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Spatial and Temporal Patterns of Stony Coral Tissue Loss Disease Outbreaks in The Bahamas
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Coral reefs of Grand Bahama and New Providence islands in The Bahamas have been surveyed several times over the past decade, and long-term monitoring indicates declines in coral cover associated with hurricanes, bleaching events, and local threats. However, the greatest declines in coral populations in The Bahamas over the past decade may be attributed to the recent introduction of stony coral tissue loss disease (SCTLD). In 2019, a comprehensive assessment of both islands was conducted using Atlantic and Gulf Rapid Reef Assessment (AGRRA) methods to characterize reefs before SCTLD was reported in The Bahamas. Following reports of SCTLD in late 2019, timed roving diver assessments of corals were conducted for Grand Bahama in March 2020 and New Providence in June 2020 to determine which species were affected by the disease and the proportion of corals that were healthy, infected with SCTLD, and those that appeared to have experienced recent mortality for the most abundant intermediate or highly susceptible species. Additional surveys were conducted for both islands in January 2021 to further assess the extent of the outbreak, and repeated assessments of several sites for each island were used to determine the impact of the disease on corals over the previous 6.5 to 10.5 months. Infection rates varied among species following patterns described for Florida and elsewhere, with higher infection rates occurring in vulnerable species for both Grand Bahama and New Providence. Pseudodiploria strigosa appears to be the most affected species with 45.6% of colonies on Grand Bahama infected and 23.1% infected on New Providence and recent mortality rates of 31.5 and 42.7%, respectively, at the time of surveys. Spatial patterns of mortality and infection rates for the most vulnerable species were greatest close to international commercial shipping ports on both islands, suggesting SCTLD has been present in those locations for a longer time, and the proportion of healthy colonies increased with distance from the port. For Grand Bahama, there was also a significant effect of depth, with shallow reefs having a higher proportion of colonies that was infected or experienced recent mortality. For New Providence, sites to the east of the port saw a sharp decline in infection and mortality rates with distance compared to sites west of the port, where nearly the entire coastline was affected by SCTLD. Temporal analyses showed an increase in recent mortality and a decrease in active infection for most species on both islands, but little change in the proportion of healthy corals, suggesting some degree of resistance to the disease. Because Freeport and Nassau are the two largest container ports in The Bahamas and are over 200 km apart with multiple islands between them where SCTLD has not yet been reported, it is probable that SCTLD arrived in The Bahamas via commercial shipping, followed by rapid spread within islands via local currents and other vectors. Results from this study stress the need for early detection and suggest that preventing the spread of the disease between islands via vessel traffic is of utmost importance.
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INTRODUCTION

Coral reefs are the most biologically diverse marine ecosystem (Reaka-Kudla, 1997; Knowlton et al., 2010; Plaisance et al., 2011) and the most valuable ecosystem on a per-unit-area basis, with a value of over $352,249 per hectare per year (de Groot et al., 2012; Costanza et al., 2014). However, coral reef ecosystems are among the most threatened on the planet, suffering severe declines at an increasing rate over the past half century (Pandolfi et al., 2003; Bellwood et al., 2004; Jackson et al., 2014). This has resulted in increasing calls for improved conservation and management of reef-building corals and coral reef ecosystems (e.g., Bellwood et al., 2004).

Climate change has been identified as a leading cause of coral reef decline, primarily due to warm water bleaching events (e.g., Hoegh-Guldberg et al., 2007, 2017). Regional bleaching events have had a large effect on corals in the Caribbean region since the 1980s (e.g., Baker et al., 2008), and recent mass bleaching events on Australia’s Great Barrier Reef have reinforced the severity of this threat globally (e.g., Stuart-Smith et al., 2018). However, coral disease epidemics have also had a large impact on reef-building corals, particularly in the Caribbean (e.g., Aronson et al., 1998; Aronson and Precht, 2001; Weil et al., 2006), and their impact may be increased due to other threats such as elevated nutrient inputs (Bruno et al., 2003), predators that serve as vectors (Williams and Miller, 2005; Gignoux-Wolfsohn et al., 2012), warm sea temperatures (van Woesik and Randall, 2017; Muller et al., 2018; Gignoux-Wolfsohn et al., 2020), and other anthropogenic stressors (e.g., Kaczmarsky et al., 2005).

Stony coral tissue loss disease (SCTLD) is the latest disease to have a major impact on Caribbean reefs and may rival climate change in its impact to reef-building corals (Walton et al., 2018). The disease was first reported in Florida in 2014 (Precht et al., 2016), and the pathogen(s) causing the disease is still unknown. SCTLD is of particular concern because it infects over 20 species (Florida Coral Disease Response Research and Epidemiology Team, 2018), is waterborne, and is highly transmissible (Aeby et al., 2019), spreading within a reef and between reef areas rapidly (e.g., Precht et al., 2016; Walton et al., 2018; Aeby et al., 2019; Muller et al., 2020; Sharp et al., 2020). It is also highly virulent and can persist on reefs for multiple years, rapidly reducing colony density and living coral tissue (Walton et al., 2018). By 2019, SCTLD had spread throughout the Florida Keys (NOAA, 2018), at a rate of 0.1 km/day (Muller et al., 2020) and had reached much of the Northern Caribbean region, from Mexico (Alvarez-Filip et al., 2019; Estrada-Saldivar et al., 2020) to the Greater Antilles and Northeastern Caribbean (AGRRA, 2021).

Before late 2019, SCTLD was not reported from The Bahamas, despite The Bahamas’ proximity to Florida, where the disease first became established. From 2015 to 2019, assessments of corals at over 250 sites throughout The Bahamas have shown declines in live coral cover from bleaching events, hurricanes, and coastal development, but SCTLD was not reported, and coral disease rates averaged only 1.2% of corals surveyed (Dahlgren et al., 2020). SCTLD was first reported from The Bahamas off the island of Grand Bahama during photo monitoring of corals from November 19, 2019 to January 1, 2020 (Figures 1A–C). Photos showed the progression of SCTLD infection in several colonies of Pseudodiploria strigosa, Diploria labyrinthiformis, and Siderastrea siderea, and photos from January 2020 also showed infected colonies of Dendrogyra cylindrus, Dichocoenia stokesii, and Montastraea cavernosa. On New Providence island, initial reports of SCTLD in May 2020 came from spear fishers reporting the disease with photos and short video clips through an online reporting portal (Perry Institute for Marine Science, 2020). Here we characterize the reefs of both islands before SCTLD was reported and examine outbreaks of SCTLD using rapid assessment techniques to determine species-specific infection rates and mortality throughout the affected areas to examine spatial and temporal aspects of SCTLD outbreaks in The Bahamas.
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FIGURE 1. Time series of a P. strigosa colony infected with stony coral tissue loss disease (SCTLD) from November 8, 2019 (A) to November 27, 2019 (B) before transitioning to recent mortality by January 16, 2020 (C). A reef with widespread mortality of P. strigosa is also shown from 2021 (D).




MATERIALS AND METHODS


Study Sites

New Providence island in the central Bahamas is where Nassau, the population, tourism, and economic center of The Bahamas is located (Figure 2). Coral reefs surround the island, with shallow patch reefs scattered along the Great Bahama Bank to the south and east of the island and shallow and deep forereef habitats along the margin of the bank to the west of the island. Along the north coast, the western two thirds of the island are protected by a barrier reef that slopes into a forereef zone, and the eastern third of the island is protected by barrier islands that extend to the east of New Providence and are fringed with reefs. The main port of Nassau is located along the north coast of the island with international container shipping to the west side of the port and cruise ships, charter boats, and domestic shipping and pleasure boat marinas in the main port area. There is also a fuel shipping station on the southwest corner of the island.
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FIGURE 2. Map of study sites for Grand Bahama and New Providence. Sites where Atlantic and Gulf Rapid Reef Assessment (AGRRA) surveys were conducted in 2019 are denoted by circles. Roving diver assessments on shallow sites are marked with squares and deep sites with triangles. Surveys conducted in March 2020 are shown in red, June 2020 in yellow, and January 2020 in blue. Sites with two colors are those that were assessed more than once. The location of commercial shipping ports for Grand Bahama and New Providence is marked with a cross.


Grand Bahama on the Little Bahama Bank is home to The Bahamas’ second most populous city, Freeport, in the southwest part of the island. Freeport is home to the country’s busiest commercial port with one of the region’s largest container transshipment facilities and one of the largest petroleum product storage terminals in the western hemisphere (Figure 2). The island is bisected by a man-made waterway in the center and population density is low to the east of this waterway. Fringing coral reefs extend along the entire western and southern shoreline of Grand Bahama, ranging in depth from <2 to over 30 m along a shelf that typically extends 1 to 2 km from shore.

Reefs in both areas were well-studied prior to the detection of SCTLD. From 2011 to 2019, 24 reefs around New Providence and neighboring islands to the east (e.g., Rose Island) were monitored every 2 to 4 years using Atlantic and Gulf Rapid Reef Assessment (AGRRA) methods (Dahlgren et al., 2014, 2016, 2020). Eighteen reefs around Grand Bahama were also assessed two to four times using AGRRA methods from 2013 to 2019 (Dahlgren et al., 2016, 2020).



Baseline Conditions

Coral and benthic data collected using AGRRA methods as part of periodic monitoring were used to determine baseline conditions for reefs around Grand Bahama and New Providence prior to reports of SCTLD. These data were collected in 2019, between April and June for New Providence (n = 19 sites) and in October 2019 after Hurricane Dorian for Grand Bahama (n = 6 sites). Briefly, percent cover of coral was calculated based on point intercept data from multiple replicate (n = 4–6) 10-m-long transects at each site. Along each transect, divers recorded what was growing on the seafloor at 10-cm intervals for 100 points per transect. Along at least two additional 10-m-long by 1-m-wide belt transects, divers recorded all coral colonies at least partially within the belt; identified them to species; and measured each colony’s maximum length, width (perpendicular to length measurements), and height along its axis of growth. The percent of each colony that was alive and dead was recorded, with mortality divided into old mortality, where the dead portion of the colony was overgrown by macroalgae or other organisms or sediments; new mortality, where newly exposed coral skeleton was visible; and transitional mortality, where coral skeletons were beginning to be covered with turf algae and/or sediment. The percentage of the colony that was pale or bleached was also recorded, and any disease was identified and recorded for each colony. Sites were divided into shallow (<10 m) and deep (>10.1 m) reefs for analysis due to the difference in coral community composition (e.g., Geister, 1977). Percent average of living coral cover, abundance of coral species, and disease prevalence was obtained for each island in each depth range. An analysis of coral species’ relative abundance was calculated for each island and expressed as a percentage of the total number of colonies assessed for each island.



Rapid Assessments

Following reports of SCTLD, rapid assessments of coral reefs were conducted specifically to determine the spatial extent of the disease as well as species-specific infection and recent mortality rates at each site. Rapid assessments of 25 reefs off Grand Bahama were conducted in March 2020 and six reefs in June 2020 for New Providence (Figure 2). Surveys began at sites where SCTLD had been reported for each island and extended outward along the reef from those locations to assess the extent of the disease outbreak for both islands. A second set of surveys for both Grand Bahama and New Providence was conducted in January 2021 to examine changes over time at several previously surveyed reefs and at additional sites to determine the spread of the disease for each island. These last surveys were comprised of 16 sites in Grand Bahama, including 11 of the previously assessed sites, and 29 in New Providence, including all sites surveyed in June 2020 (Figure 2).

Rapid assessments were completed on snorkel for depths less than 4 m and on scuba for depths greater than 4 m. During all rapid assessments, divers swam over the reef haphazardly for 10 min, identifying all corals observed to species and tallying up to 100 colonies per species and categorizing them based on their condition—healthy (H), infected (SCTLD), or having experienced recent mortality (RM). Healthy colonies showed no signs of SCTLD. Infected colonies showed signs of SCTLD (Figures 1A,B). Colonies suffering recent mortality were completely dead, but not overgrown with macroalgae or benthic invertebrates or eroded, so that skeletal structure was clearly visible, similar to photos of corals that were monitored and known to have died from SCTLD (Figures 1C,D). Additional notes were made on whether other diseases or compromised coral conditions (e.g., pale and bleaching) were present.



Data Analysis

The total number of each coral species observed and the overall infection rates and mortality rates were calculated for each species on reefs of each island to determine the most abundant species that were affected by SCTLD for further analyses of spatial and temporal patterns of the SCTLD outbreak on each island. Spatial patterns of the disease outbreak were assessed for Grand Bahama and New Providence separately with mixed-effects generalized linear models (GLM) using SPSS software for the five most abundant taxa that were observed to be susceptible to SCTLD. Using this model, the proportion of each species that was healthy, infected with SCTLD, or had experienced recent mortality for the entire colony was compared among sites after applying a logistic transformation to proportion data and excluding data from any sites where there were less than three colonies of the species observed. Models were run separately for each species. Factors in the models included distance from the commercial shipping ports of Freeport (Grand Bahama) or Nassau (New Providence) as a continuous variable and categorical variables of direction (east or west) of the port and depth. Sites <10 m were classified as shallow, and sites >10 m were classified as deep. Distance was calculated as the shortest in-water distance between the port location and the survey site. This was computed using the ArcGIS Pro Euclidean Distance Tool with the port locations as source sites, including the outline of the land at 30-m resolution as a barrier layer and sampling the resulting distance at each of the survey points.

In addition to these variables, the interaction between depth and direction was included for New Providence only, since all sites west of Freeport, Grand Bahama, were shallow during the survey periods analyzed. Analyses were performed on March 2020 assessments of reefs around Grand Bahama and January 2021 assessments of reefs around New Providence with other times excluded due to the lower number of sites surveyed.

To examine changes in coral condition over time at sites where surveys were conducted 6.5 months apart (New Providence) or 10.5 months apart (Grand Bahama), we compared the proportion of corals that were healthy, infected with SCTLD, or suffered recent mortality for the five most abundant taxa observed with SCTLD using a G-test of goodness-of-fit model on the proportion of corals in each of the three categories for each island and applied a Williams’ correction for continuity of the data.



RESULTS


Baseline Conditions

During 2019 baseline surveys, average live coral cover in Grand Bahama was 16.8% for shallow reefs (≤10 m) and 9.2% for deep reefs (>10 m). For New Providence, these values were 10.3 and 4.7%, respectively. Overall, the most abundant species from all surveyed reefs of both islands were Agaricia agaricites, Porites astreoides, S. siderea, Orbicella faveolata, and Orbicella annularis (Table 1). Of the corals that are considered highly susceptible to SCTLD (Florida Coral Disease Response Research and Epidemiology Team, 2018), D. labyrinthiformis and P. strigosa were the most common. Of the corals considered to be intermediately susceptible to SCTLD (e.g., Florida Coral Disease Response Research and Epidemiology Team, 2018), S. siderea, Orbicella spp., and M. cavernosa were the most common. The most common coral disease observed was dark spot disease (DS) with a prevalence between 1.9 and 0.8% of corals infected per island. No coral colonies had SCTLD in baseline surveys in 2019.


TABLE 1. Percent composition of coral taxa observed for Grand Bahama and New Providence (The Bahamas) from 2019 AGRRA surveys for shallow (≤10 m) to deep (>10 m) reefs.
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Coral Species SCTLD Outbreak

During rapid assessments of Grand Bahama and New Providence, the condition of 13,545 corals belonging to 29 species was evaluated. Eighteen coral species were affected by SCTLD around Grand Bahama and New Providence (Table 2). Five species are considered highly or intermediately susceptible species and were frequently observed at most sites for both islands (e.g., Florida Coral Disease Response Research and Epidemiology Team, 2018): Pseudodiploria strigosa, D. labyrinthiformis, S. siderea, M. cavernosa, and star corals of the genera Orbicella, which were grouped together based on the uneven spatial distribution of the species across sites. Highly susceptible species, like P. strigosa, had SCTLD infection rates of 23.1 and 45.6% across all sites on New Providence and Grand Bahama, respectively, and recent mortality rates of up to 42.7%. For P. strigosa, SCTLD infection and recent mortality rates combined to exceed 80% at half of shallow sites where SCTLD was present. Other species that were less common also had high infection rates, including D. cylindrus, Meandrina meandrites, and D. stokesii (Table 2). Less susceptible species like S. siderea had lower SCTLD prevalence with only 3% of colonies infected on New Providence on average. However, SCTLD prevalence varied across sites and survey periods for many species, providing further insights into the SCTLD outbreak for both islands.


TABLE 2. Hard corals observed (N and %) with active stony coral tissue loss disease (SCTLD) in all reefs around Grand Bahama and New Providence.
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Spatial Patterns of the SCTLD Outbreak

Spatial patterns of the SCTLD outbreak for Grand Bahama and New Providence were assessed for the five most abundant taxa vulnerable to SCTLD: P. strigosa, D. labyrinthiformis, M. cavernosa, S. siderea, and Orbicella spp., with all three Orbicella spp. grouped together since spatial distribution was variable among sites. During New Providence surveys in January 2020, no SCTLD was found for any species on reefs off Rose Island >10 km to the east of the port of Nassau (Figure 2), so these sites were omitted from analyses. The GLM analysis used to determine the relationship of distance and direction from the nearest major commercial shipping port and depth with the proportion of healthy, SCTLD infection, and recent mortality of colonies for each species is shown in Table 3. Only D. labyrinthiformis around Grand Bahama and Orbicella spp. around New Providence showed no significant relationship between distance and any of the coral conditions. In all other cases, there was a significant relationship between distance and the proportion of healthy colonies and/or recent mortality. For nearly all species, there was an increasing proportion of healthy colonies as distance from the port increased on both islands and a greater proportion of recently dead colonies closer to the port than farther away (Figures 3, 4). Figures 3, 4 show spatial patterns of coral condition for P. strigosa, M. cavernosa, and Orbicella spp. with spatial patterns of coral condition for S. siderea and D. labyrinthiformis shown in Supplementary Material, as these species generally follow patterns shown for Orbicella spp. and M. cavernosa, respectively.


TABLE 3. Results of GLM model on the effect of distance and direction from port and depth of site on the proportion of healthy (H), SCTLD infected, and recent mortality (RM) for major corals on reefs of Grand Bahama and New Providence.
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FIGURE 3. Proportion of colonies from Grand Bahama that were healthy (H, left), infected with SCTLD (middle), or experienced recent mortality (RM, right) for Pseudodiploria strigosa (PSTR), Montastraea cavernosa (MCAV), and Orbicella spp. (ORB), plotted against distance east and west of the port facility (distance = 0). Deep reefs (>10 m) are shown in black and shallow reefs (≤10 m) in red.
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FIGURE 4. Proportion of colonies from New Providence that were healthy (H, left), infected with SCTLD (middle), or experienced recent mortality (RM, right) for Pseudodiploria strigosa (PSTR), Montastraea cavernosa (MCAV), and Orbicella spp. (ORB) plotted against distance east and west of the port facility (distance = 0). Deep reefs (>10 m) are shown in black and shallow reefs (≤10 m) in red.


The proportion of colonies with active SCTLD infections was significantly correlated with distance from the port for S. siderea for both islands (figure available in Supplementary Materials) and Orbicella spp. for Grand Bahama. Both S. siderea and Orbicella spp. had the lowest active SCTLD infection rates and recent mortality rates of the species examined. Species with higher infection and mortality rates did not have a significant relationship between distance and the proportion of colonies with active SCTLD infection. In addition to distance, depth was a significant factor in influencing the proportion of colonies that was healthy (S. siderea and Orbicella spp.), SCTLD infected (P. strigosa and S. siderea), and recently dead (P. strigosa and M. cavernosa) for Grand Bahama, with shallow reefs having a higher proportion of infected and recently dead colonies (Table 3 and Figure 3). For New Providence, depth was not a significant factor, but direction from the port was significant for the proportion of healthy and/or recently dead colonies for all taxa compared except S. siderea (Table 3 and Figure 4), with a steep increase in healthy colonies and a corresponding steep decline in recently dead colonies to the east of the port compared to the west where SCTLD was observed over a larger area.



Changes Over Time

The change in proportion of healthy, infected, and recently dead colonies between sampling periods was compared for the same species of corals used in spatial analyses for each island. For New Providence, analysis included six shallow sites, and for Grand Bahama, analysis included nine shallow and two deep sites (Figure 2). For each coral taxa on each island, there were statistically significant changes (G test, p < 0.05) in the proportion of colonies that were healthy, infected, and recently dead, except for Orbicella spp. on Grand Bahama, which showed no significant change in proportion among those three categories of coral condition (G test, p = 0.067). However, significant changes in coral condition do not appear to be driven by a change in the proportion of colonies that were healthy for most species. Instead, change appears to be driven by a decrease in the proportion of colonies infected with SCTLD and a corresponding increase in the proportion of recently dead corals for both islands (Figure 5). There were two exceptions to this pattern. One was Orbicella spp. off New Providence, which showed an increase in the proportion of both infected and recently dead colonies. The other unique pattern was P. strigosa off Grand Bahama, which showed a decrease in proportion of colonies infected with SCTLD and those experiencing recent mortality and a corresponding increase in the proportion of healthy colonies. It is interesting to note, however, that the total number of P. strigosa colonies at sites in the second survey period was 65% lower than the first survey period. Additionally, for some species identified as highly susceptible to SCTLD, which naturally occur in low numbers around The Bahamas (such as D. cylindrus, M. meandrites, Eusmilia fastigiata, and D. stokesii), no healthy colonies were observed during the second survey for sites where SCTLD was present in the first survey.
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FIGURE 5. Change in percentage of all colonies of Pseudodiploria strigosa (PSTR), Diploria labyrinthiformis (DLAB), Siderastrea siderea (SSID), Montastraea cavernosa (MCAV), and Orbicella spp. (ORB) observed that were healthy (H, blue), infected with SCTLD (white), and recent mortality (RM, black) for sites off Grand Bahama and New Providence surveyed for SCTLD in 2020 and 2021.




DISCUSSION

Caribbean coral reefs face a number of threats, and SCTLD adds to a large list of coral diseases that have been identified as a major threat in the region (Weil, 2004). However, the impact of SCTLD is greater than most other diseases because it affects more species and has a greater prevalence than other diseases for vulnerable coral species, potentially resulting in a rapid ecological shift and a major degradation of Caribbean reefs (Heres et al., 2021). Our study supports this assertion, suggesting that the outbreak of SCTLD in Grand Bahama and New Providence is a rapid and serious threat to populations of many coral species at local scales. Overall, SCLTD prevalence in both islands is well above the <2% disease prevalence observed before the disease was reported (Dahlgren et al., 2020), which is similar to what has been found in the Mexican Caribbean, where disease prevalence increased from 1 to 25.9% due to SCTLD in less than 2 years (Alvarez-Filip et al., 2019).

The SCTLD prevalence of susceptible species in our study was similar to that reported for Florida and Mexico, where P. strigosa, D. labyrinthiformis, S. siderea, and M. cavernosa have high disease prevalence (Precht et al., 2016; Alvarez-Filip et al., 2019). Moreover, we observed high rates of recent mortality for several of these species. In the present study, the species with the greatest infection and mortality rates from SCTLD was P. strigosa, a dominant species on shallow reefs. For this species, SCTLD infection and recent mortality proportions combined to exceed 65% across all sites for both islands and exceeded 80% at half of the shallow sites where SCTLD was present at the time of surveys. It is important to realize that the prevalence of the disease reported here, however, represents a snapshot in time across all sites surveyed. An analysis of spatial and temporal patterns in this study shows how the prevalence varies for each species across reef areas on the scale of over 60 km and temporally over a 6- to 10-month time period.

While our study did not definitively determine the cause of the recent mortality observed, we believe the vast majority of recent mortality was due to SCTLD since we did not find evidence of alternative sources of mortality including other coral disease, predation, or bleaching. For example, the only other coral disease affecting P. strigosa was black band disease, with a prevalence below 0.5%. One could argue that reefs of Grand Bahama may have been suffering from prolonged damage after Hurricane Dorian, but the spatial patterns of recent mortality reported here do not correspond with spatial patterns in damage reported in assessments immediately following Hurricane Dorian (Dahlgren et al., 2020). Furthermore, reefs of New Providence showed similar mortality patterns to Grand Bahama but did not experience severe storm conditions. Finally, species not affected by SCTLD or less susceptible to SCTLD (e.g., Florida Coral Disease Response Research and Epidemiology Team, 2018) such as Acropora spp., A. agaricites, or P. astreoides did not show signs of recent mortality similar to highly and intermediately susceptible species as one would expect if other causes of widespread mortality were common. Thus, we believe that our assessment of recent mortality largely reflects the death of colonies resulting from SCTLD.

Temporal changes in coral condition for P. strigosa on Grand Bahama differed from other species and locations, by showing a decrease in colonies with SCTLD and those that had experienced recent mortality over time, accompanied by an increase in the proportion of healthy colonies between survey periods. This result is likely due to high mortality rates from SCTLD for P. strigosa on Grand Bahama between survey periods. During the second surveys of Grand Bahama, there was a 65% decrease in the total number of P. strigosa colonies that could be assessed and classified as healthy, infected with SCTLD, or experiencing recent mortality. Because this species was observed to experience high infection and mortality rates at the time of the first survey (Figure 3), many of these colonies were likely to have been overgrown by macroalgae or other organisms, preventing these colonies from being included in the second surveys (Box and Mumby, 2007). Time series photos that prompted our assessments (e.g., Figures 1A–C) indicated that corals could be classified as experiencing recent mortality for up to a month or two after their death, but many of these colonies are likely to have been overgrown in the 10.5 months between surveys (Figure 1D). Thus, in January 2021, colonies showing a degree of resistance and still unaffected by SCTLD comprised a greater proportion of colonies surveyed.

It was not just the common species that suffered mortality from SCTLD. Bahamian reefs could experience local extinctions of some species that are already rare such as D. cylindrus, M. meandrites, and E. fastigiata. It has been suggested that D. cylindrus could become extinct due to this disease outbreak (Neely et al., 2021), and our data indicates that the majority of colonies encountered on Grand Bahama were affected by SCTLD (Table 2). Our data suggest a rapid loss of M. meandrites and E. fastigiata, particularly for New Providence where six sites that had multiple healthy colonies of both species in 2020 had none in 2021. These results imply that Bahamian coral reefs could suffer a major change in coral community composition, thus impacting the ecological functionality of coral reefs.

However, not all species surveyed in this study responded in the same way to SCTLD. A temporal analysis for Orbicella spp. suggests that these species are either less vulnerable to the disease than P. strigosa or the effects of SCTLD operate on timescales longer than our study. This is similar to patterns reported from Florida (Florida Coral Disease Response Research and Epidemiology Team, 2018), where lower incidences of infection and mortality rates over time were found for Orbicella spp. Changes over time in the proportion of healthy, infected, and recent mortality for D. labyrinthiformis, M. cavernosa, and S. siderea showed a stable proportion of healthy colonies but a decrease in the proportion of infected corals and an increase in recent mortality. This suggests that 40% or more of the population of these species may be somewhat resistant to SCTLD infection within the first year of infection at the site. Monitoring the fate of these individuals over time to see if they become infected and examining the characteristics of these corals and their associated microbiome will be important to understand resistance to the disease.

Spatial and temporal patterns observed in this study have significant implications for the management of SCTLD in The Bahamas. The rate of spread of SCTLD is a great concern and challenge for the management of reefs. The absence of SCTLD from surveys of Grand Bahama and New Providence in 2019 but a widespread occurrence across at least two thirds of the reef area in 2020 for both islands indicate a rapid spread of the disease. In the case of Grand Bahama, SCTLD was not detected in AGRRA surveys in October 2019 but was widespread at several of the same sites 5 months later and was reported in photo monitoring at nearby sites as early as November 2019, only a month after AGRRA assessments. Dive operators later recalled seeing corals dying off Freeport during the summer of 2019, but this was unreported. This is consistent with spatial patterns observed in this study where reefs closest to the port of Freeport had the greatest proportion of infected colonies or recent mortality and greater proportions of healthy colonies farther away.

The same spatial pattern with respect to reefs close to commercial shipping ports was seen for New Providence and suggests that shipping may be the vector responsible for introducing SCTLD to The Bahamas. During March 2020 surveys off Grand Bahama and a subsequent visit in April 2021, large tanker ships off Freeport were observed to be pumping out large quantities of water (C. Dahlgren, personal observation), suggesting that the practice of releasing ballast water on site may be common. If ballast water was taken on board in a port area where SCTLD was present and not exchanged in open water away from reefs as required in The Bahamas, ballast water may have been the means by which SCTLD reached the Grand Bahama area some time in 2019. This hypothesis is further supported by the fact that no SCTLD has been reported in The Bahamas from reefs closer to Florida, which have been affected by SCTLD for 5 years or more (e.g., Bimini). Even in Grand Bahama, which is only 100 km from Florida, the reefs to the west that were closest to Florida had lower infection or mortality rates than those closer to the port of Freeport. An alternative hypothesis that may explain this pattern is that SCTLD may not have originated close to the port on either island, but corals there may have been more vulnerable to the disease due to pollution, nutrients, or other environmental conditions (e.g., Dougan et al., 2020). We believe that this is a less likely scenario, however, as previous studies have documented declines in reef condition associated with pollution in both the east and west of New Providence (Sealey, 2004; Dahlgren et al., 2020) and the area of eastern Grand Bahama where Hurricane Dorian significantly impacted reefs (Dahlgren et al., 2020), but all of these areas showed lower effects of SCTLD than more centrally located reefs close to the ports in this study.

Once reaching The Bahamas, the rapid spread of the disease within reefs at a scale of meters to hundreds of meters may be due to direct contact (Aeby et al., 2019) or contact with particles that pathogens may adhere to Dobbelaere et al. (2020), water movement (Sharp et al., 2020), and biotic vectors such as foureye butterflyfish and other organisms observed to feed on colonies infected with SCTLD (Noonan and Childress, 2020). Between-reef spread over kilometers is likely due to local current patterns (Muller et al., 2020) that varied among islands. In New Providence, there was a dramatic decline in infection and mortality rates with increasing distance away from the port to the east (Figure 4). This is consistent with mean surface current patterns predicted by hydrographic models of the area, although these currents can vary (Cherubin, 2014). The spread of SCTLD between reefs on Grand Bahama covered a larger area than New Providence, suggesting an earlier introduction period and/or more rapid transmission of the disease. Alternatively, the spread of SCTLD may have been influenced by Hurricane Dorian for Grand Bahama, either by making corals more vulnerable to the disease, thus allowing SCTLD to become established on new reefs more rapidly and have a greater effect on colonies, or through changes in local currents with the passage of the storm that increased spread of SCTLD between reefs. Hurricane Dorian may have played a significant role in transporting SCTLD to the east of Freeport, Grand Bahama, which is typically upstream from the port area (Cherubin, 2014). Hurricane Dorian had a large impact on reefs to the east of Freeport on Grand Bahama, dislodging corals, spreading debris from land, and altering reef structure (Dahlgren et al., 2020), and the passage of the storm caused increased water flow eastward as the storm stalled over Grand Bahama (C. Paris, U. Miami, personal communication). Smaller vessels including commercial and recreational fishing boats, yachts, and inter-island mailboats may have also contributed to the spread of SCTLD within each island and to other parts of The Bahamas, like north Eleuthera Island where SCTLD was confirmed in December 2020.



CONCLUSION

Our study is the first assessment of SCTLD for The Bahamas. The rapid assessments were intended to provide marine resource managers with information on where the disease was occurring and what species were being affected in a short time period. Future studies in The Bahamas should also include AGRRA surveys of sites where previous data exist to better quantify coral loss and changes to benthic communities and fish assemblages at each site. These surveys will also help to identify which coral species could suffer local extinctions and provide recommendations to marine resource managers for the treatment of corals with antibiotics (Aeby et al., 2019; Neely et al., 2020) and the adoption of other measures such as coral rescue facilities (Zoccola et al., 2020; Florida Department of Environmental Protection, 2021), to prevent loss of these species locally. Furthermore, this study highlights the need for early detection and rapid response to disease outbreaks (Precht, 2021). In less than 5 months between AGRRA surveys of Grand Bahama in October 2019 and rapid assessments of reefs in March 2020, SCTLD had not only become established in the study area but had also spread over reefs along at least 75 km of the southern shoreline of Grand Bahama. Finally, prevention of the spread of the disease through effective regulation of ballast water transfer and implementing regulations to limit potential spread of waterborne pathogens in bilge water (e.g., on site pumping of bilge water and disinfection) and other human spread is essential.
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Scientific name

Common name

Grand Bahama

New Providence

N SCTLD N SCTLD
Colpophyllia natans Boulder brain coral 28 7% 38 0%
Dendrogyra cylindrus Pillar coral 15 67% 8 13%
Diploria labyrinthiformis Grooved brain coral 335 26% 1,092 3%
Dichocoenia stokesii Elliptical star coral 13 23% 101 4%
Eusmilia fastigiata Smooth flower coral 3 0% 83 4%
Manicina areolata Rose coral 0 = 10 10%
Montastraea cavernosa Large-cup star coral 407 22% 896 8%
Meandrina meandrites Maze coral 20 25% 73 12%
Orbicella annularis Lobed star coral 800 8% 1,093 4%
Orbicella faveolata Mountainous star coral 1,119 8% 2,028 3%
Orbicella franksi Boulder star coral B77 13% 293 2%
Pseudodiploria clivosa Knobby brain coral 456 31% 448 10%
Pseudodiploria strigosa Symmetrical brain coral 1,284 46% 9156 23%
Siderastrea siderea Massive starlet coral 1,753 10% 2,818 3%
Solenastrea bournoni Smooth star coral 45 2% 63 2%
Stephanocoenia intersepta Blushing star coral 196 1% 352 0%

The total number of colonies surveyed for each island and the percentage observed with active infection is shown across both survey periods. Although six colonies of
A. agaricites were observed with SCTLD for Grand Bahama, their total number was not counted and was not included in this table.
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Grand Bahama P. strigosa D. labyrinthiformis M. cavernosa S. siderea Orbicella spp.
H SCTLD RM H SCTLD RM H SCTLD RM H SCTLD RM H SCTLD RM
odel 0.022 0.033 0.017 0.380 0.093 0.438 0.201 0.386 0.006 <0.001 <0.001 * <0.001 <0.001 *
Distance 0.019 0.450 0.014 0.109 0.117 0.252 0.037 0.109 0.021 <0.001 <0.001 * <0.001 <0.001 *
Depth 0.074 0.007 0.090 0.599 0.040 0.645 0.799 0.371 0.017 0.006 0.001 * 0.040 0.068 *
Direction 0.186 0.841 0.569 0.429 0.304 0.683 0.134 0.213 0.215 0.414 0.757 * 0.958 0.871 *
odel R2 0.406 0.376 0.422 0.219 0.402 0.195 0.202 0.138 0.457 0.669 0.766 * 0.711 0.684 *
New Providence
Model 0.059 0.601 0.022 0.003 0.863 <0.001 0.001 0.130 0.001 <0.001 0.017 0.035 <0.001 0.694 0.356
Distance 0.005 0.546 0.002 <0.001 0.655 <0.001 <0.001 0.025 <0.001 0.001 0.013 0.006 0.739 0.506 0.113
Depth 0.315 0.145 0.685 0.977 0.402 0.454 0.876 0.590 0.466 <0.001 0.796 0.850 0.975 0.937 0.925
Direction 0.127 0.736 0.052 0.100 0.685 0.036 0.016 0.577 0.014 0.006 0.881 0.228 <0.001 0.652 0.887
Dir. x depth 0.804 0.903 0.543 0.803 0.709 0.485 0.743 0.597 0.365 0.414 0.486 0.665 0.934 0.979 0.872
odel R? 0.534 0.205 0.619 0.517 0.057 0.658 0.580 0.266 0.555 0.457 0.396 0.351 0.815 0.089 0.167

R? values are presented for the model and p values for each factor; with significant results noted in bold for p < 0.05. Asterisks indicate where no statistical analysis was performed due to the absence of recent mortality.
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Coral species Grand Bahama New Providence

<10 m >10m <10m >10m
Acropora cervicornis 3.54 057 0.80
Acropora palmata 0.11
Acropora prolifera 0.06
Agaricia agaricites® 22.24 453 10.87 25.98
Agaricia spp.® 0.79 0.82 0.562 0.62
Colpophyliia natans'’ 0.11 0.09
Dichocoenia stokesii' 0.59 0.41 0.34 0.44
Diploria labyrinthiformis’ 0.98 2.82 0.44
Eusmilia fastigiata’ 0.59 0.57 0.62
Favia fragum® 0.79 0.17 0.18
Helioseris cucullata® 0.46 0.44
Isophylia spp.® 0.39 0.23 0.09
Madracis spp.2 2.06 017 2.30
Meandrina meandrites’ 1.23 0.29 1.33
Millepora spp. 079 3.29 1.83
Montastraea cavernosa® 2.36 1.23 2.29 528
Mussa angulosa® 0.06
Mycetophyliia spp.® 0.59 21.4 0.46 1.33
Orbicella annularis® 9.84 0.82 4.86 1.24
Orbicella faveolata® 10.83 0.41 12.99 9.40
Orbicella franksi® 0.69 3.55
Orbicella sp.? 1.77 0.34 0.35
Porites astreoides 10.43 2.47 35.64 26.42
Porites divaricata 8.23 0.23 0.27
Porites furcata 1.38 3.78 2.22
Porites porites 9.06 6.64 1.24
Porites sp. 0.79 165 2.35 0.563
Pseudodiploria clivosa’ 0.23
Pseudodiploria strigosa’ 1.18 0.92 0.09
Pseudodiploria sp." 0.06
Scolymia sp.® 0.41 0.09
Siderastrea radians 0.20 0.82 0.29 D.og
Siderastrea siderea® 17.91 35.39 8.07 11.44
Stephanocoenia intersepta® 285 14.81 0.92 3.19

1 Highly susceptible taxa. 2Intermediately susceptible species. 3Presumed suscep-
tible species. All other species are reported as being low susceptible species
(Florida Coral Disease Response Research and Epidemiology Team, 2018). Blank
spaces indicate that the species was not present in surveys.
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