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Outbreaks of coral disease have been a dominant force shaping western Atlantic coral-reef assemblages since the late 1970s. Stony coral tissue loss disease (SCTLD) is nonetheless having an unprecedented impact in the region. Whereas numerous studies over the last decade have worked to characterize this novel pathogen and its impacts on coral populations, few have quantified its functional effects on reef ecosystems. Of particular importance is how SCTLD may be impacting the essential reef-accretion process and the myriad ecosystem services it supports. Here, we evaluated the impact of SCTLD on reef-accretion potential by estimating carbonate budgets and taxon-level carbonate production at 43 sites throughout the Florida Keys from 2016−2022. Average regional reef-accretion potential declined from an already low, but positive rate of 0.30 ± 0.16 mm y-1 (mean ± standard error) in 2016 before the disease was first observed, to a state of accretionary stasis (0.08 ± 0.12 mm y-1) by 2022. This 70% relative decline in reef-accretion potential was driven by the loss of reef-building corals, with significant decreases in carbonate production by massive taxa including Colpophyllia natans, Montastraea cavernosa, Pseudodiploria strigosa, Orbicella spp., and Siderastrea siderea, and increasing contributions from less susceptible, weedy taxa including Millepora spp., Agaricia spp., and Porites astreoides. In general, changes in taxon-level carbonate production following the SCTLD outbreak mirror long-term shifts in reef assemblages in response to previous stressors. One striking exception, however, is S. siderea, which had become increasingly dominant in recent decades, but declined significantly in response to SCTLD. Overall, by further decimating the already depauperate reef-building coral populations in the Florida Keys, SCTLD has caused a functionally significant shift in the composition of Florida’s coral-reef assemblages and accelerated the loss of regional reef-building capacity. The dire impacts of the disease in south Florida may serve as an early warning that the persistence of the invaluable ecological and socioeconomic functions coral reefs provide will be increasingly threatened throughout the western Atlantic in the aftermath of SCTLD.
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Introduction

Coral disease has played a central role in the decline of western Atlantic coral reefs over the last half a century. Beginning with the devastating impacts of white-band disease on acroporid coral populations in the late 1970s and early 1980s (Aronson and Precht, 2001), coral diseases have contributed to an unprecedented loss of foundational, reef-building species and the emergence of novel reef assemblages (Aronson and Precht, 2001; Aronson et al., 2004; Kuffner and Toth, 2016; Toth et al., 2019). The impact of coral diseases has accelerated in recent decades as rising ocean temperatures and other anthropogenic impacts (e.g., nutrients; Bruno et al., 2003) have driven increases in disease prevalence and virulence (Bruno et al., 2007; Brandt and McManus, 2009; Miller et al., 2009; Muller and van Woesik, 2012; Randall and van Woesik, 2015).

Despite the clear cumulative impact of disease as a driving force of western Atlantic reef ecology, significant disease outbreaks have historically affected only a handful of coral species and/or were limited to geographical or seasonal hotspots (Aronson and Precht, 2001; Muller and van Woesik, 2012; van Woesik and Randall, 2017). The novel epidemic known as stony coral tissue loss disease (SCTLD) has fundamentally overturned that paradigm. Because of its low host specificity (>20 susceptible species; DEP, 2018; Gintert et al., 2019; Muller et al., 2020), its rapid spread and high mortality rate, and its persistence across seasonal cycles, SCTLD is considered by some to be the most lethal coral disease on record (Precht et al., 2016; Walton et al., 2018; Alvarez-Filip et al., 2022).

SCLTD was first observed in southeast Florida in 2014 (Precht et al., 2016; Walton et al., 2018) and it has since spread to most countries/territories throughout the Caribbean (Kramer et al., 2019; Rosenau et al., 2021). In south Florida, its regional-scale expansion (Figure 1) has been linked to waterborne transport by bottom currents (Dobbelaere et al., 2020; Muller et al., 2020); however, more spatially random outbreaks of SCTLD throughout the Caribbean (Kramer et al., 2019), suggest that other vectors may also be important (e.g., ballast water, biofilms, etc.; Dahlgren et al., 2021; Rosenau et al., 2021; Evans et al., 2022; Studivan et al., 2022). Despite nearly a decade of research, the proximal causal agent(s) of SCLTD also remain unclear. The observation that antibiotics can slow progression of the disease (Aeby et al., 2019; Neely et al., 2020) and the relative enrichment of certain bacterial groups in affected tissue (Meyer et al., 2019; Landsberg et al., 2020) initially pointed to a bacterial cause; however, recent studies indicate that SCTLD primarily affects corals’ Symbiodiniaceae endosymbionts and may be viral in origin, with secondary bacterial infections of the coral host occurring opportunistically after initial infection (Landsberg et al., 2020; Work et al., 2021; Beavers et al., 2023).




Figure 1 | Map showing the location of the Coral Reef Evaluation and Monitoring Program (CREMP) reef sites evaluated in this study. Colors indicate which CREMP survey year stony coral tissue loss disease (SCTLD) was first observed, demonstrating the clear temporal trends in the geographical spread of the disease. Map image is the intellectual property of Esri and is used herein under license. Copyright 2020 Esri and its licensors. All rights reserved.



Although important questions clearly remain about the origin, underlying etiology, and vectors spreading SCTLD, there is no question that it is having an unprecedented impact on western Atlantic coral assemblages. For example, the epidemic caused a ~30% decline in the density of coral colonies (individuals m-2) and a 60% decline in living coral tissue in southeast Florida from 2012–2016 (Walton et al., 2018). The effects on highly susceptible species have been especially severe, with corals in the families Meandrinidae (maze corals) and subfamily Faviinae (brain corals) frequently experiencing mortality rates of more than 50% (Walton et al., 2018; Gintert et al., 2019; Brandt et al., 2021; Alvarez-Filip et al., 2022). For the already rare coral Dendrogyra cylindrus (Modys et al., 2023), SCTLD has caused population declines upwards of 95% (Neely et al., 2021; Alvarez-Filip et al., 2022). As a result, D. cylindrus is now considered functionally extinct in south Florida (Neely et al., 2021).

Because of the disproportionate impact of SCTLD on massive, reef-building species, the disease is poised to accelerate the ongoing loss of key reef functions throughout the western Atlantic (Estrada-Saldívar et al., 2020). For example, in the Mexican Caribbean, SCTLD impacts from 2018–2020 had already caused a 30% decline in carbonate production (Alvarez-Filip et al., 2022): a change that has the potential to disrupt the dynamic balance between the processes of reef accretion and reef erosion (Perry et al., 2013). Reef accretion underpins the persistence of essential ecological and socioeconomic functions by creating complex habitat that supports reefs’ unparalleled marine biodiversity, fisheries production, shoreline protection, and tourism (Ferrario et al., 2014; Kuffner and Toth, 2016; Perry and Alvarez-Filip, 2019; Woodhead et al., 2019; Toth et al., 2023); however, coral disease and coral-bleaching events have caused significant losses of the most important western Atlantic reefs-building taxa, Acropora and Orbicella spp., which have driven regional-scale declines in carbonate production and reef-accretion capacity (Perry et al., 2013; Perry et al., 2015; Perry et al., 2018; Toth et al., 2019). As a result, reef erosion, rather than reef accretion was already the dominant process for an increasing number of western Atlantic reefs (Perry et al., 2013; Perry et al., 2018)—including ~30% of reefs in south Florida (Morris et al., 2022; Toth et al., 2022; also see Yates et al., 2017)—prior to the outbreak of SCTLD. The shift toward reef erosion is already degrading important habitat for fish and other reef-associated species (Alvarez-Filip et al., 2009; Pratchett et al., 2014) and has the potential to more than double coastal-flooding risk globally by the end of the century (Beck et al., 2018). With many western Atlantic reefs already balanced at a tipping point between accretion and erosion, the recent impacts of SCTLD portend grim consequences for the future of regional reef building and the critical ecosystem services it supports.

Since SCTLD was first observed in south Florida in 2014, it has gradually spread north and south along the Florida reef tract, through the Florida Keys (Muller et al., 2020), and reached the Dry Tortugas National Park in 2021 (Figure 1; Dobbelaere et al., 2022). Despite impacting Florida’s coral reefs for nearly a decade, however, the regional-scale effects of SCTLD on reef composition and function have yet to be comprehensively assessed. Given the already degraded state of Florida’s reefs (Ruzicka et al., 2013; Morris et al., 2022; Toth et al., 2022), the recent impacts of SCTLD could have significant implications for the ability of carbonate production to continue to support reef accretion and the essential ecosystem functions it supports. Indeed, Toth et al. (2022) showed that SCTLD had already caused a significant decline in net carbonate production in the Upper and Middle Keys between 2017 and 2019. In this study, we build upon those findings to quantify the functional impacts of SCTLD from 2016−2022 on overall and species-level contributions to regional carbonate production and reef-accretion potential across the entire Florida Keys reef tract.





Materials and methods

The Coral Reef Evaluation and Monitoring Project (CREMP) has conducted annual benthic surveys of reefs throughout the Florida Keys since 1996 (Ruzicka et al., 2013). The sites are spread across three primary habitats (inshore-patch [1.8–12.8 m], offshore-shallow [1.8–7.3 m], and offshore-deep reefs [10.7–16.5 m]) and four geographic subregions (Upper, Middle, and Lower Keys and the Dry Tortugas) of the Florida Keys Reef Tract. Site descriptions and additional details about the CREMP surveys can be found at https://myfwc.com/research/habitat/coral/cremp/ and in Toth et al. (2022).

Carbonate-budget models provide a powerful means of translating reef-survey data on reef state, like those collected by CREMP, into quantitative estimates of the processes that determine the balance between reef accretion and erosion (Perry et al., 2012). Toth et al. (2022) used the CREMP data to calculate carbonate budgets for 46 reefs throughout the Florida Keys (n=38) and the Dry Tortugas National Park (n=8) from 1996−2019. In this study, we provide an updated carbonate-budget dataset that includes CREMP-survey data for those sites from 2020−2022. We use those data to quantify the impacts of SCTLD on gross and net carbonate production, bioerosion, and reef-accretion potential as well as species-level contributions to carbonate production throughout its endemic period in the region (2017–2022; Figure 1). The carbonate budgets were calculated in R Studio (R Core Team, 2023; Toth and Courtney, 2022) using the method proposed by Toth et al. (2022), which is an adaptation of the ReefBudget v2 methodology (Perry and Lange, 2019). All data, calculations, and necessary modifications to the ReefBudget v2 methodology are discussed in detail in Toth et al. (2022) and data and code for new analyses included in this study are provided in version 1.1 of the USGS software release by Toth and Courtney (2022).

Briefly, we calculated gross carbonate production (kg CaCO3 m-2 y-1) as the summed product of species-level coral and crustose coralline algae cover from CREMP and the area-normalized taxon-specific calcification rates proposed by Courtney et al. (2021). Site-level mean (± standard error [SE]) microbioerosion was estimated as the product of the recorded cover of consolidated substrate at each CREMP survey location across all years from 1996−2022 and the generalized western Atlantic microbioerosion rate of 0.24 kg CaCO3 m-2 y-1 suggested by Perry and Lange (2019). Site-level mean (± SE) bioerosion by the sponges Cliothosa delitrix, Cliona caribbaea, Cliona varians, and Pione lampa was calculated as the product of the mean (± SE) surface area of sponges at each site, which was recorded by CREMP from 2005–2009, and species-specific bioerosion rates (or, for P. lampa, the generalized sponge bioerosion rate) suggested by Perry and Lange (2019). Annual site-level bioerosion by the urchin Diadema antillarum was estimated as the product of their annual recorded densities (individuals m-2) by CREMP and a generalized D. antillarum bioerosion rate calculated based on the method suggested by Perry and Lange (2019) and an empirical distribution of D. antillarum test sizes in the Florida Keys from another study (Chiappone et al., 2008). No data were available from CREMP for the other western Atlantic bioeroding urchins (Echinometra lucunter, Echinometra viridis, and Eucidaris tribuloides) or the bioeroding sponge Siphonodictyon spp., so bioerosion by these taxa were not included in our carbonate budgets. CREMP also does not monitor parrotfish abundance, so we derived those data from sites surveyed by the National Oceanic and Atmospheric Administration’s Reef Visual Census program (https://grunt.sefsc.noaa.gov/rvc_analysis20/) that were within 10 km and in similar habitats as each CREMP site (see Toth and Courtney, 2022). We estimated parrotfish bioerosion for each CREMP site by combining parrotfish size-frequency data with size- and species-specific parrotfish bioerosion rates suggested by Perry and Lange (2019; see Toth et al. [2022] for details). Gross carbonate production and bioerosion were combined to estimate net carbonate production (kg CaCO3 m-2 y-1; mean ± SE) at each site for each year, which was converted to estimates of reef-accretion potential (cf. Perry et al., 2018) using the equation suggested by Kinsey (1985) and regional reef-framework porosity estimates from Toth et al. (2018a). We emphasize that reef-accretion potential likely represents a high-end estimate of realized accretion rates because it does not incorporate non-biological physical erosion or chemical dissolution, which Toth et al. (2022) estimated likely contributes at least an additional ~1 mm y-1 of erosion in the Florida Keys. Furthermore, the omission of some bioeroding taxa from our surveys, the possibility that sponge abundance has increased since they were last surveyed by CREMP in 2009, and the lack of co-located parrotfish data, suggest that our estimates of total bioerosion may be conservatively low and that reef-accretion potential is likely lower than our study indicates.

All statistical analyses for the present study were conducted in RStudio version 2023.03.0 (R Core Team, 2023). We first evaluated the overall, regional change in reef-accretion potential over time from one year before (2016) through each year of the SCTLD endemic period (2017−2022) using a linear-mixed effects model [LME; nlme package (Pinheiro et al., 2023)] with year as a fixed effect and random slopes and intercepts by site. Next, we used data on SCTLD occurrences from CREMP to identify the first year that the disease was detected at each site (Figure 1; Supplementary Figure S1) and create a categorical variable representing time since SCTLD detection (before, year of detection, and 1−5 years after detection; hereafter “SCTLD impact”). We note that the first detection of the disease in the CREMP surveys, which are conducted only once a year in the summer to early fall, likely does not represent the exact timing of the disease first impacting a particular site; however, it provides the best available approximation of the first year disease impact was recorded for the specific reefs assessed in our study. Three sites in the Dry Tortugas where SCTLD has not yet been observed (Loggerhead Patch and White Shoal) or was only observed in the most recent survey year (2022; Davis Rock), were excluded from the statistical analysis (but see Supplementary Figure S1). We used LMEs to evaluate how reef-accretion potential, gross carbonate production, and bioerosion changed based on SCTLD impact. SCTLD impact was treated as a fixed effect with random slopes and intercepts by site. We also used an LME to evaluate the interaction between the fixed effects of calcifier cover (coral cover + crustose coralline algae) and SCTLD impact to test whether SCTLD shifted the calcifying community towards taxa with faster (significant positive interaction) or slower (significant negative interaction) calcification rates.

Before running the LME models, we confirmed that there was no significant spatial autocorrelation in the carbonate-budget data by evaluating the correlation between distance matrices constructed from the latitude and longitude of the sites and the budget parameters using the ‘mantel’ function in the vegan package (Oksanen et al., 2020). We also evaluated changes in the fit of the models with six moving-average temporal autocorrelation structures (p and q = 0−2) using the ‘corARMA’ function in the nlme package. For the model evaluating reef-accretion potential over time, the autocorrelation structure of p=2 and q=0 provided the best fit based on Akaike’s Information Criterion (AIC); however, for all of the LMEs with SCTLD impact as a fixed effect, the models without a correlation structure had the lowest AIC. Evaluation of the models with the ‘acf’ function also did not show evidence of substantial temporal lags in the carbonate-budget data. Results of the autocorrelation analyses are available in Toth and Courtney (2022) (v.1.1).

To further evaluate the effects of SCTLD on carbonate production, we used LMEs to identify whether and how the absolute and relative (to total carbonate production at each site in each year) carbonate production by individual coral taxa changed following SCTLD detection. Based on the results of the main budget models, we made the simplifying assumption that the taxon-level data also did not have any significant spatial or temporal autocorrelation. The models included SCTLD impact as a fixed effect and site as a random intercept only, as inclusion of site as a random slope resulted in problems with model convergence due to overfitting. We also ran LME models evaluating the contributions of coral taxa to carbonate production within habitats and subregions, with SCTLD impact as a fixed effect and site as a random intercept. We summarized the fixed effects of the LMEs using the ‘anova’ function and evaluated pairwise differences among factor levels using the Tukey method in the package emmeans (Lenth, 2023). Finally, to investigate the impact of pre-SCTLD reef state on the response of reef assemblages, we ran linear regressions of the cover of coral taxa pre-SCTLD vs. the change in the cover of those taxa 5 years after SCTLD detection. We summarize the significant results of the statistical analysis below and the complete model outputs are available in Toth and Courtney (2022); (v.1.1).





Results

Reef-accretion potential declined by >70% across the Florida Keys (N=43 sites) during the SCTLD endemic period, from 0.30 mm y-1 ± 0.16 (mean ± SE) in 2016, before SCTLD was first observed at the CREMP sites, to 0.08 mm y-1 ± 0.12 in 2022 (Figure 2A; Supplementary Table S1; LMEyear: F1,257 = 10.65, p=0.001). Because mean reef-accretion potential in 2022 cannot be statistically distinguished from zero (i.e., overlapping 95% confidence interval), the reefs of the Florida Keys can be considered to have entered accretionary stasis (or a net neutral carbonate budget). This loss of reef-accretion capacity was driven by a significant decline in gross carbonate production beginning one year after SCTLD detection at a given site (Figure 2B; LMESCTLD Impact=F6,195=4.56, p<0.001; Tukey test before SCTLD vs. 1−5 years after: p<0.05), with average gross carbonate production declining ~32% between 2016 and 2022, from 0.97 ( ± 0.16) kg CaCO3 m-2 y-1 to 0.66 ( ± 0.11) kg CaCO3 m-2 y-1, respectively. The temporal impact of SCTLD on reef-accretion potential was only statistically detectable one year after SCTLD was observed at the sites (Figure 2B; LMESCTLD Impact=F6,195=5.16, p<0.001; Tukey test before SCTLD vs. 1 year after: p=0.02), likely due to the significant decrease in total bioerosion 2, 3, and 4 years after SCTLD detection (Figure 2; LMESCTLD Impact=F6,195=1239, p<0.001).




Figure 2 | The impacts of SCTLD on carbonate budgets across the Florida Keys Reef Tract. (A) Mean ( ± 95% confidence intervals [CIs]) changes in reef-accretion potential/net carbonate production, gross carbonate production, and bioerosion over the endemic period from 2016 to 2022. (B) Effects of SCTLD on reef-accretion potential, gross carbonate production, bioerosion, and the relationship between calcifier cover and gross carbonate production (“gross production~calcifier cover”) following SCTLD impact. Points represent estimated slope from the linear mixed-effect models and bars represent 95% CIs based standard errors of the models. Effects are significant when the 95% CIs do not overlap with zero (red vertical line). Significant negative effects for reef-accretion potential and gross carbonate production indicate that those processes have declined in response to SCLTD. The significant positive effects for bioerosion reflect a decline in bioerosion during some years following SCTLD. For gross production~calcifier cover, the significant negative interaction indicates that the calcifying assemblage shifted to taxa with slower calcification rates following the SCTLD outbreak.



As expected, coral cover was a significant driver of gross carbonate production (LMECoral Cover=F1,188=131.98, p<0.001); however, there was also a significant interaction effect between SCTLD impact and calcifier cover on gross carbonate production (LMESCTLD Impact*Calcifier Cover=F6,188=14.45, p<0.001), with the slope of the relationship between coral cover and gross production decreasing significantly following SCTLD detection (Figure 2B). This reflects a significant shift in calcifying assemblages towards more slowly calcifying taxa (i.e., Millepora alcicornis, Porites astreoides, and the Agaricia agaricites complex) following SCTLD, as described below (Figures 3, 4).




Figure 3 | Linear relationships between pre-SCTLD percent (%) cover of coral taxa vs. the relative change in the % cover of those taxa 5 years after SCTLD was detected. Taxa are considered to have experienced a significant positive (negative) change in % cover if the 95% confidence interval (CI) of the % change in cover is above (below) zero. Taxa are categorized as “no change” if their 95% CI overlaps with zero. No linear relationship is shown for taxa that experienced no change. Only taxa with mean pre-SCTLD coral cover >0.1% are labelled.






Figure 4 | Effects of SCTLD on the (A) absolute and (B) relative contribution of calcifying taxa to carbonate production in the years following SCTLD impact. Points represent estimated slope from the linear mixed-effect models and bars represent 95% confidence intervals based on standard errors of the models. Positive effects represent an increased contribution to carbonate production following SCTLD and are plotted to the right of the vertical red line (no effect) whereas negative effects represent a decreased contribution to carbonate production following SCTLD and are plotted to the left of the vertical red line. Only taxa whose carbonate production was significantly impacted by SCTLD are shown. Effects for taxa shown in gray were not significant for that response variable.



The most pronounced changes in coral cover following SCTLD impact were observed for taxa that had relatively high coral cover before the outbreak (Figure 3). Likewise, the sites that experienced the most severe declines in gross carbonate production and reef-accretion potential following SCTLD were generally those that had the highest pre-SCTLD carbonate production rates (Supplementary Table S1, Figure 1). The impact of SCTLD was particularly severe in patch-reef habitats (Supplementary Figure S2), where gross carbonate production declined 74%, from an average of 1.42 (± 0.26) kg CaCO3 m-2 y-1 before SCTLD to 0.37 (± 0.09) kg CaCO3 m-2 y-1 5-years after the disease was first detected, compared with the smaller absolute declines from 0.62 (± 0.19) to 0.38 (± 0.15) kg CaCO3 m-2 y-1 and 0.34 (± 0.08) to 0.18 (± 0.06) kg CaCO3 m-2 y-1, in offshore shallow and deep habitats, respectively. Larger effects of SCTLD were also observed in the Lower Keys where the disease has been present the longest (Supplementary Figure S3). One interesting exception to the generally declining carbonate budgets following the SCTLD outbreak is Jaap Reef, a patch reef in the Lower Keys where carbonate production and reef-accretion potential actually increased over the endemic period (Supplementary Figure S1A). SCTLD has never been observed at Jaap Reef by CREMP researchers, although its impact on surrounding reefs suggest that it likely has been present there.

Shifts in coral species composition resulted in significant changes in the absolute and relative contributions of numerous taxa to carbonate production following the SCLTD outbreak (Figure 4). The most substantial declines in absolute production were found for Colpophyllia natans, Montastraea cavernosa, Orbicella spp., Pseudodiploria strigosa, and Siderastrea siderea (Figure 4A); however, only C. natans, M. cavernosa, and Ps. strigosa also experienced significant declines in their relative contributions to carbonate production (Figure 4B). The largest declines in the most susceptible species, C. natans, M. cavernosa, and Ps. strigosa occurred in patch-reef habitats, where the populations of those taxa were the highest before the outbreak (Supplementary Figure S4). For Orbicella spp. and S. siderea, the most consistent declines in carbonate production occurred in the offshore habitats of the Upper Keys (Supplementary Figures S4, S5), where SCTLD has been affecting reefs the longest (Figure 1). In contrast to the declining trends in many coral species, the contributions of Millepora alcicornis, Porites astreoides, and the Agaricia agaricites complex increased significantly following SCTLD impact (Figure 4). The increase in M. alcicornis and P. astreoides was only significant in Lower Keys patch-reef habitats, whereas the increase in A. agaricites was fairly ubiquitous (Supplementary Figures S4, S5).





Discussion

The unprecedented impacts of SCTLD on coral populations in the Florida Keys have exacerbated the already significant decline in regional carbonate production and reef-accretion potential that occurred over the last several decades (Toth et al., 2022). Previous studies suggested that by the beginning of the disease outbreak, reef-accretion potential in the Florida Keys had already declined by an order of magnitude from historic baselines and ~30% of Florida’s coral reefs were already eroding faster than they were growing (Morris et al., 2022; Toth et al., 2022). Our study indicates that SCTLD resulted in an additional >70% relative decline (0.22 mm y-1 absolute decline) in reef-accretion potential and a shift to accretionary stasis throughout the Florida Keys (Figure 2). Furthermore, by 2022, more than two-thirds of reefs in the Florida Keys were net erosional on average and, if the potential additional ~1 mm yr-1 contribution of non-biological erosion estimated by Toth et al. (2022) is considered, the actual percentage of eroding reefs could now be as high as 93%.

The decline in reef-accretion potential in the Florida Keys following the outbreak of SCTLD was driven by overall reductions in coral cover coupled with a significant shift in the relative contributions of coral taxa towards more slowly calcifying species (Figures 2−4). Like most of the western Atlantic, the reefs of the Florida Keys were geologically and historically dominated by just a handful of taxa: Acropora palmata in the shallowest depths and Orbicella spp. with moderate contributions from other long-lived massive coral taxa in deeper reef zones (Precht and Miller, 2007; Toth et al., 2019). Whereas populations of A. palmata have been severely diminished for decades due to the devastating impacts of white-band disease beginning in the late 1970s (Aronson and Precht, 2001; Precht and Miller, 2007), regional declines of massive reef-building corals began more recently. The percent cover of Orbicella spp. and its contribution to carbonate production declined significantly throughout the Florida Keys over the last two decades as a result of thermal stress and disease (Ruzicka et al., 2013; Toth et al., 2014; Courtney et al., 2020; Toth et al., 2022), and SCTLD reinforced that trend (Figures 3, 4). Regional populations of other massive coral taxa including C. natans, Ps. strigosa, and M. cavernosa had remained relatively stable in the decades prior to SCTLD, particularly in patch-reef habitats (Ruzicka et al., 2013; Toth et al., 2022; but see Courtney et al. (2020) who detected declines in carbonate production by M. cavernosa); however, those taxa experienced significant declines in the Florida Keys following the SCTLD outbreak, with the largest effects in the patch-reef habitats where they were historically most abundant (Figure 3; Supplementary Figure S4). This result underscores the high susceptibility of C. natans and Ps. strigosa to SCTLD (DEP, 2018) and supports previous observations of high disease prevalence for M. cavernosa in south Florida (Walton et al., 2018; Muller et al., 2020), despite its putatively lower suceptibility (DEP, 2018). Although these taxa were historically minor contributors to reef building relative to Orbicella spp., their loss nonetheless contributed to the regional decline in reef-accretion potential due to SCTLD (Figure 4).

By accelerating declines in massive, reef-building species, SCTLD has also reinforced the trend of increasing relative dominance by more weedy coral taxa (Darling et al., 2012) throughout the western Atlantic (Perry et al., 2015; Courtney et al., 2020; Estrada-Saldívar et al., 2020; Alvarez-Filip et al., 2022). In the Florida Keys, M. alcicornis, P. astreoides, and the A. agaricites complex all increased their contribution to carbonate production following the SCTLD outbreak (Figure 4). Because these corals are relatively unsusceptible to SCTLD (DEP, 2018; but see Brandt et al. (2021) for potential impacts on Agaricia spp.) they have maintained, or in the case of M. alcicornis, even increased percent cover in some locations, as more vulnerable taxa have declined (Figure 3). Increases in the relative contributions of both P. astreoides (Toth et al., 2019; Courtney et al., 2020; Gallery et al., 2021) and Millepora spp. (Toth et al., 2014; Courtney et al., 2020) have been previously documented in the Florida Keys, and all three taxa have become more common throughout the western Atlantic as thermal stress events and disease have decimated reef-building coral populations in recent decades (Aronson et al., 2004; Green et al., 2008; Alvarez-Filip et al., 2022). Although these weedy corals have been relatively successful in the short term, they were rare in the fossil record from the Florida Keys (Toth et al., 2019), and their relatively small size, short lifespans, and low rates of carbonate production (Courtney et al., 2021) make them a poor functional substitute for the reef-building species they have replaced (Alvarez-Filip et al., 2013). Their increasing contribution on Florida’s reefs is therefore unlikely to significantly mitigate the ongoing decline in regional reef-accretion potential.

Overall, SCTLD has accelerated decadal-scale shifts in the composition of western Atlantic reef assemblages in response to climate change and other anthropogenic stressors (Perry et al., 2015; Toth et al., 2019; Courtney et al., 2020; Alvarez-Filip et al., 2022). One striking exception to this pattern, however, is S. siderea. In recent decades, the relative abundance of this stress-tolerant coral (Darling et al., 2012) increased significantly throughout the Florida Keys (Ruzicka et al., 2013; Toth et al., 2014; Toth et al., 2019; Courtney et al., 2020). Although S. siderea was not an important regional contributor to reef accretion over geologic or historical timescales (Toth et al., 2019), in the years preceding the outbreak of SCTLD, its relative contribution to carbonate production in the Florida Keys had increased to a level similar to that of Orbicella spp. (Courtney et al., 2020; Toth et al., 2022). In a reversal of this long-term trend, however, the cover of S. siderea and its contribution to carbonate production declined significantly following the outbreak of SCTLD (Figures 3, 4). Although some researchers have raised questions about whether S. siderea is truly susceptible to SCTLD given differences in its disease epidemiology (DEP, 2018) and its low disease prevalence in some locations (e.g., Precht et al., 2016; Brandt et al., 2021), the unprecedented decline in S. siderea following the outbreak of SCTLD in the Florida Keys indicates that this species is being directly impacted by the disease (Walton et al., 2018; Estrada-Saldívar et al., 2020; Muller et al., 2020; Alvarez-Filip et al., 2022).

Despite declines in absolute carbonate production by both S. siderea and Orbicella spp., their relative contribution to carbonate production did not change following the SCTLD outbreak (Figure 4B) and they remain the dominant calcifiers in the region. This somewhat contradictory result reflects the fact that SCTLD reduced carbonate production by all major reef-building corals (Figure 3). In other words, S. siderea and Orbicella spp. were not disproportionately impacted by SCTLD relative to the other major reef-building taxa (Figure 4). Additionally, whereas highly susceptible taxa like C. natans experience rapid mortality from SCTLD (DEP, 2018), SCTLD impacts on S. siderea and Orbicella spp. are often more protracted because of their relatively large colony size and slower rates of disease progression (Meiling et al., 2020; Brandt et al., 2021). Indeed, when our results were parsed spatially, we found that SCTLD has only consistently affected carbonate production by S. siderea and Orbicella spp. on offshore reefs in the Upper Florida Keys (Supplementary Figures S4, 5), where the disease was observed earliest (Figure 1). This suggests that the regional impacts of SCTLD on S. siderea and Orbicella spp. populations are likely ongoing. The more gradual impacts of SCTLD on Orbicella spp. in particular may also help explain why Jaap Reef in the Lower Keys, which is composed almost entirely of Orbicella spp. corals (Ruzicka et al., 2013; Toth and Courtney, 2022), has apparently been unaffected by the disease so far (Supplementary Figure S1A). As the disease continues at endemic levels throughout the region, declines in carbonate production by S. siderea and Orbicella spp. will likely continue, which would further accelerate the decline in regional reef-accretion potential.

The ~30% relative change in gross carbonate production following the SCTLD outbreak in the Florida Keys was almost identical to that observed following the first few years of the outbreak in the Mexican Caribbean (Alvarez-Filip et al., 2022); however, because of the already degraded state of Florida’s reefs (Morris et al., 2022; Toth et al., 2022), the absolute impact of SCTLD on carbonate production in the Florida Keys was likely less severe than in many other western Atlantic locations (Estrada-Saldívar et al., 2020; Brandt et al., 2021; Alvarez-Filip et al., 2022), or those observed on less degraded reefs globally in response to recent coral bleaching events (e.g., Januchowski-Hartley et al., 2017; Lange and Perry, 2019; Courtney et al., 2022). Furthermore, whereas SCTLD resulted in a shift from marginally positive reef-accretion potential to accretionary stasis in the Florida Keys, the higher pre-SCTLD coral cover and the presence of remnant acroporid populations on many other western Atlantic reefs, may allow them to maintain or more rapidly recover positive reef-accretion potential despite significant SCTLD-driven declines of other functionally important taxa (Estrada-Saldívar et al., 2020; Alvarez-Filip et al., 2022). In south Florida, historic losses of key reef-building species (Toth et al., 2019; Toth et al., 2022), significant declines in coral cover (Ruzicka et al., 2013; Toth et al., 2014), and homogenization of remaining reef assemblages (Burman et al., 2012) left reefs more vulnerable to transitioning to net erosional states (Toth et al., 2018b).

Prior to the outbreak of SCTLD, the Florida Keys did still have a handful of relatively resilient reefs that had maintained higher coral cover and reef-accretion potential despite decades of decline elsewhere (i.e., patch-reef habitats in the Lower Keys; Supplementary Figure S1; Guest et al., 2018; Courtney et al., 2020; Elahi et al., 2022; Toth et al., 2022); however, these former “oases” (Guest et al., 2018) were far from immune to the impacts of SCTLD. In fact, the most profound effects of the disease on reef-accretion potential were observed at locations that had the highest pre-SCTLD coral cover and budgetary state (Figure 3; Supplementary Figures S1–S3). By decimating the remaining reef-building coral populations in the region, SCTLD is likely accelerating the ongoing erosion of functionally important reef structure (Yates et al., 2017; Kuffner et al., 2019). Indeed, whereas trends in gross carbonate production related to changes in coral cover were historically the most important drivers of reef-accretion potential in the Florida Keys (Toth et al., 2022), gross carbonate production is now negligible on most reefs (Figure 2; Supplementary Figure S1). As a result, changes in bioerosion, which in the Florida Keys is almost entirely driven by parrotfish and microbioeroders (Toth et al., 2022), are now having a larger proportional impact on the regional trajectories of reef-accretion potential (Figure 2A; Kuffner et al., 2019; Webb et al., 2023).

It’s important to note that other ongoing stressors were also likely impacting reefs in the Florida Keys during the SCTLD endemic period. In particular, although large-scale, regional coral bleaching did not occur in the region between 2017 and 2022, ecologically severe heat stress (>8 Degree Heating Weeks) was observed in 2019, 2020, and 2022 (NOAA Coral Reef Watch, 2023) and moderate bleaching was observed each summer (https://mote.org/research/program/coral-reef-science-monitoring/bleachwatch). Thermal stress and coral bleaching are known to make corals more vulnerable to disease and exacerbate coral-disease outbreaks (Bruno et al., 2007; Brandt and McManus, 2009; Miller et al., 2009; Muller and van Woesik, 2012; Randall and van Woesik, 2015). The coincidence of the initial SCTLD outbreak in southeast Florida with the onset of the most extreme thermal stress event (2014−2015) Florida’s reefs had experienced since the global mass bleaching event in 1997−1998 (Manzello, 2015; Precht et al., 2016), led some researchers to suggest that SCTLD is no exception to this principle (Precht et al., 2016); however, because SCTLD is now thought to primarily impact Symbiodiniaceae (Landsberg et al., 2020; Work et al., 2021; Beavers et al., 2023) and some researchers have observed reduced disease prevalence during the summer bleaching season (e.g., RRR & MAC [CREMP]), the exact relationship between SCLTD and thermal stress is somewhat unclear. We cannot eliminate the possibility that thermal stress played a role in the SCTLD-driven decline in coral populations in the Florida Keys since 2017, and changes in reef-accretion capacity will likely continue to be driven by the interaction of multiple disturbances into the future (Courtney et al., 2020; Cornwall et al., 2021; Alvarez-Filip et al., 2022; Toth et al., 2022). Nonetheless, the greatest absolute decline in carbonate production in our study consistently occurred in the first year after SCTLD detection (Figures 2, 4), suggesting our conclusions about the significant impacts of SCTLD are robust to other potential co-varying factors over the study period.

Reef accretion is essential to the ability of reefs to continue to provide coastal habitat supporting biodiversity, food production, and shoreline protection to communities around the world living on reef-lined coasts (Perry et al., 2018; Toth et al., 2018b; Toth et al., 2023). Ensuring these essential ecosystem services are maintained in a future increasingly characterized by the ongoing impacts of climate change is one of the most fundamental conservation challenges of our time, and it is one that will be particularly difficult in the western Atlantic following the devastating impacts of SCTLD. By accelerating losses of massive, reef-building corals, SCTLD is poised to exacerbate the trend of declining reef-building capacity potential to more than double coastal-flooding risk globally by the end of the century (Beck et al., 2018). With throughout the western Atlantic (Perry et al., 2015; Alvarez-Filip et al., 2022). In the Florida Keys, SCTLD has already driven a shift from net positive reef-accretion potential to accretionary stasis, and the effects on the dominant taxa responsible for carbonate production, Orbicella spp. and S. siderea, are likely ongoing in many parts of the region. This increasing shift to reef erosion is concerning both ecologically and economically as Florida’s reef habitats are home to a wide range of culturally and economically important fish species, contribute to a nearly $2 billion (USD) annual tourism industry, that supports ~20,000 jobs, and provide shoreline protection valued at >$600 million in coastal hazard risk reduction (Ault et al., 1998; Reguero et al., 2021; Gazal et al., 2022).

Local-scale coral restoration, in concert with global-scale action to mitigate climate change, has the potential to help revive reef accretion (Toth et al., 2022; Toth et al., 2023); however, our study underscores the importance of simultaneous efforts to manage the impacts of bioerosion (Kuffner and Toth, 2016), particularly on highly degraded reefs like those in south Florida. Whereas the efficacy of restoring important massive reef-building species could be limited in areas where the disease is still active, restoration of the non-suceptible historic reef-crest engineer, A. palmata, could have a substantial functional impact. Not only would restoration of this species have the greatest positive effect on reefs’ coastal protection function (Ferrario et al., 2014; Toth et al., 2023), but its capacity for rapid carbonate production could also allow A. palmata to return to its role as the dominant reef builder in the region (Alvarez-Filip et al., 2022; cf. Lange et al., 2023). Ultimately, however, the success of any restoration action will depend on whether the overwhelming effects of climate change can be mitigated (Toth et al., 2023), and this is likely particularly imperative for thermally sensitive taxa like A. palmata and Orbicella spp. (Precht and Miller, 2007). Perhaps one of the most important lessons that can be learned from the unprecedented impact of SCTLD on western Atlantic coral populations is that in a world increasingly characterized by environmental change, novelty is becoming the norm (Toth et al., 2019). Only by planning for the unexpected will reef management have the potential to ensure the persistence of reefs and the valuable ecological and socioeconomic functions they provide into the future.
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