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Stony coral tissue loss disease has spread widely in the Caribbean and causes substantial
changes to coral community composition because of its broad host range and high fatality
rate. To reduce SCTLD impacts, intervention programs throughout the region have divers
treating corals with antibiotics. We assessed the effect of antibiotic treatment in the British
Virgin Islands by comparing coral communities at 13 treated sites to those at 13 untreated
sites. The prevalence of white syndromes (assumed to be primarily SCTLD), the severity of
white syndrome lesions, partial colony mortality and complete colony mortality all showed
a qualitative pattern consistent with benefits of treatment: they were reduced at treated
sites for species highly susceptible to SCTLD. In contrast, the prevalence and severity of
lesions from other diseases, and other causes of tissue loss, were all unrelated to
treatment. Re-ordering of rank abundance at the community-level was also consistent
with a positive effect of treatment because rare, highly SCTLD-susceptible species
increased slightly in relative cover at treated sites. Although there was limited statistical
support for these responses individually, collectively the overall pattern of results indicates
a modest beneficial effect of the intervention program for highly susceptible species. Diver-
based intervention programs using antibiotics may thus be a viable part of management
plans for STLD at the epidemic stage.

Keywords: Amoxicillin, epidemic, rank-abundance curve, scleractinia, volunteers
INTRODUCTION

Outbreaks of disease are a significant cause of coral mortality that can alter the composition of coral
communities (Rogers and Miller, 2013). Increasing disease impacts over the past four decades are
associated with the emergence of new diseases and exacerbated by synergisms with increasing water
temperature and localized pollution (Ward and Lafferty, 2004; Harvell et al., 2007; Bourne et al.,
2009; Ruiz-Moreno et al., 2012).
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A recently emergent disease, of particular concern in the
Caribbean, is Stony Coral Tissue Loss Disease (SCTLD). The
disease was first documented on reefs in Florida, USA (Precht
et al., 2016) and has subsequently spread to other parts of the
Caribbean (Kramer et al., 2019). The cause of the disease remains
uncertain, but appears to be an infectious agent (Muller et al.,
2020) that can be transmitted by physical contact and in seawater
(Aeby et al., 2019; Sharp et al., 2020). Outbreaks are identified
using epidemiological criteria based on which species show signs
and on the spatial and temporal pattern of mortality at a site
(FKNMS/DEP, 2018). Lesions have a distinctive pathology under
the microscope (Landsberg et al., 2020) and can appear at the
edge of a coral colony, or within areas of live tissue, and multiple
areas of tissue of loss often appear in the same colony. Disease
progression differs from other syndromes in being extremely
rapid and almost always kills the colony (Precht et al., 2016;
Walton et al., 2018). SCTLD affects at least 20 coral species,
including several that are abundant reef-builders in the region
and others that form massive slow-growing colonies and so have
long recovery times (FKNMS/DEP, 2018). These features of the
disease combine to generate severe impacts of SCTLD outbreaks
on coral community composition (Precht et al., 2016; Walton
et al., 2018; Brandt et al., 2021; Estrada-Saldıv́ar et al., 2021).

Acute impacts of SCTLD on coral communities created an
urgent need to develop management actions that can either
reduce pathogen abundance, abate the local stressors that
intensify impacts, or promote recovery after an outbreak
(Beeden et al., 2011). Diseases of terrestrial wildlife have been
managed by treating hosts to reduce pathogen abundance
(Wobeser, 2002), but there have been few attempts to use this
strategy on reef corals (Gil-Agudelo et al., 2004; Atad et al.,
2012). Although ongoing research into SCTLD etiology may not
identify a single pathogen that reproduces signs of the disease
(Vega Thurber et al., 2020), several lines of evidence indicate
bacterial involvement in the infection (Meyer et al., 2019; Rosales
et al., 2020), which suggests the potential for management
actions that use antibiotics to reduce pathogen abundance.

Intervention plans using divers have been successful at
treating corals infected with SCTLD. Waterborne antibiotics
stop the spread of SCTLD lesions in the laboratory (Aeby
et al., 2019; Miller et al., 2020), which spurred the development
of topical antibiotic pastes that could be used by divers to treat
wild corals (Neely et al., 2020). Controlled field tests in Florida
indicate that 67-95% of lesions either healed or stopped
spreading after antibiotic paste was applied around their
perimeter. The protective effect on treated lesions lasted
months, but did not always prevent new lesions from
appearing on treated colonies or untreated colonies nearby
(Neely et al., 2020; Shilling et al., 2021; Walker et al., 2021). A
formal intervention program based on these findings was
established in Florida (Neely, 2020; Florida DEP, 2021) and a
more comprehensive analysis confirmed long-term benefits of
treatment for five heavily impacted species at multiple sites
(Neely et al., 2021). Based on this success, in-water treatment
programs are now reportedly active in at least 11 Caribbean
countries/territories (Roth et al., 2020).
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While benefits of antibiotic application for treated colonies
are well-established, we are not aware of any studies testing the
effects of treatment programs on the entire coral community.
Our objective was thus to perform a preliminary test for effects of
antibiotic treatment at the community-level. We studied a
treatment program in the British Virgin Islands (BVI), where
SCTLD outbreaks began in 2020. The rapidity and large-scale of
the outbreak required selecting a set of priority sites for
treatment and meant that only a fraction of corals at treated
sites received antibiotic applications. We tested whether the
positive effects of antibiotic application would extend beyond
treated corals and confer community-wide benefits at treated
sites. We explored if the BVI treatment program reduced the
overall prevalence of SCTLD at treated sites, the severity of
lesions on infected corals, and whether populations at treated
sites showed reduced colony mortality. Finally, at the community
level, we checked for shifts in community composition at treated
sites that could be attributed to the treatment program.
MATERIALS AND METHODS

BVI SCTLD Outbreak and
Treatment Program
SCTLD was first reported in the BVI in May 2020 and, using
established epidemiological criteria (FKNMS/DEP, 2018),
outbreaks have been identified at over 50 locations in the
territory since then. A treatment program was developed as
part of the BVI Government’s response plan for SCTLD. The
program is a partnership between the BVI Ministry of Natural
Resources, Labour and Immigration (BVI- MNRLI), the
Governor’s Office, the National Parks of the Virgin Islands
(BVI-NPT), UNITE BVI, Non-Profit Organizations (NPOs),
and interested private groups and individuals. Forty two sites
were initially selected for treatment based on a combination of
factors (following Neely, 2018). Ecological factors included coral
community composition, demographic structure, and site
isolation. To maximize the total reef area that could be treated
with available resources, the treatability of sites was also
considered based on their size and accessibility to divers.
Lastly, priority was given to sites in the BVI network of marine
protected areas and parks.

Experienced local divers were trained by BVI-MNRLI staff to
identify corals and apply amoxicillin paste (Coral Cure Base2b,
Ocean Alchemists LLC) to infected colonies using procedures
adapted from established protocols (e.g., Neely, 2018). Groups of
trained divers called strike teams were each assigned a subset of
the treatment sites to which they made regular visits; the target
was every 2-4 weeks (Supplemental Figure 1). Coral species
prioritized for treatment were those of medium and high
susceptibility to SCTLD (FKNMS/DEP, 2018), particularly
abundant reef-builders in the territory such as Orbicella spp.,
Montastraea cavernosa and Colpophyllia natans (Keefner, 2019).
Individual coral colonies were prioritized if they were large,
relatively free of lesions and surrounded by unaffected colonies.
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Strike team divers kept detailed records of their activity and
we assembled a subset of their records for the 13 treatment sites
in our study. Data compiled included the species or genus of each
treated colony (Supplementary Table 1), colony size (length/
width in cm), the number of active lesions considered to be
SCTLD, the amount of antibiotic paste applied (ml) and whether
there were signs of previous treatment.

Study Design
Quantitative monitoring data for coral diseases prior to SCTLD
arrival are limited, so we evaluated treatment effects using an
after-control-impact (ACI) design that involved a spatial
comparison of 13 treated sites and 13 untreated reference sites
(Underwood, 1997; Smith, 1998). Sites were used as replicates in
our analyses because our goal was to compare treated and
reference sites, rather than compare treated and untreated
corals at the same site.

Each treated site was paired with a nearby reference site that
was similar in depth, wave exposure and reef topography.
Proximity of paired sites also increased the chance that SCTLD
reached them at similar times (Figure 1 and Table 1). Using this
ACI design to isolate treatment effects assumes that, on average,
the difference between paired sites is attributable to antibiotic
treatment (i.e., a space-for-time substitution). For practical
reasons, there are, however, other differences between treated
and reference sites to address when assessing potential treatment
Frontiers in Marine Science | www.frontiersin.org 3
effects. All 13 treated sites are established recreational dive sites
with permanent moorings for the specific use of dive boats,
whereas none of the reference sites have moorings and are rarely
visited by divers. SCTLD treatment is thus confounded with boat
and diver visitation. Divers and boats can both negatively impact
reef corals, but the symptoms and the species most susceptible
are different from those impacted by SCTLD (Hawkins et al.,
1999; Forrester et al., 2015; Lyons et al., 2015; Flynn and
Forrester, 2019). We used these expected differences to
differentiate these potentially confounding effects from those of
SCTLD treatment. Because SCTLD can be transmitted by direct
contact (Aeby et al., 2019), regular recreational diving activity at
the treated sites might also enhance the spread of disease and
counteract any benefits of antibiotic treatment.
Survey Methods
Eleven site-pairs were sampled in July 2021 and the remaining
two in October 2021 (Thumb Rock and Indians). We surveyed
each site on SCUBA using haphazardly placed 30-m transects.
The areas typically visited by strike-team divers were known to
the local coordinators, so the tapes were placed within these
areas, but no strict boundaries were imposed on strike team
divers so they may have treated some corals outside of the
surveyed area. Within each site-pair, we surveyed the same
number of transects at the treated and reference site, with
FIGURE 1 | Map of the thirteen pairs of treated and reference sites that were studied. Numbering of the site-pairs correspond to the numbers in Table 1.
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minor exceptions due to time constraints. However, we varied
the number of transects among site-pairs (from 4-7 transects per
site); sampling more transects where corals were sparser. This
strategy ensured that sampling effort (metres of transect
surveyed per site) was similar at treated (mean ± 95% CI =
152 ± 17) and reference (mean ± 95% CI = 146 ± 22) sites
(paired t-test, df = 12, t = -0.82, p = 0.43). All scleractinian coral
colonies intersected by the transect tapes that were > 10 cm in
maximum linear dimension were identified to species and
recorded (Supplemental Table 1).
Colony-Level Indicators
We estimated lesion severity as a colony-level indicator of
treatment effect (Caldwell et al., 2018). Each colony was
visually assessed for signs of disease, bleaching, and other
agents of tissue loss. Lesion severity was estimated as the
proportion of the colony affected by each agent of tissue loss,
including areas of active disease and recently dead tissue
associated with the lesions (Supplemental Figure 2). For
individual colonies, SCTLD cannot be distinguished from
other diseases with similar signs (white plague, white pox and
other white syndromes) and so we classified all colonies with
focal or multi-focal lesions consistent with SCTLD as white
syndrome (WS) (FKNMS/DEP, 2018). Other visually
distinctive diseases (black band disease, red band disease,
yellow band disease, yellow blotch disease, dark spot disease,
ciliate infection, and growth anomalies) were grouped as non-
white syndromes (NWS). Other agents of tissue loss such as
predation, abrasion, and competitive overgrowth were grouped
as non-disease (ND). Recently dead tissue associated with a
lesion was defined as dead tissue with white corallites still
identifiable to species, plus limited sedimentation or
overgrowth by turf algae organisms, suggesting that tissue loss
occurred within the preceding few months (for details see Lang
et al., 2013). To assess older tissue loss that was not always readily
associated with active lesions, we also visually estimated the
proportion of long-dead tissue on each colony. Areas of tissue
loss that occurred from a few months to a few years in the past
have eroded corallite structure, and may have substantial
overgrowth with algae or other organisms (for details see Lang
et al., 2013).
Frontiers in Marine Science | www.frontiersin.org 4
Population-Level Indicators
To assess treatment effects at the population level, we estimated
disease prevalence (Begon et al., 2002) and colony mortality. For
colonies with some live tissue, disease prevalence was estimated
as the proportion of colonies at a site infected by each syndrome
(WS, NWS and ND). Colony mortality at each site was estimated
as the proportion of colonies sampled that were completely dead.

Community-Level Indicators
We used coral cover as our primary community-level indicator
because cover is the most appropriate unit of abundance for
colonial organisms (Hughes, 1984). Each coral intercepted by the
transect tapes was measured in maximum length (L) parallel to
the tape, width (W) orthogonal to the tape and height (H). Only
coral colonies > 10 cm in maximum linear dimension were
sampled. Simple geometric approximations were used to
estimate colony surface area (CSA), assuming colonies were
either hemispherical in shape (for massive colonies) or
cylindrical (for branching, foliose, tabulate and columnar
colonies) (Fisher et al., 2008). CSA for hemispheres was

CSA = 2pr2

where

r =
0:5 L +W + Hð Þ

3

and for cylinders was

CSA = 2prH

where

r =
0:5 L +Wð Þ

2

We calculated coral colony density (D) at each site using the
Strong Method (Bakus, 2006). Density (colonies per 100 m2) is
calculated as

D = o1=W
� �

·
100
t

where t = distance covered by transects at a site in m. We
calculated live coral cover (CC) at each site as
TABLE 1 | List of treated sites and summary of antibiotic applications.

Site pair Treated site Date of first visit # Visits # Coral colonies treated # Repeat treatments

1 Bronco Billy 29 Dec 2020 8 165 57
2 Coral Gardens 29 Dec 2020 6 141 28
3 Diamond Reef 05 Feb 2021 3 47 4
4 Fearless 03 Feb 2021 7 293 51
5 Ginger Steps 14 Oct 2020 12 232 55
6 Indians 13 Jan 2021 8 392 58
7 Mountain Pt. 28 Jan 2021 13 567 173
8 Platinum Reef 05 Jan 2021 4 63 18
9 Seal Dog 29 Dec 2020 19 558 311
10 Spyglass 08 Jan 2021 8 213 57
11 Thumb Rock 08 Jan 2021 9 256 48
12 Willy T 20 Jan 2021 9 336 113
13 Wreck Alley 18 Aug 2020 12 360 43
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CC = meanCSA �  meanPL� D

where meanPL is the mean % live tissue (Fisher et al., 2008).
Coral cover had units of m2 coral per 100m2 seabed and so is
analogous to percent cover.

Analysis
Colony-and Population-Level Indicators
For colony- and population-level indicators, we predicted that the
treatment program would reduce the severity of WS lesions, WS
prevalence, older tissue loss, and colonymortality. These predicted
differences between treated and reference sites should increase
with species susceptibility to SCTLD (Figure 2). To test these
predictions, we divided species into groups based on their SCTLD
susceptibility [following FKNMS/DEP, 2018 (Supplemental
Table 1)] and modelled each indicator as a function of SCTLD-
susceptibility and treatment (treated and reference), the interaction
SCTLD-susceptibility x treatment and site-pair (a random blocking
factor). A significant SCTLD-susceptibility x treatment interaction
provides statistical support for our prediction. In contrast, the
severity of NWS and ND lesions and the prevalence of these
syndromes were not expected to vary with treatment or
SCTLD-susceptibility.

Lesion severity and old tissue loss are measured percentages
and so were analysed using linear models with normally
distributed errors and constant variance after arcsine
transformation (Crawley, 2012). Prevalence and colony
mortality are proportions derived from binomial processes and
so were modelled with a 2-vector response variable (infected:not
infected and dead:alive respectively) using binomial generalized
linear mixed models (following Crawley, 2012; Kosmidis and
Firth, 2021). Because the binomial model includes a random
effect, it was fitted using a Bayesian method with a zero-mean
normally distributed prior on the fixed effects. Statistical
modelling was done in the R programming environment
Frontiers in Marine Science | www.frontiersin.org 5
(R Core Team, 2021), using the package blme (Chung
et al., 2013).

Community-Level Indicators
At the community-level, we used recently-developed indices
based on rank-abundance curves (RACs) to assess treatment
effects (Avolio et al., 2015; Avolio et al., 2019). RACs are plots of
abundance in which species are arranged from most common to
rarest (lowest to highest rank, Whittaker, 1965). They provide a
flexible approach to describe community composition that,
importantly for our purposes, retains information on species
identities (Avolio et al., 2019).

Treatment programs might ameliorate the effects of SCTLD
in many possible ways, but we focused on two possibilities. First,
successful treatment might cause re-ordering of relative
abundances if highly susceptible species become more
abundant (lower in relative rank) at treated sites, while non-
susceptible species become rarer (higher in relative rank)
(Figure 3). We tested this prediction using a rank-difference
index, which compares the difference in rank of each species
between paired sites and ranges from 0 to 0.5, where 0.5 is the
maximum rank change (Avolio et al., 2015; Avolio et al., 2019).
Species were grouped by SCTLD-susceptibility to assess re-
ordering based on susceptibility. Second, when SCTLD impacts
are severe, antibiotic applications might lead to higher species
richness at treated sites by preventing the extirpation of rare
SCTLD-susceptible species (Figure 3). We tested this prediction
using a richness-difference index, which quantifies the
proportional difference in species richness between paired sites
(Avolio et al., 2019), noting the SCTLD-susceptibility of any
species lost.

To assess other possible differences between treated and
reference sites, we used other indices calculated from the RAC
curves to compare: (1) curve-differences – quantified based on
differences in relative rank and cumulative abundance, (2)
species-differences – quantified as the proportion of species not
shared between paired sites, (3) evenness-differences – the
proportional difference in evenness of relative abundance, (4)
abundance-differences – the difference in cover between paired
sites and (5) multivariate-differences – the proportional
difference between treatments in group centroids and in the
dispersion of replicates within treatments based on Bray-Curtis
dissimilarity (following methods described by Avolio et al.,
2019). For all RAC indices, we calculated mean differences
between RAC curves as a function of treatment (treated and
reference) and site-pair (a blocking factor). Replicates were the
RAC curves for each site and t-tests were used to test the null
hypothesis that mean differences were zero. Statistical modelling
was done in R, using the packages BiodiversityR (Kindt and Coe,
2005) and codyn (Hallett et al., 2016).
RESULTS

Corals Treated by the Strike Teams
Divers treated 3623 coral colonies at the 13 treatment sites and
there were 1070 repeat treatments. A total of 38.2 L of antibiotic
FIGURE 2 | Predicted effect of treatment on colony- and population-level indicators.
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paste was applied, averaging 8.1 mL per treatment. For practical
reasons, the sites differed in when treatment dives began, the
number of visits, and the total number of colonies
treated (Table 1).

The coral taxa treated matched program priorities. Corals most
frequently treated were the medium-susceptibility reef-builders
Orbicella spp. andMonastraea cavernosa that dominate mid-depth
BVI reefs (Keefner, 2019). Other frequently treated taxa were those
forming massive or meandroid colonies that are highly susceptible
to SCTLD (Figure 4). The pattern of treatment by taxa was fairly
consistent among sites (Supplemental Figure 3). The mean size of
treated colonies was greater than those surveyed at the sites, as
expected because divers prioritized larger colonies for treatment
(Supplemental Figure 4).
Colony-Level Indicators
WS lesions were only observed on species susceptible to SCTLD,
suggesting that SCTLD was their primary cause (Figure 5). Mean
severity was significantly reduced at treated sites for high-
susceptibility species and, in that sense, the pattern of results
conformed to that predicted in Figure 2, but there was no
significant SCTLD-susceptibility x treatment interaction
(Table 2). Older tissue loss also conformed qualitatively to the
pattern predicted by a positive treatment effect (Figure 5) but the
Frontiers in Marine Science | www.frontiersin.org 6
SCTLD-susceptibility x treatment interaction was not
significant (Table 2).

As expected, NWS and ND lesions caused much less tissue
loss than WS lesions, did not increase with SCTLD susceptibility,
nor differ between treated and untreated sites (Supplemental
Figure 5; Supplemental Table 2). Abrasions caused by boat
anchors, anchor chains and diver contact would all have been
scored as ND lesions. Because lesions caused by boat anchors or
anchor chains are visually distinctive (see Forrester et al., 2015;
Flynn and Forrester, 2019), and are often seen in combination
with other signs that cannot be confused with disease, their
absence allows us to exclude this possible source of confounding.
We also saw few abrasions clearly related to diver contact (see
Hawkins et al., 1999; Zakai and Chadwick-Furman, 2002), but
are less confident of our ability to recognize this source of tissue
loss. Nonetheless, any unrecognized damage from diver contact
at treated sites was insufficient to increase overall ND
lesion severity.

Population-Level Indicators
White syndrome prevalence was zero for non-susceptible species
and highest for medium- and high-susceptibility species, further
suggesting that SCTLD was the primary cause ofWS lesions in the
study area (Figure 5). Mean WS prevalence of highly susceptible
species was slightly reduced at treatment sites, as predicted with a
BA

FIGURE 3 | Two predicted effects of treatment on community-level patterns of rank abundance. (A) Treatment prevents the extirpation of rare species highly
susceptible to SCTLD. (B) Treatment causes re-ordering of relative rank: susceptible species increase in abundance relative to non-susceptible ones.
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beneficial treatment effect, but statistical support for a SCTLD-
susceptibility x treatment interaction was lacking (Table 2).

Any spreading of SCTLD by the recreational divers who
frequently visit treated sites should increase WS prevalence at
treated sites and so tend to counteract any reduction due to
successful antibiotic treatments. We cannot separate these
countervailing influences on WS prevalence, but the results
suggest that the net effect is neutral or very slightly
positive (Figure 5).

The overall prevalence of WS was more than double that of
NWS and ND (Supplemental Figure 5), suggesting that SCTLD
was the most frequent agent of tissue loss at the studied sites. As
expected, the prevalence of NWS and ND lesions appeared
unrelated to SCTLD susceptibility and did not differ between
treated and untreated sites (Supplemental Figure 5). No
treatment effects on ND prevalence also suggests the lack of
confounding from boat and diver damage, as argued above.

Colony mortality was zero for non-susceptible species and
negligible for low and medium susceptibility species (Figure 5).
Mortality of species highly susceptible to SCTLD was slightly
reduced at treated sites, as predicted if treatment is beneficial, but
the SCTLD-susceptibility x treatment interaction term was not
significant (Table 2).

Community-Level Indicators
There was no overall difference in % coral cover between treated
and reference sites (mean abundance-difference = 0.04%, 95%
CI = -0.04% to 0.12%, df = 201, t = 0.94, p = 0.35), but there was
evidence of a difference in community composition. The
proportional multivariate difference between treatments was
0.12, far greater than dispersion within the centroids (0.0009)
and rank-abundance curves for paired sites differed in overall
shape (mean curve-difference = 102,842, 95% CI = 41,525 to
164,160, df = 12, t = 3.65, p = 0.003). Shape differences reflect the
combined influence of shifts in cumulative abundance and
Frontiers in Marine Science | www.frontiersin.org 7
relative rank (Figure 6). Paired sites had similar evenness in
relative abundance (mean proportional difference = -0.046, 95%
CI = -0.154 to 0.210, df = 12, t = -0.945, p = 0.363), but of most
relevance to our objectives was that treated and untreated sites
displayed shifts in relative rank (mean rank-difference = 0.19,
95% CI = 0.17 to 0.21, df = 12, t = 21.9, p <0.0001).

There was some support for our prediction that treatment
would cause a re-ordering of relative rank based on species’
susceptibility to SCTLD (Figure 3). Species of medium
susceptibility to SCTLD were relatively common (all but one
ranked < 10, Figure 6). Highly susceptible species, in contrast,
tended to be rare (always ranked > 10, Figure 6) and their rarity
makes them more susceptible to shifts in relative abundance.
When species were grouped by susceptibility, the pattern of
changes in mean relative ranks was consistent with a positive
effect of antibiotic treatment (Figure 7). High susceptibility
species tended to increase in relative abundance (became
roughly 10% lower in rank) at treated sites, non-susceptible
species tended to decrease in relative abundance (became
roughly 5% higher in rank), and species of low- and medium-
susceptibility were relatively unchanged (Figure 7).

Treated and reference sites also differed in overall species
richness; 28 species were detected at treated sites and 24 at
reference sites (Figure 6). The richness-difference index was
roughly 10% higher at treated sites relative to nearby reference
sites (mean proportional difference = 0.11, 95% CI = 0.06 to 0.21,
df = 12, t = 2.31, p = 0.038). There was, however, no support for
our prediction that the species missing from reference sites
would be those highly susceptible to SCTLD (Figure 3). Three
of the missing species were of low-susceptibility and one was not-
susceptible (Figure 6). Similarly, treated and reference sites also
differed in species composition (mean proportional difference in
species = 0.23, 95% CI = 0.17 to 0.22, df = 12, t = 8.66, p < 0.001),
but we saw no evidence that this was related to SCTLD. Species
unique to treated or reference sites were simply rare species
FIGURE 4 | Rank-abundance curve for corals treated with antibiotics. Data from the 13 treated sites are pooled. Coral taxa are labelled by 4-letter codes listed in
Supplemental Table 1.
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whose detection is likely to be a function of scarcity, and there
was no tendency for them to be high or low in susceptibility to
SCTLD (Figure 6).
DISCUSSION

Collectively, we suggest that the results indicate slight beneficial
effects of the intervention program, primarily for rare, highly
susceptible species. All four indicators predicted to reflect
Frontiers in Marine Science | www.frontiersin.org 8
SCTLD impacts (WS lesion severity, WS prevalence, tissue
loss, and colony mortality) varied with treatment and SCTLD-
susceptibility in a pattern qualitatively consistent with benefits of
antibiotic application, whereas all four indicators unrelated to
SCTLD (lesion severity and prevalence of NWS and ND
syndromes) showed different patterns (compare Figure 5 and
Supplemental Figure 4). Although there was little statistical
support for these responses individually, the eight responses
display a collective pattern suggestive of a subtle beneficial effect
of antibiotic applications at the colony- and population-level.
B

C D

A

FIGURE 5 | Effects of antibiotic treatment for SCTLD (yes = treated sites, no = reference sites) on (A) WS tissue loss (proportion of colony affected), (B) WS
prevalence (proportion of population infected), (C) Older tissue loss (proportion of dead tissue), and (D) colony mortality (proportion of population dead). Plotted are
means ± 95% CI.
TABLE 2 | P-values from linear models testing for colony- and population-level effects of treatment.

Model term Indicator

WS lesion severity Older tissue loss WS prevalence Colony mortality

SCTLD-susceptibility 0.01 <0.001 <0.001 <0.001
Treatment 0.08 0.06 0.34 0.44
SCTLD-susceptibility x treatment 0.08 0.46 0.75 0.30
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The re-ordering of rank abundance at the community-level,
whereby rare highly SCTLD-susceptible species showed modest
increases in cover in response to treatment, further reinforces
this interpretation.

This signal indicative of a beneficial treatment effect was
observed despite noise in the data created by variation in
SCTLD-susceptibility and responsiveness to antibiotics. We
predicted that coral species would respond to treatment
according to their sensitivity to SCTLD, and used susceptibility
groupings developed in Florida where SCTLD was first reported
and has been most extensively studied (FKNMS/DEP, 2018).
Subsequent work in other areas suggests variation in
susceptibility (Alvarez-Filip et al., 2019; Brandt et al., 2021),
and BVI strike team divers observed lesions consistent with
SCTLD on species previously classified as unaffected or data-
deficient (including Porites astreoides, Agaricia spp. and Undaria
spp.). Our analysis also assumes that species respond equally to
treatment and, although evidence from Florida supports this
assumption for five species treated frequently in the BVI (Neely
et al., 2021), strike team divers noted that two other highly
susceptible species (Dendrogyra cylindrus and Meandrina
Frontiers in Marine Science | www.frontiersin.org 9
meandrites) responded poorly to treatment in the BVI and
were extirpated at several sites prior to the surveys.

Our argument for benefits of the intervention also comes with
the caveat that we cannot rule out all other possible reasons for
differences between treated and reference sites. We were able to
rule out confounding effects of coral damage from boats or diver
contact but, although there was no evidence that divers damage
corals, we cannot rule out the possibility that recreational divers
touching corals are spreading SCTLD at treated sites. The results
do, however, suggest that benefits of treatment either counteract
or override any such effect. Other differences stem from the fact
that treated and reference sites differed in species richness and
composition in ways not obviously linked to SCTLD
susceptibility, and so may have preceded SCTLD arrival. This
was likely a result of site-selection priorities for the intervention
because ease of diver access and high species diversity were both
factors weighed when selecting sites for treatment. Interpreting
our results is, however, complicated by the fact that both species
richness and composition can affect community disease
susceptibility (Rohr et al., 2020). The effect can be either
positive (the dilution effect, Keesing et al., 2010) or negative
B

A

FIGURE 6 | Pooled rank-abundance curves for (A) treated and (B) reference sites. Coral taxa are labelled by 4-letter codes listed in Supplemental Table 1.
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(the amplification effect, Keesing et al., 2006) and is not simple to
predict a-priori (Rohr et al., 2020). In other studies, SCTLD
prevalence was unrelated to coral cover (Muller et al., 2020;
Sharp et al., 2020) but was positively correlated with species
richness in Florida and the US Virgin Islands, suggesting a
possible amplification effect for SCTLD (Muller et al., 2020;
Costa et al., 2021). Any similar amplification effect at BVI treated
sites due to their higher species richness was apparently
counteracted by a beneficial effect of treatment.

With these caveats in mind, it was encouraging that we
detected benefits while studying the entire community, rather
than just those colonies that received treatment. There are two
possible mechanisms for site-wide effects: (1) only treated corals
benefited from antibiotic application, but treated corals were a
sufficiently large fraction of the total to make benefits detectable
using a community-wide sample, or (2) treating some infected
corals indirectly benefits untreated corals at the site by slowing
the spread of SCTLD. The latter mechanism makes intervention
programs more valuable, and the contagious spread of SCTLD
among neighbouring colonies (Williams et al., 2021) makes it
plausible, but interventions in other systems provide examples of
both scenarios. Vaccinating wild mammals, for example, has
reduced the prevalence of contagious diseases (Brochier et al.,
1991), the severity of infections (Chambers et al., 2011), and
triggered host population increases (Goszczyński et al., 2008). In
some situations, vaccination reduced the spread of disease to
untreated hosts (Carter et al., 2012) and to other susceptible
species (Brochier et al., 1991), but other treatment programs
appeared to benefit only vaccinated individuals (White et al.,
2011). In our study, because the sites treated with antibiotics did
Frontiers in Marine Science | www.frontiersin.org 10
not have precisely defined boundaries and we did not count
every coral at each site, we can make only a very rough estimate
of the fraction of corals that were treated approximately (mean %
treated ± 95% CI for high-susceptibility species = 5.8% ± 5.2%
and for medium susceptibility species = 1.4% ± 1.8%, see
Supplemental Table 3). Even these crude estimates suggest
that too few corals were treated for mechanism (1) to be
plausible. Treating a small fraction of the corals at a site thus
appears to indirectly benefit untreated corals and confer a subtle
benefit at the community-level.
CONCLUSION

Successful management plans for SCTLD are likely to contain
several components that span the pre-arrival phase and invasion-
front, as well as the epidemic and established phases (sensu
Langwig et al., 2015). We showed that intervention programs
using antibiotics may be a viable part of management plans for
SCTLD at the epidemic stage, which complements work in Florida
showing their value once SCTLD is well-established (Neely et al.,
2021). Because diver-based interventions are expensive, time-
consuming, and limited in scale to relatively small areas, future
priorities should also include evaluations of how to optimize the
impact of these treatment programs. Our study was of limited
scope and so used a simple comparison of treated and untreated
areas. With more detailed information on the fraction of corals
treated at each site and the temporal progression of the outbreak, it
would be valuable in future to quantify benefits as a function of
treatment effort and outbreak-stage. Studies tracking possible
changes in the effectiveness of antibiotic treatment over time will
also be extremely important because of the potential development
of antibiotic resistance and other unanticipated alternations to
coral-microbe interactions (Sweet et al., 2011; Sweet et al., 2014).
Where SCTLD has yet to invade, we hypothesize that the benefits
of treatment may be greatest for highly susceptible species at the
invasion front due to the potential reduction of disease
transmission among neighbouring corals.
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