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Mesophotic coral ecosystems (MCEs) are ecologically and functionally vital, as they are
Essential Fish Habitats that function as refugia for corals and sponges of shallow-water
reefs. Stony Coral Tissue Loss Disease (SCTLD) is a relatively new lethal coral disease,
first affecting coral reefs in Florida and has now spread through most of the Caribbean.
SCTLD was observed in Puerto Rico in December 2019 in Culebra Island. Since then,
SCTLD has appeared along the east coast of Puerto Rico, affecting primarily shallow
reefs in San Juan, Culebra and Vieques Island, and Fajardo. During late June and July
2020, four mesophotic reef habitats were surveyed at El Seco (off Vieques Island), on the
southeast coast of Puerto Rico. SCTLD was observed at colonized pavement (CPRT –
23–30 m), bank coral reef (BCR – 35–40 m), patch coral reef (PCR – 36–42 m), and
rhodolith (Rhodo – 40–50 m) habitats. The mean percent substrate cover by sessile-
benthic categories varied significantly between habitats (PERMANOVA, p < 0.001),
with a higher mean (± SE) coral cover at BCR (26.95 ± 5.60%), followed by PCR
(12.88 ± 3.88%). SCTLD was detected in all habitats, but the disease prevalence was
significantly higher at BCR, ranging from 9.70 to 21.13% of colonies infected (Kruskal-
Wallis ANOVA, p < 0.007). Even though PCR habitats exhibited less coral cover, SCTLD
prevalence was still elevated ranging from 6.66 to 15.07%. The deepest record of
SCTLD at El Seco was 40.9 m. The majority (∼98%) of the corals infected with the
disease were from the Orbicella complex spp. (faveolata/franksi). However, there were
other infected species, such as Agaricia grahamae, A. lamarcki, Montastraea cavernosa,
and Porites astreoides. As seen in the surveys conducted in 2011 and 2020, the
loss of coral cover allows for the emergence of other benthic “detractors,” such as
peyssonnelids, specifically Ramicrusta spp. Ramicrusta spp., an aggressive encrusting
red alga known to take over available space and overgrow corals, significantly increased
its substrate cover at the impacted reefs. Therefore, the severity and virulence of SCTLD
will most likely have severe and long-lasting negative impacts on the coral communities
at El Seco mesophotic reef system.

Keywords: Caribbean, Ramicrusta spp., coral decline, Stony Coral Tissue Loss Disease, Mesophotic Coral
Ecosystem, SCTLD
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INTRODUCTION

Mesophotic Coral Ecosystems (MCEs) are light-depending coral
communities occurring in the deepest half of the photic
zone from 30 to 150 m in sub-tropical and tropical regions
(Hinderstein et al., 2010). The US Caribbean’s MCEs are divided
into two broad categories, low-gradient platforms composed
of insular shelves, banks and seamounts and high gradient
slopes (Armstrong and Singh, 2012; Sherman et al., 2019). High
diversity of fish, corals, sponges, and cryptofauna in MCEs occur
at rocky discontinuities (outcrops, ledges, etc.) and along the
upper depth zone (Pyle and Copus, 2019; Sherman et al., 2019;
Artim et al., 2020). These ecosystems are prime residential,
foraging, mating, nesting, and seasonal spawning aggregation
habitats for a wide variety of commercially valuable fishes and
shellfishes (García-Sais et al., 2020).

Mesophotic coral ecosystems are logistically challenging to
monitor (Sherman et al., 2013), given their depth range and
distance from shore. Therefore, unlike their shallow-water
counterparts, there is a lack of information on the distribution
and the prevalence and incidence of disturbances at mesophotic
depths (Rogers et al., 2015; Andradi-Brown et al., 2016; Weil,
2019). MCEs were once thought to be more stable than shallow-
water coral (Lesser et al., 2009; Bridge et al., 2011; Slattery et al.,
2011; Armstrong and Singh, 2012; Reardon, 2018). However,
recent Caribbean studies show that MCEs are as vulnerable to
disturbances such as bleaching, hurricanes and diseases (Calnan
et al., 2008; Bongaerts et al., 2010, 2013; Smith et al., 2010,
2019; Rocha et al., 2018; Bongaerts and Smith, 2019; Weil, 2019;
García-Sais et al., 2020; Chaves-Fonnegra et al., 2021) as their
shallow-water counterparts.

Mesophotic coral ecosystems are impacted by several different
coral diseases such as black band, dark spot, white plague, and
yellow blotch/band (Calnan et al., 2008; Smith et al., 2008;
Andradi-Brown et al., 2016; Reed et al., 2019; Chaves-Fonnegra
et al., 2021). The most documented disease on Caribbean MCEs
is white plague (WP). Chaves-Fonnegra et al. (2021) observed
WP prevalence to be higher on the upper mesophotic coral reefs
than shallow-water reefs in the US Virgin Islands. The high
prevalence of WP at 30–40 m was due to the high abundance
of corals (“hosts”) at the bank habitat (Smith et al., 2010), and
environmental factors, such as nutrients and temperature. Many
WP outbreaks at MCEs seemed to be positively associated with
high thermal anomalies (Menza et al., 2007; Weil, 2019). Corals
more susceptible to diseases at MCEs are Agaricia lamarcki,
A. agaricites, Mycetophyllia aliciae, Montastraea cavernosa,
Stephanocoenia intersepta, Siderastrea siderea, Orbicella franksi,
Porites astreoides, A. undata, and A. grahamae (Smith et al., 2010,
2019; Weil and Rogers, 2011; Appeldoorn et al., 2019).

Stony Coral Tissue Loss Disease (SCTLD), a new and
aggressive coral disease, was first reported off the coast in
southeastern Florida in 2014 (Precht et al., 2016; Muller et al.,
2020), with regional coral losses ranging from 30 to 60% (Walton
et al., 2018). Since then, SCTLD has spread throughout the
Caribbean, affecting more than 20 scleractinian coral species
(National National Oceanic and Atmospheric Administration
[NOAA], 2018). In Puerto Rico, SCTLD was first reported at

shallow reefs in Culebra Island in 2019 (Weil et al., 2019) and
is now present in Vieques Island, Fajardo, San Juan, Salinas and
Ponce. Originally, SCTLD was first described as a WP disease
outbreak (Precht et al., 2016; Walton et al., 2018). However,
the gross morphological features of the SCTLD differ from WP,
as lesions usually start in the middle of the colonies, not at
the base or margin (Aeby et al., 2019; Florida Department of
Environmental Protection, 2019). Also, SCTLD is considered
a more serious disease because it infects a higher number of
species. The rates of lesion progression are fast, and the percent
survival of infected species is low (Walton et al., 2018). Coral
loss from SCTLD has been high in the Caribbean, with 46 and
62% loss recorded in Cozumel and Turks and Caicos, respectively
(Estrada-Saldívar et al., 2020; Heres et al., 2021).

The majority of SCTLD observations in the Caribbean
are from shallow-water reefs. There is only one published
report (Bloomberg and Holstein, 2021) and further anecdotal
observations confirming severe SCTLD infections at an MCE,
Marine Conservation District (MCD) in the US Virgin Islands
(AGRRA, 2019). In late June and July 2020, high disease
prevalence was observed during the monitoring of El Seco Reef,
an MCE off the southeast coast of Puerto Rico. Photographs
of the diseased corals were sent to several disease experts
who confirmed the identification as SCTLD. In this study,
we report the SCTLD prevalence between habitats and coral
species at El Seco Reef. In addition, we analyzed differences
in benthic composition at stations surveyed in 2011 and 2020.
Understanding the long-term changes might aid in the future
management of this essential mesophotic ecosystem.

MATERIALS AND METHODS

Site Description
El Seco Reef, a submerged ridge located at the southeastern edge
of the Vieques shelf, is the largest continuous coral reef habitat
known in Puerto Rico with a surface area of (at least) 3.7 km2.
The ridge has an elliptical shape and runs along a north-south
axis and rises from the basin at depths of 33–36 m to a mostly
flat hard ground reef top at depths of 23–28 m (Figure 1).
The mesophotic coral reef system ends as patch reef spurs
separated by coralline sand pools at depths between 40 and 45 m.
Within the 30–50 m depth range, El Seco Reef system consists
of at least four main (biologically colonized) benthic habitats:
bank coral reef, patch coral reef, rhodolith beds, and colonized
pavement (García-Sais et al., 2011). The colonized pavement
habitat was estimated to cover approximately 1.6 km2 or 14.0%
of the surveyed area. It was described as a highly heterogeneous
seafloor with extensive low-relief hard bottom areas with turf
algae and interspersed barrel sponges. Rocky outcrops and low
ridges were colonized by scleractinian corals, gorgonians and
another reef biota. The bank coral reef habitat was an impressive
continuous (aggregated) formation of scleractinian corals, with
17 species identified. However, the coral communities were
mainly comprised (84%) of continuous, thick laminar growth
forms of Orbicella faveolata/franksi. (hereafter Orbicella complex
spp.), growing at depths of 33–41 m throughout the northern
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and northeastern sections of the study area. The total surface
area of the bank coral reef was estimated as 4.6 km2, or 30%
of the total surveyed area. Patch coral reefs were separated
by coralline sand/coral rubble channels and pools covering an
estimated surface area of 1.5 km2, or 10.0% of the surveyed area.
Rhodolith habitat was mostly comprised of a flat, homogeneous
benthic habitat characterized by deposits of algal rhodolith
nodules. Rhodolith habitat was reported along the entire western
section of the study area at depths between 35–50 m. Algal
rhodoliths were colonized by benthic algae, scleractinian corals,
sponges and another encrusting reef biota. The areal extension
of the rhodolith habitat was estimated at 7.1 km2, or 48.6% of
the surveyed area.

Benthic Surveys
The sampling approach and methodologies of the 2020
monitoring survey of El Seco followed the field protocols
designed for the original baseline characterizations of sessile-
benthic communities in 2011 (García-Sais et al., 2011). Data
on the percent reef substrate cover by sessile-benthic categories,
including benthic algae, cyanobacteria, stony corals, soft corals,
black corals, sponges, and abiotic substrates, were produced from
10 m long photo-transects of the seafloor at stations previously
characterized during baseline surveys at each site. Six photo-
transects were surveyed from each of the main benthic habitats

within the 25–50 m depth range. At least ten non-overlapping
photos were taken along transect lines separated approximately
0.5 m from the substrate using a Nikon 500 camera with
an Aquatica housing. There was a total of 330 photographs
analyzed and the approximate area of each photograph was
1 m2. The digital images of the seafloor were uploaded and
analyzed with Coral Point Count (CPCe) software. An array of
25 random points was overlaid on each photo image, and the
underlying sessile-benthic categories were identified to species
or the lowest taxonomic unit possible. The percent substrate
cover was calculated as the fraction of total points overlaid
on each species/benthic category divided by the total points
overlaid on each transect and multiplied by 100. In addition
to calculating coral cover, we calculated the coral abundance
in each photograph. Disease prevalence was calculated by the
total amount of diseased colonies divided by the total number of
stony corals in the photograph. Coral richness was defined by the
number of coral species identified in the habitat.

Statistics
Two-way distance Permutational Multivariate Analyses of
Variance (PERMANOVA) tests were performed to compare
the difference of benthic composition and coral community
structure between habitats during 2020 surveys and sampling
years (2011, 2020). The data (Supplementary Tables 1, 2) were

FIGURE 1 | A map of the stations at El Seco Reef, off southeast Vieques Island, Puerto Rico. The stations are labeled and color coded with the different habitats.
BCR, bank coral reef; CPRT, colonized pavement; PCR, patch coral reef and Rhodo: rhodolith bed habitat.
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square-root transformed before any statistical analyses. Each
PERMANOVA procedure was based on Bray-Curtis similarity
measures. Principal Coordinate Analyses (PCO) were run to
visualize the differences of coral community structure between
habitats in 2020 surveys and between years at each habitat.
Vectors overlaid on the PCO were based on Pearson Correlations.
Similarity percentage analysis (SIMPER) with a cut-off of 70%,
was carried out to identify the dissimilarities of coral composition
between the years and habitats.

A two-way PERMANOVA test was performed to examine the
differences in hard coral cover between habitats and sampling
years. Lastly, one-way PERMANOVA was performed to examine
the difference of Ramicrusta spp. cover between habitats during
2020 surveys. Since these are univariate dependent variables,
a similarity matrix based on Euclidean distances was used.
Euclidean distance measures for univariate PERMANOVA
analyses produce sums-of-square estimates equivalent to
parametric ANOVA (Anderson, 2001). PERMANOVA pair-wise
assessments were carried out when significant differences were
observed. All PERMANOVA SIMPER and PCO procedures were
performed using PRIMER-e and PERMANOVA add-on software
(Anderson et al., 2008).

A Kruskal-Wallis ANOVA was conducted to examine the
differences in disease prevalence between habitats for the 2020
surveys (Supplementary Table 3). Prevalence was calculated
by the number of diseased coral colonies divided by the total
amount of coral colonies per photograph. This analysis was run
in Statistica v7 software. In addition, a one-way PERMANOVA
test was performed to assess the differences in disease prevalence
between the different coral species at each of the habitats.

RESULTS

Stony Coral Cover
Hard coral cover was significantly higher at BCR than the other
habitats in the 2020 monitoring survey (Figure 2), with station
means (± SE) ranging from 9.77 ± 0.51% at station 39 to

FIGURE 2 | Temporal variations of the mean cover of coral cover (%) at El
Seco mesophotic habitats. Bars denote standard errors. BCR, bank coral
reef; CPRT, colonized pavement; PCR, patch coral reef and Rhodo: rhodolith
bed habitat. Letters signify differences according to the pairwise
PERMANOVA test.

41.71 ± 0.54% at station 42. PCR displayed the second-highest
coral cover (Figure 2), ranging from 1.95 ± 0.96% at station 4
to 20.32 ± 6.19% at station 52. Coral cover was low at CPRT
and Rhodo. This same pattern was observed during the 2011
surveys. The magnitude of coral reduction was dependent on
habitat type. PCR was the only habitat that did not display a
significant decrease in coral cover between the years (Table 1),
while at the BCR habitat, the coral cover was significantly reduced
by 38.55% between 2011 and 2020.

Hard Coral Composition
A total of 16 stony corals species were identified at El
Seco during the 2020 surveys. The BCR habitat exhibited
the highest coral richness with 12 species, followed by
10 species at CPRT, 10 species at PCR and 4 species at
Rhodo. The taxonomic composition of hard corals varied
significantly between habitats during the 2020 surveys
(Figure 3; Table 2 and Supplementary Table 1). Orbicella
complex spp. dominated the coral composition at BCR (mean:
23.24 ± 6.35%), contributing 86% of the relative coral cover
(Table 3). Even though there was a reduction in the cover
of Orbicella complex spp. at BCR between 2011 and 2020,
the coral community composition did not change. The only
habitat that exhibited coral community composition changes
between sampling years was CPRT. The two corals that
contributed to this dissimilarity between years were Montastraea
cavernosa and Orbicella complex spp., contributing 16.86 and
11.40%, respectively (SIMPER). In 2020, Orbicella complex
spp. declined in cover by 99.97%, and M. cavernosa was
absent from surveys.

TABLE 1 | The results of the Permutational Multivariate Analyses of Variance
(PERMANOVA) tests to compare the differences of coral cover between habitats
(Ha) and sampling year (Ye) at El Seco Reef, Puerto Rico.

Coral cover df SS MS Pseudo-F p value

Ha 3 8653.8 2884.6 40.41 0.001

Ye 1 780.93 780.93 10.94 0.002

Ha × Ye 3 337.42 112.47 1.58 0.216

Groups t p value

CPRT, BCR 19.328 0.003

CPRT, PCR 2.3433 0.006

CPRT, Rhodo 1.1184 0.31

BCR, PCR 3.6698 0.018

BCR, Rhodo 16.755 0.003

PCR, Rhodo 2.5909 0.002

Habitat Groups t p value

BCR 2011, 2020 2.7135 0.019

CPRT 2011, 2020 5.7198 0.002

PCR 2011, 2020 1.0064 0.339

Rhodo 2011, 2020 2.2243 0.004

Pair-wise analyses are below the results of the main model’s results. Habitat: bank
coral reef (BCR), colonized pavement (CPRT), coral patch reef (CPR), and rhodolith
habitat (Rhodo).
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FIGURE 3 | Principal coordinate analyses (PCOs) of a) coral composition between habitats during 2020 survey, at El Seco Reef. Coral species: Agaricia agaricites
(Aaga), A. grahamae (Agra), A. lamarcki (Alam), Orbicella faveolata/franksi (Oann), Montastraea cavernosa (Mcav), Porites astreoides (Past), P. furcata (Pfur), P. porites
(Ppor), and Siderastrea siderea (Ssid).

Disease Prevalence
The deepest record of SCTLD at El Seco was 40.9 m. SCTLD
infections were observed on hard corals from all habitats
surveyed; however, the prevalence was significantly higher at
the BCR, with transect values ranging from 9.70 to 21.13% of
colonies infected (Figure 4, Kruskal-Wallis ANOVA, p < 0.007).
Even though PCR habitats exhibited less coral cover, SCTLD
prevalence was still high, with transects ranging from 6.66
to 15.07% of coral colonies infected. Two out of the three
sites in Rhodo habitat did not exhibit any coral disease
infection. Composition of the diseased coral species did not
vary among habitats (one-way PERMANOVA, Pseudo-F = 3.01,
p = 0.07), considering the majority (∼96.77%) of the corals
infected were from the Orbicella complex spp. (Table 4). Other
species were also observed infected, such as, A. gramahae,
A. lamarcki, M. cavernosa, Colpophyllia natans, and Porites
astreoides (Table 4). Most of the lesions were in patches or
blotches in the middle of the colonies. However, some of the
infected Orbicella complex spp. colonies had lesions on the
colony’s border (Figure 5). The infected areas were both focal and
multifocal in gross morphology. Some colonies exhibited almost
complete tissue loss. Recently dead coral colonies were recorded
at CPRT, BCR, and PCR habitats.

Sessile-Benthic Taxonomic Structure
The sessile-benthic taxonomic structure significantly varied
between habitats and survey years at El Seco (Table 5). As
seen in the estimates of components of variation of the main
model, year contributed more to the variation of sessile-benthic
taxonomic structure than year. In the 2020 survey, benthic algae
were the main substrate category in terms of substrate cover at
all habitats with means (± SE), ranging between 67.77 ± 6.24%
at BCR and 91.55 ± 1.65% at CPRT. Lobophora species complex
(further referred to as Lobophora spp.) was the dominant
benthic alga from all habitats with mean substrate cover ranging
between 38.20 ± 6.00% at CPRT and 64.39 ± 3.55% at Rhodo,
representative of 41.7 and 72.2% of the total cover by benthic
algae, respectively. The increase of cover by benthic algae between
2011 and 2020 was driven by a 133.8% increase of Lobophora
spp., and the proliferation of red crustose calcareous algae,
peyssonnelids, from 0% in 2011 to 13.89% in 2020 (Figure 6).
Mean substrate cover by Ramicrusta spp. (8.17 ± 1.53%)
represented more than half of the total cover by peyssonnelid
algae. The low Ramicrusta spp. cover at Rhodo (1.10 ± 0.32%)
drove the statistical difference between habitats (Table 6). Even
though Ramicrusta spp. was found in greater abundance at CPRT
(14.83 ± 4.09%) and BCR (7.40 ± 1.07%) habitats, the values
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TABLE 2 | The results of the Permutational Multivariate Analyses of Variance
(PERMANOVA) tests to compare the differences of coral composition between
habitats (Ha) and sampling year (Ye) at El Seco Reef, Puerto Rico.

Coral community df SS MS Pseudo-F p value

Ha 3 41509 13836 7.65 0.001

Ye 1 7802.6 7802.6 4.31 0.001

Ha × Ye 3 9385.9 3128.6 1.73 0.02

Groups t p value

CPRT, BCR 3.848 0.001

CPRT, PCR 2.8541 0.001

CPRT, Rhodo 2.3784 0.001

BCR, PCR 1.806 0.007

BCR, Rhodo 3.1849 0.001

PCR, Rhodo 2.2449 0.001

Habitat Groups t p value

BCR 2011, 2020 1.10 0.359

CPRT 2011, 2020 1.76 0.006

PCR 2011, 2020 1.34 0.111

Rhodo 2011, 2020 1.46 0.052

Pair-wise analyses are below the results of the main model’s results. Habitat: bank
coral reef (BCR), colonized pavement (CPRT), coral patch reef (CPR), and rhodolith
habitat (Rhodo).

did not significantly vary from PCR (5.85 ± 2.09%). Many
dead standing coral colonies, particularly Dendrogyra cylindrus,
Orbicella complex spp., and S. siderea, were observed completely
overgrown by Ramicrusta spp. at CPRT.

Soft corals, sponges, cyanobacteria, and abiotic categories
represented relatively minor components of reef substrate cover
at El Seco during both survey years. Therefore, even though

variations were relatively high in terms of the percent change
between surveys, absolute differences of the mean percent
cover were small.

DISCUSSION

This study reports the first observation of SCTLD at an MCE in
Puerto Rico. Furthermore, it also reports the deepest observation
of SCTLD in the Greater Caribbean. As seen in this study and
others (Smith et al., 2010, 2016, 2019), MCEs are not resistant
to coral disease. The timing of SCTLD infection at El Seco is
unknown. However, severe infections of SCTLD were recorded
at Marine Conservation District (MCD) in the US Virgin Islands
(AGRRA, 2019) in June 2020. SCTLD is a waterborne and highly
transmissible disease (Weil et al., 2019), spreading quickly by 7–
10 km/month (Lunz et al., 2017; Florida Keys National Marine
Sanctuary, 2018; Meyer et al., 2019; Aeby et al., 2019). The MCD
is physically connected to El Seco Reef as both reefs share the
same shelf. The dominant current flow along the insular shelf at
El Seco is toward the southwest, with velocity vectors pointing
toward the west at the surface and rotating southerly closer to
the bottom (García-Sais et al., 2011). It was only a matter of
time before SCTLD reached the east coast of Puerto Rico and
the deeper mesophotic reefs off Vieques Island from St. Thomas.
SCTLD was concentrated along the north-northeast coasts of
Puerto Rico at the end of 2020 (Weil et al., 2019); SM Williams
pers comm). However, it was recently reported at reefs along the
south coast of Puerto Rico, Salina and Ponce (AGRRA, 2019).

Stony Coral Tissue Loss Disease was present in all habitats at
El Seco. However, SCTLD infection was primarily concentrated at
the BCR and PCR habitats. Both habitats had a higher coral cover
compared to Rhodo and CPRT habitats. BCR habitat exhibited

TABLE 3 | Mean percent cover of the different coral species at each site and habitat at El Seco Reef, Puerto Rico.

Habitat Site Aaga Agra Alam Dlab Pstr Mdec Oann Mcav Past Pfur Ppor Ssid Sint

CPRT 49 0.25 0.25 0.17

12 0.23 0.60 0.17

59 0.22 0.11 0.43 0.22 0.45 0.11

Mean 0.15 0.04 0.04 0.34 0.07 0.08 0.26 0.04

BCR 18 0.69 0.17 0.78 26.32 1.43

42 0.41 0.34 38.73 0.10 0.44 0.48 0.70 0.34

39 0.29 0.60 2.58 0.44 4.69 0.49 0.29 0.22 0.20

Mean 0.46 0.26 1.23 0.15 23.24 0.03 0.78 0.26 0.30 0.18

PCR 52 0.75 1.38 0.13 13.93 4.02 0.13

4 0.50 0.55 0.73 0.18

57 0.77 1.34 0.98 12.56 0.54 0.20

Mean 0.67 0.63 0.79 0.04 9.07 1.58 0.11

Rhodo 34

64 0.50

62 0.20

Mean 0.05 0.17 0.07

Habitat: bank coral reef (BCR), colonized pavement (CPRT), coral patch reef (CPR), and rhodolith habitat (Rhodo). Coral species: Agaricia agaricites (Aaga), A. grahamae
(Agra), A. lamarcki (Alam), Diploria labyrinthiformis (Dlab), Madracis decactis (Mdec), Orbicella faveolata/franksi (Oann), Montastraea cavernosa (Mcav), Porites astreoides
(Past), P. furcata (Pfur), P. porites (Ppor), Siderastrea siderea (Ssid), and Stephanocoenia intersepta (Sint).
The bold lettering identifies the means.
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FIGURE 4 | The mean Stony Coral Tissue Loss prevalence (% colonies infected) at the habitats at El Seco mesophotic system, Puerto Rico. Bars denote standard
errors. BCR, bank coral reef; CPRT, colonized pavement; PCR, patch coral reef and Rhodo: rhodolith habitat. Letters signify differences according to the pairwise
PERMANOVA test.

TABLE 4 | Total amount of coral colonies counted (Total coral #) in the
photographs and the percent prevalence of Stony Coral Tissue Loss Disease
(SCTLD) for the different coral species at each site at El Seco Reef, Puerto Rico.

Habitat Site Total coral (#) Oann Agra Past Mcav Alam Cnat

CPRT 49 88 7.95

12 77

59 61

BCR 18 59 5.08 1.69

42 593 16.36 0.34

39 280 11.07

PCR 52 215 14.88

4 221 10.86 0.90 0.45

57 314 13.69

Rhodo 34 0

64 2

62 30 10.00 3.33 3.33

Species include: Orbicella faveolata/franksi (Oann), Agaricia grahamae (Agra),
Porites astreoides (Past), Montastraea cavernosa (Mcav), A. lamarcki (Alam), and
Colpophyllia natans (Cnat).

the highest prevalence of SCTLD, and this habitat is characterized
by a dense tabular growth formation of Orbicella complex spp.
colonies. SCTLD is thought to be transmitted via the water or by
direct contact by fish, invertebrates, or other corals (Aeby et al.,
2019; Noonan and Childress, 2020). Transmission of SCTLD
may be greater at sites with a higher density of corals regardless
of the taxa (Bruno et al., 2007; Chaves-Fonnegra et al., 2021;
Williams et al., 2021).

The BCR habitat is perhaps the most critical habitat at the
El Seco due to its geographical extension and high structural
complexity, as it is characterized by a dense and continuous
bank of orbicellid corals. Coral reductions were measured from
all habitats, but the coral loss was more pronounced at the
BCR habitat. The reduction of coral cover in this study is
consistent with recent reports from the Puerto Rico Coral Reef
Monitoring Program (PRCRMP), which includes a permanent
monitoring station in the BCR habitat at El Seco. Coral
cover at the permanent station has been on the decline since
2011, with a reduction of 17.8% in 2016 to 33.8% in 2018
(García-Sais et al., 2018). The decline of Orbicella complex
spp. measured in the 2020 survey drove the changes in coral
cover between surveys. Long-term losses in Orbicella spp. have
been observed at many of the shallow-water reefs of Puerto
Rico (García-Sais et al., 2017) and the Caribbean (Bruckner
and Bruckner, 2006; Edmunds and Elahi, 2007). There is a
threat with the demise of Orbicella spp., as these species are
the main contributors to the 3D structural complexity and
calcium carbonate precipitation (González-Barrios and Álvarez-
Filip, 2018). The structural intricacy of the tabular growth formed
by Orbicella spp. provides an essential habitat for invertebrate,
fish and cryptofauna species (Smith et al., 2010; García-Sais
et al., 2011, 2020). The loss of these corals is compounded by
increases in unfavorable substrates such as nuisance algae, as
seen by Ramicrusta spp. appearance, and bioeroding organisms,
which contributes overall decline of structural complexity on an
impacted reef (Sheppard et al., 2002; Graham et al., 2006, 2009;
Carballo et al., 2013; Magel et al., 2019).
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FIGURE 5 | Photographs of diseased Orbicella faveolata/franksi colonies at El Seco Reef, Puerto Rico.

TABLE 5 | The results of the Permutational Multivariate Analyses of Variance (PERMANOVA) tests to compare the differences of benthic taxonomic structure between
habitats (Ha) and sampling year (Ye) at El Seco Reef, Puerto Rico.

Benthic composition df SS MS Pseudo-F p value

Ha 3 8627.7 2875.9 26.76 0.001

Ye 1 6460.6 6460.6 60.11 0.001

Ha × Ye 3 246.3 82.099 0.76 0.612

Groups t p value

CPRT, BCR 7.2585 0.005

CPRT, PCR 2.3571 0.002

CPRT, Rhodo 2.3251 0.002

BCR, PCR 3.4514 0.008

BCR, Rhodo 7.028 0.006

PCR, Rhodo 2.2541 0.003

Habitat Groups t p value

BCR 2011, 2020 4.4531 0.003

CPRT 2011, 2020 3.798 0.001

PCR 2011, 2020 3.7082 0.002

Rhodo 2011, 2020 4.0244 0.005

Habitat: bank coral reef (BCR), colonized pavement (CPRT), coral patch reef (CPR), and rhodolith habitat (Rhodo).
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FIGURE 6 | Principal coordinate analyses (PCOs) showing differences of sessile-benthic taxonomic structure at El Seco between the 2011 and 2020 surveys.

TABLE 6 | The results of the Permutational Multivariate Analyses of Variance
(PERMANOVA) tests to compare the differences of Ramicrusta spp. cover
between habitats (Ha) at El Seco Reef, Puerto Rico.

Ramicrusta spp. df SS MS Pseudo-F p value

Ha 3 31.644 10.548 13.57 0.001

Groups t p value

CPRT, BCR 1.83 0.093

CPRT, PCR 2.21 0.055

CPRT, Rhodo 5.63 0.003

BCR, PCR 1.00 0.345

BCR, Rhodo 7.12 0.004

PCR, Rhodo 3.65 0.005

Pair-wise analyses are below the results of the main model’s results. Habitat: bank
coral reef (BCR), colonized pavement (CPRT), coral patch reef (CPR), and rhodolith
habitat (Rhodo).

Orbicella colonies have shown signs of stress in past surveys.
In 2018, Orbicella colonies were recorded with discoloration
and necrotic tissue patches (García-Sais et al., 2018). Many had
small, bleached patches in the middle of the colonies. Given the
ambiguous nature of the symptoms, they were not related to
any coral disease or bleaching event at the time. As seen in this
study, SCTLD disease was prevalent in Orbicella faveolata/franksi,

and this was not limited by habitat nor depths. Orbicellids are
not listed as highly susceptible species to SCTLD (Florida Keys
National Marine Sanctuary, 2018). Highly susceptible species
include Pseudodiploria strigosa, Dendrogyra cylindrus, Meandrina
meandrites, and Dichocoenia stokesii (Precht et al., 2016; Alvarez-
Filip et al., 2019; Weil et al., 2019; Precht, 2021). However,
Meiling et al. (2021) observed regional differences in the species
response to SCTLD for shallow-water reefs. Through laboratory
trials, O. annularis showed the greatest susceptibility to SCTLD
in the USVI (Meiling et al., 2021). O. annularis, C. natans and
S. siderea had a higher risk of lesion development and faster
lesion progression rates than other susceptible species listed for
Florida. Further monitoring at El Seco will only confirm if the
deeper orbicellids show the same patterns of susceptibility as
the shallow-water O. annularis. Given the lethality and high
prevalence of SCTLD, further coral loss is expected to occur at
El Seco. The recovery of Orbicella spp. is unlikely to happen
as the sexual recruitment success of Orbicella spp. is limited
or non-existent on coral reefs (Rogers et al., 1984; Edmunds
and Elahi, 2007; Irizarry-Soto and Weil, 2009; Hernández-
Delgado et al., 2014). Therefore, the extensive and chronic loss
of these corals could have dramatic impacts not only on the
diversity but to the ecosystem function of El Seco, as many
fish, invertebrates and cryptofauna use these habitats as refuge
(Artim et al., 2020).
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Stony Coral Tissue Loss Disease can severely change the coral
composition on a coral reef (Alvarez-Filip et al., 2019). As seen
in our analyses, this has yet to occur in most habitats, even
with the significant reduction in coral cover during the past
9 years. This does not mean the change in the coral composition
will not happen in the future. The only habitat that showed
yearly dissimilarities in coral composition was CPRT, and this
was due to the reduction and loss of Orbicella complex spp.
and M. cavernosa. It is unknown if variations between yearly
surveys at CPRT were caused by SCTLD or other stress factors,
including the impacts associated with the passing of hurricanes
Irma and Maria in September 2017 (Smith et al., 2016; Reardon,
2018), the impact of winter storm Riley in March 2018, and/or
other disease-induced mortality associated with the increased
vulnerability prompted by the 2019 winter bleaching event.

The overall sessile-benthic community structure changed
markedly between surveys, however, and changes were noted
from all surveyed habitats at El Seco. Hard coral cover decline
was associated with an increase of cover by benthic algae.
Such coral to algal transition is quite common for many
coral reefs in the Caribbean (Hughes, 1994; Jackson et al.,
2014; García-Sais et al., 2017; Evensen et al., 2019). The lack
of herbivory by both parrotfish and sea urchins, as well as
eutrophication are reasons for the persistence of high algal
cover (Hughes et al., 1999; Lapointe, 1997; Littler et al., 2006;
Bruno et al., 2009; Mumby, 2009; Lesser and Slattery, 2011).
Lobophora spp. and Dictyota spp. are prominent components
at mesophotic reefs of the Western Atlantic (García-Sais et al.,
2011, 2020; Evensen et al., 2019; Spalding et al., 2019). In this
study, cover increases of more than 100% by Lobophora spp.
were measured at El Seco in a 9-year span. The increases in
fleshy macroalgae can possibly be attributed to the nutrient
enrichment caused by the passing of major hurricanes, like
Maria and Irma. The torrential rainfall caused by Hurricane
Maria and Irma caused an increase of colored dissolved organic
matter (Ortiz-Rosa et al., 2020), and divergent processes caused
by the hurricanes may have influenced a pulse of nutrient
upwelling at mesophotic reefs (Walker et al., 2005; García-
Sais et al., 2018). In addition, other stressors such as reduction
of herbivores and disease outbreaks from thermal anomaly
events could also attribute to the increase of fleshy macroalgae
(Hughes, 1994; McManus and Polsenberg, 2004; Estrada-Saldívar
et al., 2020). Lobophora-dominated reefs are associated with
poor reef health (Slattery and Lesser, 2014; Johns et al.,
2018; Evensen et al., 2019) because these algae alter microbial
communities (Rasher and Hay, 2010; Morrow et al., 2012,
2017) and colonize available space. The high abundance of
Lobophora spp. could further affect the resistance of El Seco
to recover, as these algae also inhibit coral larvae from settling
(Evensen et al., 2019).

Not only was there an increase in fleshy macroalgae, but
a substantial increase in peyssonnelids, specifically Ramicrusta
spp., from most habitats surveyed at El Seco. Ramicrusta spp.
is an encrusting red alga, a member of the peyssonneliacean
family (Rhodophyta). Ramicrusta spp. was more prominent in
the shallower habitats (CPRT and BCR) than the deeper habitats
(CPR and Rhodo). In Puerto Rico, Ramicrusta spp. was first

identified in 2011 at a shallow-water reef off Caja de Muerto. It
has spread throughout Puerto Rico (Williams and García-Sais,
2020), reaching a cover of ∼60% at shallow-water east coast reefs.
Williams and García-Sais (2020) also observed depth variation
of Ramicrusta spp. cover, with shallower reefs having a higher
cover. Ramicrusta spp. can be detrimental as it is known to
overgrow and smother the living tissues of corals (Pueschel and
Saunders, 2009; Ballantine et al., 2011, 2016; Eckrich et al., 2011;
Ballantine and Ruiz, 2013). The rapid growth of Ramicrusta spp.
has the potential to reduce the amount of suitable substrate for
the settlement of corals and other benthic organisms (Williams
and García-Sais, 2020). As observed in these recent surveys, many
of the recently dead coral skeletons were observed colonized by
Ramicrusta spp.

CONCLUSION

Our study observed significant declines in coral cover on MCEs
at El Seco over 11 years, corresponding with increases in algal
abundance. A newly described coral disease, SCTLD, was also
found with relatively high abundance at mesophotic depths.
While changes to the coral composition were not seen over the
study period, this disease’s impact on the dominant reef-building
Orbicella complex spp. could have lasting impacts on reef
persistence. Camp et al. (2018) stated that the future structure and
ecological functions of a reef will be shaped by the vulnerability
of different species to climate change and other anthropogenic
stressors. As seen in this study, the coral communities at El Seco
reef system are at high risk to disturbances and local stressors,
as they are directly affected by coral disease outbreaks and are
also vulnerable to extreme water temperature anomalies (García-
Sais et al., 2020). The continual downward trend in coral cover
and uptrend in algal cover over the years is worrying, especially
with the surge in Ramicrusta spp. However, even with the coral
decline, the BCR habitat still has high conservation value, as
the cover of orbicellids is higher than most shallow-water reefs
in Puerto Rico. Long-term monitoring needs to continue at the
MCEs to understand how these coral reef communities will react
to the cumulative impacts of the different disturbances. This will
allow the designation of persistence areas (Smith et al., 2019) for
further management and protection.
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