastrea
cavernosa and found that lesions on approximately 40% of their
control colonies naturally quiesced after 46 weeks. This highlights
the potentially species-specific nature of SCTLD in corals which can
be integrated into treatment strategies.

Frontiers in Marine Science

Continually improving our understanding on how mortality
from disease can be managed in the field may also be useful for
other tissue loss diseases of unknown etiology or if long-term use of
antibiotics diminishes their effectiveness. Repetitive use of antibiotics
may have unintended side effects, such as the risk of the development
of antibiotic-resistant bacteria (Bengtsson-Palme et al., 2018; Griffin
et al,, 2020; Liu et al., 2020). Antibiotic resistance a global problem
that is impacting human health (CDC, 2024) and so application of
antibiotics in the environment should always be done with caution to
limit ecological side-effects (Hatosy and Martiny, 2015; Gomez-
Olivan et al,, 2016). Highlighting these challenges, a recent study in
Florida found tissue loss lesions, grossly consistent with SCTLD, that
were not responsive to amoxicillin treatment (Neely, 2023). Coral
disease cannot be diagnosed in the field from gross lesions (Work and
Aeby, 2006; Raymundo et al., 2008) and so this lack of response to
amoxicillin could be due to development of antibiotic-resistant
SCTLD pathogens or the emergence of a new coral pathogen.

From our pre-treatment surveys, we found up to 12 coral
species at our study sites, from 5 to13% hard coral cover and
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prevalence of non SCTLD coral disease lesions to be < 1%. This
suggests our Horseshoe Reef study area is in better condition than
heavily impacted reefs in Florida where most SCTLD research has
been done (Souter et al., 2022) and, as SCTLD spreads, further
studies should consider whether corals in varying condition upon
disease onset respond differently to treatment. We also note that our
study was partly motivated by a practical constraint of the
amoxicillin method - the need for regular reapplication (Neely
et al., 2021). We hypothesized that a potential advantage of the
chlorine treatment might be a reduced need for re-treatment, but
strong currents and tidal surge at the study sites created practical
difficulties applying both the chlorine and antibiotic treatments,
and the clay barriers were particularly vulnerable to dislodgement in
between visits. Future trials could thus also test if applying chlorine
in paste with a clay barrier is more durable, and so more effective, at
low energy sites.

The treatment of individual coral colonies by divers, whether
with antibiotics, chlorine or other agents, is not practical as a long-
term region-wide solution to controlling the impact of SCTLD or
other future coral diseases. Nonetheless, it may represent a valuable
component of management plans, particularly at sites of high
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conservation value like our study site at Horseshoe Reef.
Although amoxicillin treatment is currently the most effective
local intervention method to mitigate SCTLD outbreaks, it may
have unintentional side effects via influences on the microbiomes of
healthy coral (Connelly et al., 2022) and/or, the development of
antibiotic resistance bacteria (Griffin et al., 2020; Liu et al., 2020). As
SCTLD outbreaks occur and the disease becomes endemic in more
Caribbean locations, alternatives to amoxicillin treatment will
become increasingly useful.
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