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The 1983-1984 die-off of the long-spined sea urchin Diadema antillarum stands out as a catastrophic marine event because of its detrimental effects on Caribbean coral reefs. Without the grazing activities of this key herbivore, turf and macroalgae became the dominant benthic group, inhibiting coral recruitment and compromising coral reef recovery from other disturbances. In the decades that followed, recovery of D. antillarum populations was slow to non-existent. In late January 2022, a new mass mortality of D. antillarum was first observed in the U.S. Virgin Islands. We documented the spread and extent of this new die-off using an online survey. Infected individuals were closely monitored in the lab to record signs of illness, while a large population on Saba, Dutch Caribbean, was surveyed weekly before and during mortality to determine the lethality of this event. Within four months the die-off was distributed over 1,300 km from north to south and 2,500 km east to west. Whereas the 1983-1984 die-off advanced mostly with the currents, the 2022 event has appeared far more quickly in geographically distant areas. First die-off observations in each jurisdiction were often close to harbor areas, which, together with their rapid appearance, suggests that anthropogenic factors may have contributed to the spread of the causative agent. The signs of illness in sick D. antillarum were very similar to those recorded during the 1983-1984 die-off: lack of tube feet control, slow spine reaction followed by their loss, and necrosis of the epidermis were observed in both lab and wild urchins. Affected populations succumbed fast; within a month of the first signs of illness, a closely monitored population at Saba, Dutch Caribbean, had decreased from 4.05 individuals per m2 to 0.05 individuals per m2. Lethality can therefore be as high as 99%. The full extent of the 2022 D. antillarum die-off event is not currently known. The slower spread in the summer of 2022 might indicate that the die-off is coming to a (temporary) standstill. If this is the case, some populations will remain unaffected and potentially supply larvae to downstream areas and augment natural recovery processes. In addition, several D. antillarum rehabilitation approaches have been developed in the past decade and some are ready for large scale implementation. However, active conservation and restoration should not distract from the primary goal of identifying a cause and, if possible, implementing actions to decrease the likelihood of future D. antillarum die-off events.
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Introduction

Diadema antillarum is a conspicuous sea urchin native to the western Atlantic between Bermuda and Brazil. It inhabits coral reefs, hard bottoms, rubble, rocks, seagrass meadows, mangrove prop roots and tide pools, as well as seawalls and other human structures. D. antillarum is a nocturnally active herbivore, with a diet that varies with habitat and includes diverse algae (turfs, endoliths, crustose corallines, peyssonnelids, erect macroalgae), seagrasses and silty detritus (Randall et al., 1964; Bak et al., 1984; Williams, 2022). Known as a key consumer of the benthic algae that compete with corals for space on reefs (Sammarco, 1980), D. antillarum is also a facultative carnivore that can ingest coral tissues and other sessile reef invertebrates (Bak and van Eys, 1975). Grazing by D. antillarum on juvenile stony corals affects the diversity and abundance of stony corals on shallow reefs (Sammarco, 1980), while the bioerosion caused by its scraping of the substratum when feeding can exceed local rates of reef carbonate production (Ogden, 1976; Bak et al., 1984).

Before 1983, D. antillarum was the most abundant herbivore on Caribbean coral reefs, as herbivorous fish were already severely overfished in many locations (Jackson et al., 2001; Pandolfi et al., 2003). The species’ importance in controlling algal growth became clear after a Caribbean wide die-off in 1983 and 1984. This mass mortality was one of the most extensive and severe die-offs ever recorded for a marine invertebrate (Lessios, 1995) and it is assumed that no D. antillarum population escaped its effects (Lessios, 2016). The lethality of the die-off in the 1980s was drastic, as populations were reduced, on average, by 98% (Lessios, 2016). Within five days after D. antillarum populations succumbed, turf algal communities increased 20% in biomass and their primary productivity plummeted (Carpenter, 1988). In the years that followed, stony coral and crustose coralline algal cover started to decrease, while filamentous algal turfs and macroalgae became the dominant benthic groups on many reefs (Carpenter, 1986; de Ruyter van Steveninck and Bak, 1986; Liddell and Ohlhorst, 1986; Hughes et al., 1987; Carpenter, 1990) and inhibited coral recruitment (McCook et al., 2001; Box and Mumby, 2007; Arnold et al., 2010). Coral recruitment failure reduced the ability of Caribbean coral reefs to recover from other disturbances (Mumby et al., 2007), such as coral diseases, bleaching events and hurricanes, which led to their stepwise degradation (Hughes, 1994; Jackson et al., 2014). The catastrophic effects of the D. antillarum die-off were summarized by Lessios (2016): “The 1983–1984 mass mortality of the long-spined black sea urchin D. antillarum in the western Atlantic stands out for its sudden onset, intensity, geographic extent, and impact of the loss of a single species on entire ecological communities.”

The D. antillarum mass mortality was believed to have originated at Punta Galeta, Panama during the middle of January 1983 (Lessios et al., 1984a). Over the next 13 months, the mass mortality spread to all parts of the tropical western Atlantic. By February 1984, an area of 3.5 million square kilometers had been affected (Lessios, 1988). Given the pattern of spread, it was theorized that the causative agent of the die-offs was mainly transported by surface currents (Lessios et al., 1984a). After reanalyzing satellite data it became clear that not all dispersal could be attributed to surface currents and that boat traffic probably had also played a role in the spread of the mass mortalities (Phinney et al., 2002).

The first visible sign of D. antillarum behaving abnormally was the presence and accumulation of sediments or mucoid material on their spines (Bak et al., 1984; Lessios et al., 1984b; Hughes et al., 1985), followed by disappearance of epidermis and loss of spines (Bak et al., 1984; Lessios et al., 1984b; Hughes et al., 1985) and loss of tube feet control (Lessios et al., 1984b). The tissue on the spines became a dull color, almost opaque and would easily slough off if disturbed. Tissue degradation on the test would usually occur first on the ventral side of the sea urchin and progress dorsally giving a look of white patches or lesions (Personal communication N. Ogden). Individuals succumbed within four days after showing first signs of illness (Bak et al., 1984; Hughes et al., 1985).

The cause of the 1983-1984 die-off was never confirmed (Lessios, 2005; DeFilippo et al., 2018). Bauer and Agerter (1987) caused lethal infection in apparently healthy D. antillarum by using two species of Clostridium (anaerobic spore-forming bacteria) that were isolated and cultured from dead urchins that may have succumbed to the 1983-1984 pathogen. Later, Beck et al. (2014) found that D. antillarum may have humoral immune response deficiencies against gram-negative bacteria relative to other Caribbean urchin species, which remained unaffected by the 1983-84 mortality event. The authors of both studies cautioned against drawing conclusions regarding the causative agent of mass mortality. Several smaller D. antillarum die-offs were reported after the 1983-1984 mass mortality, but their extent remained limited to Panama, and St. Croix (Lessios, 1988) and subsequently to Florida (Forcucci, 1994) and provided no further insight about the causative agent of these die-offs. In the decades after the mass mortality, D. antillarum recovered up to 12% of their previous densities (Lessios, 2016) and started to refill their important ecological roles on several mostly shallow (<7m depth) reefs (Edmunds and Carpenter, 2001; Carpenter & Edmunds, 2006; Myhre and Acevedo-Gutiérrez, 2007; Idjadi et al., 2010).

However, in mid-February 2022 a local diver in St. Thomas, U.S. Virgin Islands (USVI) posted images on social media of dozens of D. antillarum dying at a popular dive site. At first, this die-off was thought to be a local event, but informal reports of dead and dying D. antillarum from geographically separated Caribbean islands began to circulate in mid-March. To help coordinate efforts to investigate and disseminate information about this troubling new die-off, a group of Caribbean-focused researchers and managers created an open, inclusive Diadema Response Network, which launched on 30 March 2022. In this first study by the Response Network, we describe the spread, extent, signs of illness, and lethality of the 2022 D. antillarum die-off and discuss similarities and dissimilarities with the 1983-84 die-off, as well as possible consequences for Caribbean coral reefs.



Methods


Timeline of spread of the mass mortalities

Affected D. antillarum were first observed in the USVI in late January 2022. However, this initial observation was not shared with the public until 16 February 2022, when a local diver posted his images from 8 February on social media. Upon seeing the die-off images, the Virgin Islands Coral Reef Advisory Group decided to use an existing citizen science reporting tool that had been developed to monitor the occurrence of Stony Coral Tissue Loss Disease (SCTLD) to launch a territory-wide Diadema tracking effort (https://www.vicoraldisease.org/sctld-disease-tracking). Through use of social media and newspaper articles the USVI public was informed of the die-off and urged to make reports to the online database of healthy, sick, or dying urchins. Observations from local community members, recreational divers, and the research community, some extending back to early February, were collected in the online database and reviewed to track the die-off spread in real time. All observations were verified via email or via submitted photos. Together with entries in the Diadema Health Tracking database (see below) this resulted in 209 observations of D. antillarum mass mortalities in St John and St Thomas. For the purposes of this publication local spread at these islands was documented through the end of May 2022.

To determine the regional spread and spatial distribution of the recent die-offs in the Caribbean, we developed an online ArcGIS 123 Survey Form on 30 March 2022, allowing surveyors to report observations of healthy, sick, or dead D. antillarum and, whenever possible, quantitative data, descriptions, photographs, and videos. In addition, the Atlantic and Gulf Rapid Reef Assessment (AGRRA) program developed an interactive map to track the health of D. antillarum (https://www.agrra.org/sea-urchin-die-off/), which was modeled after the program’s previous efforts to trace the movement of SCTLD around the Caribbean. Once a report was submitted, it appeared on the Diadema Tracking Map as a purple marker to be reviewed by experienced members of the Diadema Response Network. Criteria used to determine the health of urchins were based on behavioral assessment categories developed by Francis-Floyd (2020) including Category One behaviors (e.g., attachment to substrate and assessment of spine position) and Category Two behaviors (e.g., righting response, touch and defense responses, and inferred tube feet activity), as well obvious signs of epidermal lesions, detached spines, or mortality. Reports that lacked quantitative observations of more than several dead urchins and/or imagery depicting mass mortality were further assessed by requesting additional information from the contributors and, for any who were not already established reef observers, from local researchers or governmental representatives. Once surveys were reviewed, the markers were coded green for healthy urchins, red for evidence of die-off, or remained purple for any reports with an unknown status. Sites in which previously known D. antillarum populations had recently disappeared were coded white. All site markers can be clicked to open a pop-up table of additional information and data, with links to photos when available. The first record of D. antillarum mass mortality in each jurisdiction (country or territory) is a proxy for its first occurrence in these locations. As of 31 August 2022, 306 respondents in 34 jurisdictions (countries/territories) had submitted 582 reports and 426 photographs to the Diadema Health Tracking database, along with several videos. The Measure tool of ArcMap 10.8.1 was used to measure the distance between the first D. antillarum die-off at each jurisdiction and the nearest port, harbor, jetty, or other infrastructure for boats. Entries in the database through 31 August 2022 were included in this paper.



Effect on populations

To determine the effect of the die-off on D. antillarum populations, pre- and post-die-off-D. antillarum densities were determined at dive site Diadema City in Saba, Dutch Caribbean (Figure 1). The dive site is a former breakwater, which was destroyed by hurricane Hugo in 1989 and is now fully submerged with a depth range between 5 and 10 m. Diadema City is 100 m long and 10-20 m wide and contained the largest population of D. antillarum around Saba. After D. antillarum had been observed dying in Saba’s Fort Bay Harbor, three permanent transects of 30 m each were established at Diadema City, which is located 200 m upstream of the harbor and where no D. antillarum had yet shown any sign of illness. A base-line survey was conducted on 17 March 2022. All D. antillarum within 1 m of the transect lines were inspected for any signs of illness and categorized as healthy or sick. Healthy individuals lacked all signs of illness and sick individuals had at least one of the signs described in more detail in the Results section of this study: lack of tube feet control, slow spine reaction, loss of spines and necrosis of the epidermis. The population was inspected for sick or dying D. antillarum twice a week and quantitatively monitored weekly for six weeks after the first signs of illness were observed, following the above-described method.




Figure 1 | Progression of the 2022 D. antillarum die-off in the Caribbean. (A) Regional map shows the chronology of the die-off colored in bimonthly intervals from January to 31 August 2022, with the (B) northeastern Caribbean islands enhanced for clarity. Map numbers in (A, B) represent the first observed outbreak date for each affected jurisdiction (country or territory) in sequential order. Ties (duplicate numbers) for identical first observed outbreak dates in two jurisdictions. (C) Saba and research locations Fort Bay Harbor (FBH) and Diadema City (DC). (D) Local map shows the bimonthly die-off spread in the U.S. Virgin Islands from January to May. Esri Oceans Basemap Credits: Esri, Garmin, GEBCO, NOAA NGDC, and other contributors.



To determine the effect of the die-off on other sea urchin species, we recorded the post-die-off densities of D. antillarum and three other sea urchin species in Saba’s Fort Bay Harbor. A shallow breakwater (<2 m) of approximately 60 m2 contained a large D. antillarum population, along with individuals of the species Echinometra lucunter, Tripneustes ventricosus and Eucidaris tribuloides. The breakwater was surveyed for the first time on 18 March 2022, six days after local dive shop staff reported that urchins were dying in the harbor and three days after we confirmed this was the case, but large swells prevented an earlier survey. We categorized all observed sea urchins as healthy, sick or dead per species. Sick individuals had at least one of the signs of illness described above. Dead D. antillarum were only recorded during the first survey, as swells and currents quickly washed away the skeletons. The survey was repeated weekly for nine weeks.



Signs of illness

Field observations were made of the dying D. antillarum in Fort Bay Harbor, Saba and in Oranje Bay, on the neighboring island of St. Eustatius on 15 March 2022. At that time, 96 D. antillarum juveniles (test size 12-37 mm) were grown-out in 12 static 70 L tanks in the Saba Research Center. The tanks were equipped with aeration and air driven sponge filters, receiving weekly water changes of 15 L with natural seawater. On 15 March 2022, a water replacement was conducted with water from the harbor, which was taken in close to the wild D. antillarum population. Only later that day it was discovered that half the D. antillarum in the harbor were dead or dying. The first four lab D. antillarum individuals that showed abnormal behavior were closely inspected twice a day and signs of illness were recorded in the order they occurred.



Statistical analysis

A linear mixed model (LMM) was used to test the effect of monitoring day (fixed effect) on D. antillarum density at Diadema City. To correct for the repeated counts at the same transects, transect ID was included as a random factor. The model was composed using the lmer function in the R package “lme4” (Bates et al., 2015) and model validation was performed according to Zuur et al. (2009). Pairwise comparisons between monitoring days were performed using the package “emmeans” (Lenth and Herve, 2019). Statistical analyses were performed with R (R Core Team, 2022). No statistical interference could be performed on the Fort Bay Harbor counts, as this survey contained a single transect. Reported values are means ± standard deviation, unless otherwise indicated.




Results


Timeline of spread in St. Thomas and St. John

During the first two weeks after initial observation of the D. antillarum die-off in late January, the spread seemed to be localized to southwestern St. Thomas but, by mid-February, reports of affected urchins were extending along the southeastern coast (Figure 1D). Mortality in northern St. Thomas was first reported in early March, at the same time as the die-off reached the neighboring island of St. John, more than 16 km away from the initial die-off site. Once arriving in St. John, the die-off quickly spread across the north coast and by early May it had enveloped the island.



Timeline of spread through the Caribbean

Major die-offs of D. antillarum were verified in 25 jurisdictions, as shown in chronological order with ties for duplicate entries on the same day in Figure 1 and Table 1; all individuals in another nine appeared healthy. The earliest record of dying urchins came from January 26 in the USVI. By mid-March, reports of D. antillarum die-offs extended across the Caribbean from St. Barthélemy in the east, to the centrally located island of Jamaica and west to Cozumel, Mexico, while also impacting the Eastern Caribbean islands of St. Vincent and the Grenadines, Saba, Dominica, and St. Eustatius. The British Virgin Islands, St. Maarten, and Montserrat followed in the second half of March. There were die-off reports for Puerto Rico and the Eastern Caribbean islands of Anguilla, Antigua, St. Martin, St. Kitts and Nevis, and Guadeloupe in the first half of April. By the end of April, the islands of Barbados, Martinique, the Dominican Republic and St. Lucia had reported mass die-offs of D. antillarum. In early May, sick and dying D. antillarum were found at a few sites in Florida, U.S.A., and Grenada. The first observations in the Southern Caribbean occurred in Curaçao before the end of May. Thus, in a little more than 4 months, the 2022 mortality event had spanned distances of over 1,300 km from north to south and 2,500 km from east to west. Two months later, on 31 July 2022, dying urchins were reported in Aruba. Jurisdictions in which, as of 31 August 2022, only healthy urchin populations have been noted include Bonaire, Belize, Bermuda, Colombia, Cayman Islands, Honduras, Panama, Trinidad and Tobago, and the Turks and Caicos Islands. Excepting St. Barthélemy, where newly deceased D. antillarum on the windward side of the island were observed from 10-23 June 2022 next to a patch of Acropora palmata that had been monitored weekly since April, no reports of ongoing mortalities have been received from the Eastern Caribbean since May 2022. Occasionally new observations of disease were noted off the north coast of Puerto Rico, most recently on August 18, and off the northern mainland of the Mexican Caribbean, on August 23. The first occurrence in each jurisdiction was, on average, 1.9 km from the nearest harbor or other infrastructure for boats (Table 1). Eleven of the 25 first occurrences were within 1 km of the nearest harbor and 18 of 25 were within 3 km of the nearest harbor.


Table 1 | # on map  (in chronological order, with duplicate numbers for ties), date of occurrence (as day-month-year), jurisdiction, GPS location and distance to the nearest harbor of the first reported D. antillarum die-off per jurisdiction.





Population numbers and mortality across time

Before the die-off the average D. antillarum population density at Diadema City was 4.05 ± 0.68 D. antillarum per m2 (Figure 2). During a biweekly inspection of the dive site, the first individuals with signs of illness were observed on 29 March 2022. Time after first observed signs of illness had a significant effect on the D. antillarum density (F=80.67, df=6, P<0.001). Nine days after the first signs of illness were recorded, the D. antillarum density was reduced to 1.76 ± 0.99 individuals per m2, with 1.18 ± 0.53 healthy and 0.58 ± 0.47 sick individuals per m2. By 22 days after the first observed signs of illness, the D. antillarum density was further reduced to 0.09 ± 0.03 healthy and 0.02 ± 0.02 sick individuals per m2. No sick individuals were observed during concurrent monitoring and the remaining D. antillarum population density fluctuated between 0.03 and 0.05 individuals per m2 for the remainder of the monitoring period, which was significantly less than the pre-die-off density (P<0.001). Using the higher post-die-off population estimate of 0.05, this equates to a 99% mortality rate for the D. antillarum population at Diadema City.




Figure 2 | D. antillarum densities (mean ± standard error) at dive site Diadema City before and during the 2022 die-off.



The D. antillarum population on a small breakwater in the harbor was surveyed for the first time on 18 March 2022 after large swells had prevented monitoring for six days after the first dead urchins were reported. D. antillarum densities were 1.32 healthy per m2, 0.18 sick per m2 and 1.38 dead per m2 (Table 2), so the pre-die-off density was at least 2.88 D. antillarum per m2. E. lucunter, T. ventricosus, and E. tribuloides were also observed on the breakwater and all appeared healthy, although population densities of non-Diadema urchin species were not recorded on this initial survey date. One week later, the D. antillarum density was reduced to 0.18 healthy and 0.07 sick individuals per m2, while other sea urchin species all appeared healthy. Throughout the monitoring period, E. lucunter densities fluctuated between 0.33 and 0.9 individuals per m2, T. ventricosus densities between 0.03 and 0.05 individuals per m2, and E. tribuloides densities between 0.00 and 0.07 individuals per m2. Apart from D. antillarum, no sick or dying urchins were observed during the surveys in the Fort Bay Harbor.


Table 2 | Healthy and sick sea urchins (individuals per m2) in the Fort Bay Harbor, Saba, during the D. antillarum die-off.





Signs of illness

When field observations were made of abnormal D. antillarum individuals in Fort Bay and Oranje Bay on 15 March 2022, live individuals without visible signs of illness were found detached from the substrate and were swaying back and forth in the surge. Others had fallen from nearby vertical surfaces and were lying on their sides, apparently unable to stand upright. Spine reaction of affected individuals was slower than usual and many individuals only reacted to physical stimuli after 2-3 attempts. A few individuals had epidermal lesions that exposed the underlying skeleton. In most cases, these individuals did not exhibit spine movement. Numerous white D. antillarum skeletons with and without mouth parts were found surrounded by detached spines. We suspect that those without mouth parts were due to opportunistic predation, as multiple fish species were observed attacking the impaired D. antillarum.

On 19 March 2022 at 10 am, four days after the last water replacement that possibly contained a pathogen, four D. antillarum from two different tanks in the Saba Research Center showed signs of illness. It was obvious that their water-vascular system had been affected. The abnormal D. antillarum were standing on their spines (Figure 3A). Initially, these individuals were still able to move their tube feet, but they appeared to lack suction power and were unable to use them to grip the bottom of the tanks (Figure 3B). At 4 pm, the tube feet of one of the affected individuals were totally flaccid, hanging from the ventral surface of the animal. Necrosis of the epidermis around the base of the spines was visible (Figure 3C) and some spines fell off. Spines also appeared to be very brittle at this stage and were easily broken when the animal was handled. The tissue around broken spines immediately sloughed away creating rings around the broken spine (Figure 3D). At this stage, the abnormal individual had a very slow spine reaction when stimulated. The other three individuals were still able to move their tube feet and had a normal spine reaction in the afternoon. One day later, by 10 am on 20 March 2022, the sickest individual had died. By then, the disease had progressed in the other three individuals, who were not able to move their tube feet anymore, while spine reaction was very slow. On 21 March 2022, 48 hours after the first observed signs of illness, all abnormal individuals had died. In the following weeks, many individuals showed signs of illness and subsequently died. Two weeks after the first signs of illness appeared in the lab, 63 of the 96 D. antillarum were still alive. After four weeks, 55 individuals were still alive.




Figure 3 | Signs of illness of D. antillarum during the 2022 die-off as reported in this study. (A) Standing on spines, tube feet lack suction power. (B) Standing on spines not being able to use tube feet. (C) Necrosis of epidermis and spine loss. (D) Tissue around broken spines sloughs off.






Discussion

The full extent of the D. antillarum die-off event that began in January 2022 is not currently known. Relative to the 1983-1984 event, features of spread, signs of illness, and lethality span the spectrum of similar to dissimilar. What greatly differs are the location of the first occurrence and the pattern and speed of initial spread. The visible signs of disease and population density losses appear to be more similar.


Dissimilarities of die-off events

The 1983-1984 die-off event was first observed near the Atlantic opening of the Panama Canal (Lessios et al., 1984a). Within a year, mortality fronts had advanced the ~2000 km distance from Panama east to Tobago (with an anomalous early appearance in Barbados, ~350 km northeast of Tobago) and ~4000 km north to Bermuda, after infecting populations on the Atlantic coast of Central America and Mexico, Cayman Islands, Jamaica, and Florida (Lessios, 1988). Countercurrents and probably boat traffic transported the disease eastward from Florida to The Bahamas, Puerto Rico, Virgin Islands (where it reached St. Thomas in December), and the Southern and Eastern Caribbean (Lessios et al., 1984b; Phinney et al., 2002). The freshwater locks and lakes of the Panama Canal serve as a barrier to the migration of most stenohaline marine organisms (Jones and Dawson, 1973). However, multiple Atlantic-Pacific biotic exchanges have been recorded (Davidson et al., 2008; Schloder et al., 2013; Castellanos-Galindo et al., 2020) and marine species migrate through the freshwater canal unaided or associated with ship fouling or in ballast water. While it is highly speculative to assume a Pacific origin for the unknown causative agent of the 1983-1984 die-off, its initial location certainly increases the probability that this was the case. Regardless of geographic origin, the very high levels of ship traffic through the Panama Canal increase the probability that the causative agent could have been initially introduced via an anthropogenic vector. However, the speed at which it traveled and the routes which it took once within the Caribbean, suggest that the causative agent of the 1983-1984 mass mortality was mainly driven by features of the natural environment (Lessios et al., 1984b).

By contrast, the 2022 die-off was first observed in the opposite quadrant of the Caribbean, on the southern shores of St. Thomas USVI, in January 2022. About five weeks later, mass D. antillarum mortality appeared in Jamaica (~1300 km to the west), Cozumel, Mexico (over 2300 km to the west), and St. Vincent (~700 km to the south). The near-simultaneous occurrence of dying urchins in such geographically separate areas suggests that the primary dispersal mechanism in the present event might be anthropogenic rather than current-driven. This interpretation is strengthened by the estimated distance of the first occurrence in each jurisdiction to the nearest harbor. Of the 25 affected jurisdictions, 18 were within 3 km of a harbor and 11 were within 1 km. The close proximity of the first observed mass mortalities to harbors for most jurisdictions reduces the chances of an alternative explanation for the near simultaneous outbreaks in different parts of the Caribbean, in which a causative agent was already widely present throughout the area in spring 2022. If that would be the case, local environmental changes, occurring at similar times in different jurisdictions, could have produced the distributional pattern that was observed. Nevertheless, locally, the causative agent of the die-off appeared to spread predominantly with surface currents.

The five week hiatus after the start of the D. antillarum die-off at St. Thomas in late January 2022 ended in early March when similar mass mortalities were observed weekly for several months in new jurisdictions, totaling 10 each for both March and April 2022. But as only three new reports were received in May, one in late July and none in both June and August, perhaps the speed at which the causative agent was traveling decreased, its presence decreased or it may have become less lethal. This reduced dispersal activity differs from that of the 1983-1984 event, in which the mass mortalities continued throughout 1983 (Lessios et al., 1984b). It is possible that the remaining D. antillarum populations will be spared or at least persist for longer than the speed of the initial outbreak would have suggested. However, as long as the causative and dispersal agents of the mass mortality events remain unknown, it is impossible to predict the trajectory of the current or future D. antillarum die-offs.



Similarities of die-off events

The speed at which a population, once affected, succumbs was similar to that reported for the 1983-1984 die-off (Bak et al., 1984; Lessios et al., 1984b) and population density losses appear similar as well. Within one month after the first signs of illness were observed, Saba’s Diadema City location lost 99% of its D. antillarum population. This is a very similar percentage to the Caribbean-wide estimate of the lethality of the 1983-1984 die-off, which was 98% (Lessios, 2016). Intriguingly, the lethality of the 1983-1984 and 2022 die-offs was much higher than that reported from local D. antillarum die-offs in Panama and St. Croix in 1985, which was less than 1% (Lessios, 1988), but very similar to the 97% lethality reported for a local D. antillarum die-off around Florida in 1991 (Forcucci, 1994). It could be that during the 1985 die-offs in Panama and St. Croix, most D. antillarum were direct survivors of the 1983-1984 die-off and had immunity against or insusceptibility to the original causative agent.

We suspect that the lower lethality rate (~90%) observed at the Saba Fort Bay Harbor population compared to Diadema City was the result of removal of many skeletons by the large swells that prevented an earlier survey. The Fort Bay Harbor population data are very useful to estimate the effect on three other reef and rock dwelling sea urchin species (E. lucunter, T. ventricosus and E. tribuloides) which remained healthy in between the dead and dying D. antillarum at the time of the die-off. Whatever caused the D. antillarum die-off did not have any effect on the other sea urchin species, as no sick or dead individuals of these species were observed for at least two months after the D. antillarum started to die. This is, again, very similar to the 1983-1984 die-off, which also did not visibly affect other sea urchin species (Lessios et al., 1984b; Bak et al., 1984). At the moment of writing this manuscript (September 2022) the small breakwater in Fort Bay Harbor still harbors healthy populations of E. lucunter, T. ventricosus and E. tribuloides (Personal observation A. Hylkema).

During the 1983-1984 die-off, D. antillarum held in land-based systems, with sea water inflow, exhibited similar signs of illness and mortality at the same time as natural populations on nearby reefs were affected, suggesting a water-borne mode of transportation of the causative agent (Lessios, 1988). As described here, this phenomenon has also been observed during the current die-off, as D. antillarum in the Saba Research Center started to show signs of illness around the same time as their conspecifics in Fort Bay Harbor were dying. Around 43% of the D. antillarum in the Saba Research Center died within a month after the first signs of illness were observed. This lower lethality can possibly be explained by certain measures that could have increased survival. Tanks were heavily aerated, dying individuals were removed daily and weekly water changes were performed with artificial seawater, all possibly reducing exposure to the causative agent. Moreover, multiple D. antillarum larvae cultures were running in the Saba Research Center at the time of the die-offs. Water of these larvae cultures was also replaced with unfiltered harbor water, which was taken in next to the dead and dying D. antillarum in the harbor before the die-off was discovered on 15 March 2022. However, no abnormalities were observed in the larvae culture and most of the larvae metamorphosed into healthy settlers one month later, indicating that the causative agent for the 2022 die-off had no discernable effect on D. antillarum larvae. These observations are similar to those during the 1983-1984 die-off, when D. antillarum recruitment continued as normal for several months after the 1983-1984 die-off, suggesting the causative agent for the die-off did not affect the pelagic D. antillarum larvae (Bak, 1985).

The observed signs of illness in the present study were very similar to those reported for the 1983-1984 D. antillarum die-off (Bak et al., 1984; Lessios et al., 1984b; Hughes et al., 1985). Except for the accumulation of detritus on spines, described by Bak et al. (1984), all signs were observed in the present study. However, on Saba in 2022, necrosis of the epidermis and spine loss were usually observed after, rather than before, the water-vascular system had stopped working and where D. antillarum were standing or lying on their spines. The order in which signs of illness became clearly visible might have to do with swell and wave action, as this requires a higher capacity of D. antillarum to cling to the substrate. As the 2022 die-off on Saba started in weeks with high swell, it could be that the loss of tube feet control became visible in an earlier stage compared to Curaçao (Bak et al., 1984) and Panama (Lessios et al., 1984b) in 1983. The observed signs of illness in 2022 were also similar to those described by Forcucci (1994) for D. antillarum that were dying off around Florida in 1991. The similarity in signs of illness could either be an indication that the causative agent for the die-offs was the same or perhaps that echinoids have a limited repertoire of visible signs of illness.



Causative agents responsible for other echinoid die-offs

Due to its ~30 species with documented, sometimes recurrent, large fluctuations in population density, the Echinodermata has been characterized as a “boom and bust” phylum (Uthicke et al., 2009). Identification of causative agent(s) and/or putative pathogens is essential for the management of our interactions with marine resources, but the cause for the 1983-1984 D. antillarum die-off has never been confirmed (Lessios, 2005; DeFilippo et al., 2018). When mass mortalities of the closely related D. africanum were observed in the Canary Islands in 2010, Clemente et al. (2014) identified the bacterium Vibrio alginolyticus as a putative pathogen responsible for this event. However, Hernández et al. (2020) investigated a subsequent die-off at the same locations in 2018 and suggested primary infection by the eukaryotic Paramoeba brachiphila, with a potential secondary role for V. alginolyticus. An anomalous meteorological event that Hernández et al. (2020) proposed as a trigger for die-off conditions in both years supported Scheibling et al. (2010) “killer-storm” hypothesis regarding recurrent die-offs of the sea urchin Strongylocentrotus drobachiensis in the northwest Atlantic from infection by the closely related Paramoeba invadens (Jones and Scheibling, 1985; Feehan et al., 2013). Analysis of multiple rounds of emergence and transmission of this pathogen have suggested that large-scale oceanographic and meteorological conditions may be important in transport of P. invadens and in creating temperature-dependent environmental conditions favorable for disease propagation (Scheibling and Hennigar, 1997; Scheibling et al., 2010; Feehan et al., 2012). Oceanographic and meteorological conditions may also have initiated the 2022 die-off in some locations, as heavy rainfall was observed prior to the first mortalities at least in Aruba Puerto Rico, Saba and St. Eustatius. However, ambient weather conditions were reported to have been normal in the Dominican Republic, Jamaica, and Mexico when the urchins died and possible environmental correlates of the 2022 D. antillarum die-off warrant further investigation in follow-up studies.



Conclusions and future perspectives

Differences between the 1983-1984 and 2022 mass mortality events included the location where each was first observed, their geographical spread and presumed primary dispersal modes. The rapidity with which affected populations succumb, the lethality, effects on other urchin species and signs of illness were very similar, although the latter could be explained by a limited repertoire of visible illness responses. The different geographic spread might be explained by the increase in boat traffic in 2022 compared to 1983. The importance of boat traffic in the spread is emphasized by the close proximity to harbors of the first mass mortality in most jurisdictions. The initial speed of spread and broad geographic range of the 2022 D. antillarum die-off event indicated that, like the 1983-1984 event, it would eventually reach all areas of the Caribbean. However, few new jurisdictions have been affected since early May 2022, meaning some D. antillarum populations may remain unimpacted by this mortality event. Nevertheless, due to the high lethality rate observed during the current die-off, D. antillarum may once again be functionally extinct on many Caribbean islands. There are at least three major differences between the aftermath of the 2022 and the 1983-1984 mass mortalities:

- Assuming the spread and/or lethality of the current die-off is reduced and certain parts of the Caribbean remain unaffected, there should be larger numbers of D. antillarum adults to contribute larvae to downstream areas. Thus, it is possible any natural recovery could occur faster than following the previous mass mortality event, when it took more than a decade before natural recovery was seen on most reefs (Lessios, 1995). Preliminary quantitative data from Saba and Puerto Rico (A. Hylkema and S. Williams, unpublished data) and qualitative observations elsewhere in the region confirm that substantial settlement has occurred since the 2022 mass mortality event.

- The stressors impacting coral reefs have progressively increased in magnitude since the 1980s. Over the past four decades, coral cover has decreased, while macroalgal cover has increased (Jackson et al., 2014) and structural complexity has been reduced (Alvarez-Filip et al., 2009). At reef sites with recovered D. antillarum populations, macroalgae have been reduced, stimulating coral recruitment, growth and survival (Edmunds and Carpenter, 2001; Carpenter and Edmunds, 2006; Myhre and Acevedo-Gutiérrez, 2007; Idjadi et al., 2010). Such improvements are likely to be lost in areas that were impacted by the 2022 die-off. In the few short months since St. John, USVI, lost its D. antillarum, those sites with previous densities of one per meter or more are now overgrown with turf algae (Personal observation M. Sevier). The impacts of the 2022 D. antillarum die-off on reef structure and functionality will be exacerbated by increases in other stressors, for example the recent loss of corals due to SCTLD.

- Efforts to restore wild populations have advanced significantly since the 1983 die-off. New and developing technologies and techniques for D. antillarum rehabilitation include in-situ collection of settlers followed by head starting the settlers in the lab and restocking them on the reef as juveniles (Williams et al., 2017; Williams, 2022), new or improved culture methods (Pilnick et al., 2021; Pilnick et al., 2022; Wijers et al., 2023) and assisting natural recovery by providing suitable settlement substrate (Hylkema et al., 2022a). Except for culture, all approaches rely on natural larval supply, which may be severely reduced if upstream populations were eradicated by the 2022 die-off. On the other hand, potential settlement hotspots have already been identified for certain islands (Williams et al., 2010; Hylkema et al., 2022b) and a similar approach can be used in different areas, lending to a more optimistic outlook than after the 1983-1984 die-off.

As a causative agent responsible for the 1983-1984 die-off was never identified, the primary research priority for the 2022 die-off should be identifying its cause. Many countries, institutions, and individuals, including the authors of this paper, have contributed to this effort. Advances in technology and communication provide us with hope that this objective may be achieved. Once a cause is identified, the next steps will be identifying and implementing actions to reduce the risk of similar events occurring in the future. The scale at which population rehabilitation will be required presents a massive challenge, but at least several rehabilitation approaches are already under development. Ultimately, we encourage proactive conservation and restoration efforts to preserve and enhance remaining populations, while continuing efforts to identify the cause of the 2022 mortality event and implementing actions to decrease the likelihood of future D. antillarum die-offs.
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