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Acropora cervicornis historically exists in large, dense thickets that provide a functionally unique habitat. However, populations in the Caribbean have declined by up to 98%, frequently isolating extant colonies. Remnant thickets are valuable research areas as they provide opportunities to assess community dynamics, resilience, succession, and the response to disturbances. BCA (Broward County Acropora) is a 10,000-m2 A. cervicornis thicket located offshore Broward County in the Southeast Florida Coral Reef Ecosystem Conservation Area (Coral ECA), which has been monitored since 2003. The objective of this study was to analyze temporal changes in the thicket, specifically assessing the impact of disturbances and community dynamics that corresponded with fluctuations in the ratio between living and dead A. cervicornis. Photographic data were collected along 12 permanent transects to assess temporal changes in the percent benthic cover from 2003 to 2022. Demographic data on non-A. cervicornis corals were collected along four belt transects from 2012 to 2022. Live A. cervicornis cover declined from 34.8% ± 2% SE in 2003 to 2.4% ± 0.6% SE in 2022. The most severe declines corresponded with heat stress events and two hurricanes in 2005; a cold stress event in 2010; and heat stress, disease, and predation outbreaks between 2014 and 2016. As A. cervicornis died, other taxa utilized the remaining dead structure, with increases in the encrusting, weedy coral species Agaricia agaricites and the macroalgal and crustose coralline algal cover. However, the structural decline in later years suggests complete loss of this unique and complex habitat in the coming years. Thicket recovery will likely require active restoration and a reduction in local and global stressors.
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1 Introduction

The Atlantic staghorn coral, Acropora cervicornis, has experienced severe declines within the last several decades (Aronson and Precht, 2001; Goergen et al., 2020) and is currently listed as “threatened” under the US Endangered Species Act and “critically endangered” on the International Union for Conservation of Nature (IUCN) Red List (Hogarth, 2006). Once dominant along forereefs throughout the Caribbean, populations have experienced declines of 80%–90%, with some areas experiencing losses of up to 98% (Aronson and Precht, 2001; Bruckner, 2002; Miller et al., 2002). These declines are due to a variety of disturbances and stressors, including disease (Davis, 1982; Aronson and Precht, 2001; Miller et al., 2002), predation (Lirman et al., 2010; Goergen et al., 2020), thermal stress (Bruno et al., 2007; Lirman et al., 2011; Jones et al., 2020), and tropical storms and hurricanes (Knowlton et al., 1990; Gardner et al., 2005; Brandt et al., 2013; Goergen et al., 2019). Many of these disturbances can interact, causing further declines (Knowlton et al., 1990; Wilkinson and Souter, 2008; Goergen et al., 2019, 2020; Renzi et al., 2022). As a result, there are very few areas where the species is thriving today (Greer et al., 2020). According to the fossil record, A. cervicornis historically survived through many disturbances until the 1980s, and thus the recent declines can be considered unusual (Aronson et al., 2002; Wapnick et al., 2004; Greer et al., 2009).

A. cervicornis has a fast growth rate, prolific branching morphology, and can reproduce through asexual fragmentation. These characteristics allow A. cervicornis to propagate quickly (Tunnicliffe, 1981; Neigel and Avise, 1983; Vargas-Angel et al., 2006) and form large patches or thickets (Lirman et al., 2010; Larson et al., 2014; Huntington et al., 2017; Walker, 2017). Much like general A. cervicornis population trends, the abundance, distribution, and extent of these thickets have declined, and although rare, large and dense thickets still exist (Vargas-Angel et al., 2003; Lirman et al., 2010; Walker, 2017). The complex framework created by A. cervicornis thickets are unique in the Caribbean and serve a critical and irreplaceable ecological role (Goergen et al., 2019). Principally, these thickets provide an important habitat for a variety of reef fish and invertebrates, particularly enhancing the diversity and the abundance of herbivores and fishery-targeted species (Hernández-Delgado et al., 2025), as well as being significant contributors to reef framework (Precht et al., 2002). The ecological role that A. cervicornis thickets play extends beyond, although with some alterations, the loss of living tissue. The remnant dead skeletons can provide substrate for coral settlement (Bozec et al., 2015), as well as the colonization of macroalgae, zoanthids, tunicates, sponges, and other benthic taxa (Greenstein et al., 1998; Aronson and Precht, 2001; Tkachenko et al., 2007; Norström et al., 2009; Caterham et al., 2019; Jones and Gilliam, 2020; Gilliam et al., 2021). These other benthic taxa may contribute significantly to the benthic community structure (Hughes et al., 2010). Although studies have documented the settlement and growth of benthic taxa on dead A. cervicornis structure (Caterham et al., 2019; García-Urueña and Garzón-MaChado, 2020), no studies have been conducted to document long-term changes in the benthic community structure in response to fluctuations in the ratio of dead and live A. cervicornis and the subsequent changes associated with skeletal erosion if not replaced by live A. cervicornis.

Goergen et al. (2019) investigated the A. cervicornis population dynamics of two large thickets in the northernmost region of Florida’s Coral Reef (FCR), called the Southeast Florida Coral Reef Ecosystem Conservation Area (Coral ECA), from 2008 to 2016. They found cycles of mortality following acute disturbances, particularly in dense areas, and recovery during the inter-disturbance periods. The objective of this study was to describe 20 years of population dynamics within the largest A. cervicornis thicket, the Broward County Acropora (BCA), specifically examining whether the thicket recovered or suffered further mortality and assessing changes in the benthic community structure that accompanied the changes in live A. cervicornis. We analyzed the annual benthic community cover and the stony coral assemblage structure along permanent transects at BCA, addressing three questions: 1) how has the A. cervicornis population changed over time; 2) have disturbance events contributed to these population changes; and 3) how have these changes impacted the benthic community structure?




2 Materials and methods



2.1 Study site

BCA is a naturally occurring A. cervicornis thicket with a total area that was once greater than 10,000 m2 and is located approximately 400 m offshore Broward County, Florida, USA, on the nearshore ridge habitat in 6 m of water (center coordinates: 26°08.985′ N, 80°05.810′ W) (Figure 1). It was first described by Vargas-Angel et al. (2003), and various aspects of its extent and condition have been documented in Walker et al. (2012); Goergen et al. (2019), and Jones and Gilliam (2020).
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Figure 1 | The larger image shows a map of the four stations used and where they are located within the Broward County Acropora (BCA). The perimeter of BCA used in this image is from 2012. The stations were placed in the denser areas of BCA in 2003. The smaller images above (from left to right) show where BCA is located in Florida, how the stations were placed relative to each other, and an image of Acropora cervicornis at BCA in 2010 looking horizontally toward the transects. Images on the bottom provide a top-down view of BCA in 2003 (A) and 2021 (B).




2.2 Data collection

The data collection and methods were from the Southeast Florida Coral Reef Evaluation and Monitoring Project (SECREMP) (Gilliam et al., 2021), a long-term monitoring project designed to track changes along the Coral ECA. The A. cervicornis population and the benthic community structure were surveyed in June/July annually on four 22-m × 1-m permanent stations from 2003 to 2022 within the densest area of the largest A. cervicornis thicket in the Coral ECA. Linearly along three transects per station, approximately 60 abutting images (40 m × 30 cm) were taken at a fixed distance from the substrate. Each transect covered approximately 8.8 m2 of substrate, with a total station area of 26.4 m2 and a total site area of 105.6 m2. Percent benthic cover was calculated from 15 randomly generated points on each image using Coral Point Count with Excel Extensions (CPCe) (Kohler and Gill, 2006). The benthic taxon categories included living A. cervicornis, non-acroporid scleractinian (stony) corals (pooled together due to the low cover of individual species), macroalgae, sponges, crustose coralline algae (CCA), encrusting and branching gorgonians, zoanthids, other living biota (e.g., hydroids and anemones, among others), and substrate. The substrate category was split into dead A. cervicornis (standing dead branches and rubble) and hardbottom substrate (any substrate that was not dead A. cervicornis). Cyanobacteria were grouped with the macroalgae due to identification challenges, particularly from images taken in earlier years. During image analysis, the substrate that a benthic taxon was growing on (dead A. cervicornis or hardbottom) was noted.

Stony coral demographic data were collected in situ on one 22-m × 1-m belt transect per station from 2012 to 2022. Stony coral demographic data were not part of the SECREMP sampling protocol prior to 2012. Stony coral colonies ≥4 cm in diameter were identified to the species level, measured, and their health conditions (i.e., presence of bleaching, disease, and/or predation) recorded. In situ data did not differentiate between stony corals growing on substrate versus dead A. cervicornis. The stony coral demographic data did not include A. cervicornis as individual colonies could not be identified in a thicket due to their interconnected, complex branching morphology.




2.3 Disturbances

An examination of the published literature was conducted to identify the disturbance events that may have impacted BCA during the study period (Table 1). These included heat stress and cold stress events, when bleaching/mortality was recorded in the area, and disease or predation outbreaks when >50% of the A. cervicornis plots surveyed annually had incidences of disease (white band or rapid tissue loss) or incidences of predation (Hermodice carunculata or Coralliophila erosa, formerly Coralliophila abbreviata), as per Goergen et al. (2019).


Table 1 | Disturbances affecting the Broward County Acropora (BCA) area as identified in the literature or as part of published studies.
	Disturbance
	Dates
	Reference



	Heat stress
	May–October 2005
May–November 2005
	Wilkinson and Souter, 2008 Eakin et al., 2010


	Heat stress
	May–October 2009
	Goergen et al., 2019


	Cold stress
	January–March 2010
	Lirman et al., 2011 Jones et al., 2020


	Disease outbreak
	Summer/Fall 2012
	Goergen et al., 2019


	Predation outbreak
	Summer/Fall 2012
	Goergen et al., 2019


	Heat stress
	Summer 2014
	Goergen et al., 2019


	Disease outbreak
	Summer 2014
	Goergen et al., 2019


	Predation outbreak
	Summer 2014
	Goergen et al., 2019


	Heat stress
	Summer 2015
	Goergen et al., 2019 Jones et al., 2020


	Disease outbreak
	Summer 2015
	Goergen et al., 2019


	Predation outbreak
	Summer 2015
	Goergen et al., 2019







To examine the impact of tropical storms and hurricanes on BCA, wind data were gathered from the National Hurricane Center and Central Pacific Hurricane Center website managed by the National Oceanographic and Atmospheric Administration (NOAA; nhc.noaa.gov) (Table 2). NOAA defines a tropical storm as a tropical cyclone where the maximum sustained surface wind speed, the highest 1-min average wind (measured at a height of 10 m with unobstructed exposure) associated with the system at a given moment in time, reaches 34–63 kt. Hurricanes are defined as tropical cyclones where the maximum sustained wind speed exceeds 63 kt. Based on this criterion, storms that reached a maximum sustained wind speed of at least 34 kt, as recorded from land stations or data buoys located within 11 km of BCA, were included in this study (Table 2). These stations or buoys included Fort Lauderdale Executive Airport (KFXE), Dania Pier (XDAN), Port Everglades (XPEG), South Port Everglades (PEGF1), Port Everglades Channel (PVGF1), and Fort Lauderdale International Airport (KFLL). Although the wind strength measured during these storms may not directly have impacts on BCA, the maximum sustained surface wind speed serves as a proxy for times of increased wave and surge energy that may have physically impacted BCA. Nearly all selected events occurred after the BCA data were collected that year; therefore, the effects of those events would have been documented during the next monitoring year. Only one storm, Hurricane Elsa, was an exception. This storm made landfall on July 7, 2021, in northern Florida, 2 weeks before SECREMP monitoring occurred on July 22, 2021.


Table 2 | Tropical cyclone wind strength data (nhc.noaa.gov) for each of the selected tropical storm or hurricane events.
	Storm
	Date
	Station
	Max. sustained surface wind (kt)
	Max. surface gusts (kt)



	Frances
	September 5, 2004
	KFXE
	36
	48


	Jeanne
	September 26, 2004
	KFLL
	35
	49


	Katrina
	August 25, 2005
	KFLL
	52
	71


	Wilma
	October 24, 2005
	KFLL
	61
	86


	Isaac
	August 27, 2012
	XPEG
	42
	58


	Sandy
	October 25, 2012
	PVGF1
	36
	46


	Irma
	September 10, 2017
	XPEG
	61
	74


	Gordon
	September 3, 2018
	PEGF1
	42
	49


	Sally
	September 12, 2020
	XDAN
	34
	42


	Eta
	November 9, 2020
	XPEG
	51
	59


	Elsa
	July 5, 2021
	XDAN
	35
	41





In cases where multiple stations/buoys gathered wind data, the values for maximum sustained surface wind and maximum sustained gusts were selected from the station/buoy that recorded the highest maximum sustained surface wind.

KFXE, Fort Lauderdale Executive Airport; KFLL, Fort Lauderdale International Airport; XPEG, Port Everglades; PVGF1, Port Everglades Channel; PEGF1, South Port Everglades; XDAN, Dania Pier.






2.4 Statistical analyses



2.4.1 Acropora cervicornis dynamics

Generalized linear mixed models (GLMMs) were used to statistically analyze temporal changes in the percent benthic cover of living A. cervicornis, dead A. cervicornis, and hardbottom from 2003 to 2022 using R software (R Core Team, 2022). For each response variable, a single binomial GLMM was created with station per year as a replicate (n = 80). Percent cover was fitted as a continuous dependent variable, year was fitted as a categorical fixed effect, and station was fitted as a categorical random effect. The number of points used to calculate the percent cover per station was fitted as weights. Fitted models were validated using the package “DHARMa” (Hartig, 2022), with residual diagnostics conducted to detect overdispersion, zero inflation, variance homogeneity, and temporal autocorrelation. Model validation detected significant overdispersion, and a beta-binomial distribution was fitted (Harrison, 2015). Model validation of the beta-binomial GLMM indicated no issues. Post-hoc pairwise comparisons of the year-to-year changes in the response variable were conducted using the package “emmeans” and Tukey’s method (Lenth, 2023). Estimated marginal means (emmeans) linear contrasts were used to assess significant variations in the levels of a fixed effect against the mean value.




2.4.2 Benthic community dynamics

Multivariate analyses were performed to assess temporal changes in the benthic community structure and the non-A. cervicornis stony coral assemblage structure using Primer 7 (Clarke and Gorley, 2006). The benthic community structure was assessed as the percent benthic cover per station per year from photographic data. The non-A. cervicornis stony coral assemblage structure was assessed as the abundance of each species per station per year using in situ survey data. Before analysis, each dataset was square root-transformed to reduce the influence of abundant taxa and enable rarer taxa to contribute to the similarity calculation. Thereafter, a Bray–Curtis similarity matrix was generated. To analyze significant between-year differences in the benthic and coral community structure, an analysis of similarity (ANOSIM) test was performed with station per year as a replicate (9,999 permutations). To assess significant temporal grouping structure within the benthic and coral communities, the mean benthic and coral community structure per year was analyzed using similarity profile (SIMPROF) analysis (9,999 permutations, 95% similarity between samples). A similarity percentage (SIMPER) analysis was performed to identify which species, taxa, or substrate types were driving the differences between the SIMPROF groups and years. From the SIMPER analysis, the taxa that cumulatively explained 50% of the dissimilarity between groups were selected. Temporal variation in the benthic or coral community structure was visualized using a non-metric multidimensional scaling (nMDS) plot, where each sample represents the mean community structure per year. Vectors were overlaid to visualize the origin of the differences between samples. SIMPROF groups were overlaid onto each nMDS plot for visualization. After initially generating the nMDS plot, it was determined that a single large Pseudodiploria clivosa colony that was growing on the hardbottom adjacent to the A. cervicornis patch had an overweighted effect on the nMDS ordination (Supplementary Figure S1). It was removed from the data to more clearly show the transition from the 2012–2016 coral community to 2017–2022. Statistical analysis showed the same significant temporal changes in the coral community in the ANOSIM and SIMPROF models with and without P. clivosa.

Temporal variations in substrate utilization by the non-A. cervicornis taxa that drove variability in the benthic community and the macroalgal and CCA cover were further analyzed using binomial GLMMs. The CCA cover on hardbottom was fitted into a binomial distribution with a zero-inflation parameter. The CCA and the macroalgal cover on dead A. cervicornis, as well as the macroalgal cover on hardbottom, were fitted with a beta-binomial model. Model validation and post-hoc analysis were conducted as previously described.

Due to their greater abundance and density, the Agaricia agaricites data were separated from all other non-A. cervicornis stony coral data. Temporal variations in the A. agaricites density and all other non-A. cervicornis stony coral density from 2012 to 2022 were analyzed using Poisson GLMMs. The A. agaricites and all other non-A. cervicornis abundance data were fitted as a continuous dependent variable, year was fitted as a categorical fixed effect, station was fitted as a categorical random effect, and the area of each transect was used as an offset term to account for unit effort. Model validation and post-hoc analysis were conducted as previously described.






3 Results



3.1 Acropora cervicornis dynamics

The mean (±SE) live A. cervicornis cover in BCA was highest in 2004 (41.4% ± 1.3%) and showed a general decline to 2.4% ± 0.6% by 2022 (Figure 2). Notably, significant periods of live cover decline generally coincided with acute disturbances (Tables 1; 2). These included declines from 2004 (41.4% ± 1.3%) to 2006 (22.8% ± 1.6%), from 2008 (28.4% ± 0.93%) to 2011 (13.7% ± 1.2%), and from 2012 (15.05% ± 1.65%) to 2016 (4.4% ± 0.97%). Significant consecutive annual declines occurred across the 20-year duration, from 2005–2006 (GLMM, Tukey’s pairwise comparisons, p < 0.001), 2010–2011 (GLMM, Tukey’s pairwise comparisons, p = 0.044), and 2015–2016 (GLMM, Tukey’s pairwise comparisons, p = 0.0038). The only period with a significant interannual increase in live cover was from 2018 to 2020, with cover increasing from 1.8% ± 0.4% to 5.1% ± 1.2% (GLMM, Tukey’s pairwise comparisons, p = 0.049).

[image: Line graph showing changes in benthic cover for living and dead Acropora cervicornis, and hardbottom from 2003 to 2022. Living A. cervicornis (orange) decreases over time, while dead A. cervicornis (black) increases. Hardbottom (dashed black) remains relatively stable. Various disturbances are indicated by vertical lines: tropical cyclones (dotted and dashed), heat stress (red), cold stress (blue), disease (purple), and predation (green). Data points include error bars representing standard error.]
Figure 2 | Annual mean (±SE) percent cover of living Acropora cervicornis, dead A. cervicornis, and hardbottom (horizontal lines). The x-axis values correspond with the monitoring dates (usually in June). Disturbance events are indicated by vertical lines, with color representing the disturbance type. Tropical cyclone information was taken from nhc.noaa.gov.

Dead A. cervicornis cover increased from 23.5% ± 3.2% in 2003 to 80.3% ± 1.3% in 2017, but declined significantly to 65.8% ± 6.9% from 2017 to 2022 (Tukey’s pairwise comparisons, p = 0.046). The greatest consecutive year-to-year increase in dead A. cervicornis cover occurred from 2005 (31.8% ± 2.9%) to 2006 (51.3% ± 3.5%) (GLMM, Tukey’s pairwise comparisons, p = 0.0025).

Temporal changes in the hardbottom cover mirrored the changes in the dead A. cervicornis cover (Figure 2). The mean (±SE) hardbottom cover was greatest in 2003 (41.6% ± 4.5%), which was significantly greater than the second lowest cover year (2017; GLMM, Tukey’s pairwise comparisons, p < 0.001). In 2015, the lowest cover of hardbottom was reported (13.6% ± 3.3%), which was significantly less than that in 2022 (GLMM, Tukey’s pairwise comparisons, p = 0.012).




3.2 Benthic community dynamics

The benthic community structure changed from 2003 to 2022, coinciding with the declines in the live A. cervicornis cover and the changes in substrate availability (Figure 3). Three periods of significant change in the benthic community structure were identified: from 2005 to 2006, from 2008 to 2010, and from 2019 to 2021 (ANOSIM, p < 0.05). These changes were predominantly due to fluctuations in the live A. cervicornis, dead A. cervicornis, hardbottom, and macroalgal and/or CCA cover. SIMPROF analysis identified five year groups that varied significantly (SIMPROF, p = 0.001) (Figure 3, green circles). The period 2003–2005 had higher live A. cervicornis and hardbottom cover, but lower dead A. cervicornis cover, compared with 2006–2008 (SIMPER, cumulative percent contribution = 56.75%). The period 2006–2008 had higher live A. cervicornis and hardbottom cover than 2009–2015, which had higher dead A. cervicornis and macroalgal cover on dead A. cervicornis (SIMPER, cumulative percent contribution = 54.77%). The variability between the SIMPROF groups 2009–2015 and 2016–2020 was driven by a further decline in A. cervicornis and increases in hardbottom, as well as significant increases in the macroalgal cover on dead A. cervicornis and CCA cover on dead A. cervicornis (SIMPER, cumulative percent contribution = 55.46%). The variability between the SIMPROF groups 2016–2020 and 2021–2022 was driven by a decline in dead A. cervicornis, increases in the hardbottom cover, and significant changes in the macroalgal cover on dead A. cervicornis and macroalgal cover on hardbottom (SIMPER, cumulative percent contribution = 59.86%).

[image: Non-metric multidimensional scaling (nMDS) plot showing the similarity of different different benthic categories over years, based on Bray-Curtis similarity and square root  transformation. Vectors represent different biota categories like“HB Macroalgae,” “D Zoanthid,” and “Dead A. cervicornis.” Years from 2003 to 2022are encircled, indicating shifts over time, with a two-dimensional stress value of 0.04.]
Figure 3 | Non-metric multidimensional scaling (nMDS) plot of the benthic community structure based on the percent benthic cover over time. Vectors represent the benthic community taxa separated by the type of substrate they were recorded growing on. The “D” in front of the taxon labels denotes “percent cover of this taxon growing on dead Acropora cervicornis,” while the “HB” denotes “percent cover of this taxon growing on hardbottom.” The two different substrates observed with nothing but turf algal growth are also displayed (dead A. cervicornis and hardbottom). Green circles identify significant groups from the similarity profile (SIMPROF) analysis.

Temporal trends in macroalgae and CCA were further analyzed using GLMMs due to their influence on benthic community changes (Figure 4). The macroalgal cover on dead A. cervicornis significantly increased from 2008 to 2013 (GLMM, Tukey’s pairwise comparisons, p = 0.017), with 2013 having the highest cover within the interval (GLMM, emmeans linear contrasts, p = 0.0202). The CCA cover on dead A. cervicornis was significantly higher than the study mean (2.19%) in 2015 and that between 2017 and 2019 (GLMM, emmeans linear contrasts, p < 0.05). The macroalgal cover on hardbottom increased significantly from 2017 to 2022 (GLMM, Tukey’s pairwise comparisons, p = 0.023), as well as being significantly higher than the mean values in 2018, 2021, and 2022 (GLMM, emmeans linear contrasts, p < 0.05). The macroalgal cover on dead A. cervicornis significantly increased from 2018 to 2021 (GLMM, Tukey’s pairwise comparisons, p = 0.0005) and was significantly higher than the mean values in 2017, 2020, 2021, and 2022 (GLMM, emmeans linear contrasts, p < 0.05).

[image: Two line graphs show percent cover of macroalgae and crustose coralline algae (CCA) from 2003 to 2022. The left graph depicts macroalgae on dead *A. cervicornis* and hardbottom, with macroalgae on *A. cervicornis* increasing notably. The right graph shows CCA on dead *A. cervicornis* and hardbottom, with CCA on *A. cervicornis* peaking around 2015. Error bars indicate standard error.]
Figure 4 | Temporal change in the percent cover of macroalgae and crustose coralline algae (CCA) from 2003 to 2022 by the substrate type they were recorded on. The macroalgal and CCA cover explained much of the temporal variability in the benthic community structure identified by analysis of similarity (ANOSIM) and similarity profile (SIMPROF) analysis.

Across the duration of the project, there was a significant change in the non-A. cervicornis stony coral assemblage (Figure 5). The A. agaricites colony density significantly increased from 2012 to 2020 from 0.33 colonies/m2 to 4.49 colonies/m2, with three significant annual changes (2014–2015, 2016–2017, and 2019–2020; Tukey’s pairwise comparisons, p < 0.008) (Figure 6). Two stony coral assemblage SIMPROF groups were identified, 2012–2016 and 2017–2022 (Figure 5), driven by increases in A. agaricites (SIMPER, cumulative percent contribution = 59.24%). A. agaricites did experience a significant decrease in density from 2020 to 2021 (GLMM, Tukey’s pairwise comparisons, p < 0.001). The density of other non-A. cervicornis stony coral increased over the study, with a mean density significantly above those in 2020, 2021, and 2022 (GLMM, Tukey’s pairwise analysis, p < 0.05). This was mostly driven by increases in the density of Porites porites and Porites astreoides. P. porites had increased from 0.01 colonies/m2 in 2012 to 0.11 colonies/m2 in 2020, 0.13 colonies/m2 in 2021, and 0.09 colonies/m2 in 2022, while P. astreoides had increased from 0.16 colonies/m2 in 2012 to 0.31 colonies/m2 in 2020 and 2021, and 0.32 colonies/m2 in 2022.

[image: MDS plot showing two clusters based on Bray-Curtis similarity, transformed using a square root. One cluster includes years 2017 to 2021, labeled with AAGA and PPOR, and the other cluster includes years 2012 to 2016. Data are connected with lines to points PAST, MCAV, SSID, and SINT, indicating relationships. 2D Stress value is 0.03.]
Figure 5 | Non-metric multidimensional scaling (nMDS) plot comparing the mean density of the non-Acropora cervicornis stony coral assemblage over time. Green circles identify significant groups from the similarity profile (SIMPROF) analysis. Names correspond to the first letter of the genus and the first three letters of the species name, e.g., AAGA, Agaricia agaricites and PPOR, Porites porites.

[image: Line graph showing benthic percent cover and mean density from 2003 to 2022. Orange and black lines indicate living and dead *Acropora cervicornis* cover, respectively. A dashed black line shows hardbottom cover. A yellow line represents *Agaricia agaricites*, and a blue line indicates other non-*A. cervicornis* stony coral density. Error bars depict standard error.]
Figure 6 | Annual mean (±SE) percent benthic cover of living Acropora cervicornis, dead A. cervicornis, and hardbottom from Figure 2, with the mean density (±SE) of A. agaricites and other non-A. cervicornis stony corals excluding A. agaricites from 2012 to 2022 superimposed over it for comparison.





4 Discussion

The living A. cervicornis cover in the densest section of BCA declined by 93% from 2003 to 2022, primarily due to multiple acute disturbances, such as repeated incidences of heat stress, disease outbreaks, predation outbreaks, and tropical cyclones. The high disturbance frequency provided limited opportunities for recovery (Jones et al., 2022), resulting in the prolonged decline of the A. cervicornis cover and significant shifts in the benthic community structure. Despite the continuous loss of living A. cervicornis in the thicket, standing dead A. cervicornis branches continued to provide available substrate. This substrate promoted successional changes in the benthic community structure, primarily increases in the macroalgal and CCA cover, and a substantial increase in the density of the encrusting, brooding, stony coral species A. agaricites. While these taxa occupy space, they contribute little to the structural integrity of the thicket. Hence, without replacement by living A. cervicornis, ongoing disturbances and the mechanical and biological degradation of dead branches will result in the gradual loss of the unique functional services provided by BCA, ultimately transforming the environment into a relatively flat hardbottom-dominated habitat.

A total of 11 tropical cyclones, four heat stress events, one cold stress event, three disease outbreaks, and three predation outbreaks impacted BCA over 20 years, which often preceded significant declines in live A. cervicornis and concomitant increases in dead A. cervicornis, and/or hardbottom benthic cover. Declines in the live cover were mostly gradual, except for the acute declines observed following the 2005 hurricane season, the 2010–2011 cold stress event, and the 2014–2016 heat stress events, which were exacerbated by disease and predation outbreaks. Tropical cyclones have been known to cause immediate mechanical damage to coral reefs after impact (Gardner et al., 2005; Eakin et al., 2010), and several documented here impacted other habitats along the FCR. Hurricanes Wilma and Katrina (in 2005) were associated with sediment resuspension and cold water upwelling that affected FCR (Collier et al., 2008), and Hurricane Irma in 2017 contributed to the dislodgment of many A. cervicornis colonies (Walker, 2018).

The major declines in the A. cervicornis cover followed the multi-disturbance years with intense heat stress (Jones et al., 2022). Acroporids are known to be particularly susceptible to thermal stress (Schopmeyer et al., 2012; Hughes et al., 2018; Riegl et al., 2018; Jones et al., 2020), even when compared against other reef-building coral species, such as Orbicella faveolata (Langdon et al., 2018). Both heat and cold stress can result in acroporid mortality. For example, cold stress in the Dry Tortugas caused 96% of the A. cervicornis colonies to die from 1976 to 1977 (Porter et al., 1982), heat stress caused up to 95% Acropora sp. mortality on the Great Barrier Reef following the 1998 marine heat wave (Berkelmans and Oliver, 1999), and the A. cervicornis cover declined significantly following heat stress in 2014–2015 along the FCR (Jones et al., 2020), which were the hottest years on record during the study period (Manzello, 2015).

Thermal stress can also increase the susceptibility of A. cervicornis to disease outbreaks (Muller et al., 2018). Major disease outbreaks followed the 2014 and 2015 heat stress events, leading to further mortality. Disease outbreaks have greatly affected A. cervicornis and are a principal driver of mortality in many areas of the Caribbean (Aronson and Precht, 2001), including Florida, especially during the summer months (Goergen et al., 2020). The causative agent of the disease outbreaks seen here is unknown, but disease is often exacerbated by environmental stress, particularly temperature (e.g., Rogers et al., 2009; Randall and van Woesik, 2015), water quality (Voss and Richardson, 2006), and tropical storms and hurricanes (Knowlton et al., 1981; Goergen et al., 2019) elsewhere. The 2014–2015 A. cervicornis disease outbreaks at BCA coincided with the initial stony coral tissue loss disease (SCTLD) outbreak in southeast Florida (Precht et al., 2016), adding to suggestions that environmental conditions reduced coral immunity and/or exacerbated the pathogen activity in the region. All three disease outbreaks (2012, 2014, and 2015) coincided with the predation outbreaks, which have been linked with increased disease prevalence (Renzi et al., 2022) and can directly cause extensive mortality. Predation played a major role in the A. cervicornis decline in Jamaica after the passing of Hurricane Allen (Knowlton et al., 1990), and at BCA, the H. carunculata predation outbreaks in 2012, 2014, and 2015 likely also contributed substantially to the declines in the A. cervicornis cover (Goergen et al., 2019). Our data suggest that the frequency and the variety of disturbances that have impacted BCA have caused the dramatic decline observed in the A. cervicornis cover over the last 20 years.

Not all disturbances led to significant changes in the A. cervicornis cover. While this may represent resistance to some disturbances, annual surveys can undoubtedly mask intra-annual (i.e., seasonal) changes. For instance, high disease prevalence was detected at BCA 2 weeks after the passing of Hurricane Isaac in 2012, which resulted in substantial morality (Goergen et al., 2019). While we detected a slight decline in the A. cervicornis cover the following summer, 2013, it was not significant, likely due to some recovery directly before our 2013 survey, when Goergen et al. (2019) reported the largest increase in the percent live cover of A. cervicornis. In other cases, lower wind speeds and heterogeneity in wave action may have prevented extensive mortality (Gardner et al., 2005; Mallin and Corbett, 2006). For instance, Hurricanes Francis and Jeanne in 2004 both passed through South Florida, but caused a non-significant decline in the A. cervicornis cover. Although they met the threshold of this study, Hurricanes Francis and Jeanne had weaker wind speeds recorded (maximum sustained surface wind speeds of 36 and 35, respectively) than Hurricanes Wilma and Katrina (maximum sustained surface wind speeds of 61 and 52, respectively). Distance from the storm may have played a role. Hurricanes Jeanne and Francis had almost identical paths making landfall in North Palm Beach County (Collier et al., 2008) approximately 80 km north of BCA. Hurricane Wilma made landfall on the Gulf Coast (Collier et al., 2008) and passed approximately 70 km north of BCA when reaching the East Coast. Hurricane Katrina made landfall on the East Coast (Collier et al., 2008) approximately 20 km south of BCA, the closest of the four, but was a weaker category 1 storm at the time. Furthermore, after 2016, the lack of a significant decline in cover following disturbance was at least in part because there was little live Acropora left to die.

While A. cervicornis is among the fastest growing species in the Caribbean and acroporids are frequently associated with coral reef recovery (e.g., Pratchett et al., 2020), no periods of sustained substantial recovery were recorded at BCA over the 20 years; however, Goergen et al. (2019) reported increases in the live cover of A. cervicornis at BCA during the summer periods when minimal disturbances were observed. The only period of significant increase was during the inter-disturbance period from 2018 to 2020, when the live A. cervicornis cover increased by 3.3%. This recovery period was followed by a significant A. cervicornis cover loss of 2.6% from 2020 to 2022, coinciding with three tropical cyclones. Recovery may be facilitated by A. cervicornis colony growth, successful reattachment and growth of loose fragments, and recruitment. However, the reattachment rates of loose fragments have been found to be low in southeast Florida (Goergen et al., 2019) and did not compensate for the losses associated with the disturbance events in BCA. Furthermore, while a high connectivity of the A. cervicornis populations across the FCR has been modeled (King et al., 2023), the larval recruitment in this area is very low (Vargas-Angel et al., 2006), with no records of recruits during long-term monitoring studies (Hayes et al., 2023). These findings corroborate the limited stony coral recovery seen throughout the FCR, with high disturbance frequency and chronic pressures (Jones et al., 2022) limiting the potential for significant recovery of this thicket.

This research provides new insights into the changing substrate dynamics at BCA over the study period. The decline in the living A. cervicornis cover, coupled with repeated tropical cyclones, caused temporal fluctuations in the substrate type, which prevent long-term recovery or community development. At the start of the study in 2003, 41.6% of the substrate was hardbottom, 34.8% live A. cervicornis, and 23.5% dead A. cervicornis. After the passing of Hurricanes Wilma and Katrina in 2005, two of the more powerful storms documented during the study period, the dead A. cervicornis cover exceeded both the living A. cervicornis cover and the hardbottom cover for the first time. Although this study did not differentiate between rubble and standing dead A. cervicornis, in many years, the loss of living A. cervicornis was not proportional to the increase in the dead, with many branches fragmenting, remaining in the thicket on the substrate as rubble and removing substrate suitable for community development (Kenyon et al., 2023). The constant movement of rubble prevents attachment and binding, creating an unstable environment and making it difficult for benthic taxa to grow on both the rubble itself and the hardbottom underneath (Kenyon et al., 2023). At BCA, the utilization of stable dead A. cervicornis structure increased as the living A. cervicornis died and rubble covered the hardbottom. Only when Hurricane Irma passed in 2017 did the rubble begin to be removed, the dead A. cervicornis cover declined, and hardbottom for colonization began to increase again. From this point onward, physical disturbance from multiple tropical cyclones likely continued to remove rubble and, coupled with bio-erosional processes, contributed to the breakdown of the dead A. cervicornis structure, resulting in increased hardbottom cover.

The three-dimensional structure created by A. cervicornis thickets such as the BCA provides unique functional services. In thickets, structure is primarily maintained by the growth of the existing or the establishment of new A. cervicornis colonies; however, despite the continued loss of live cover, the dead structure here remained for years, creating a habitat for the settlement and growth of other benthic taxa. The loss of live A. cervicornis cover created available substrate, leading to increases in the macroalgal and CCA cover, which in turn prevented A. cervicornis from regrowing over the dead framework. Macroalgal increases have been reported over the last few decades throughout the Caribbean (Aronson and Precht, 2001; Hughes et al., 2010; García-Urueña and Garzón-MaChado, 2020; Jones et al., 2022; but see Bruno et al., 2009) and have often been linked to a lack of stony coral recovery (e.g., Jones et al., 2022) by limiting recruitment success and causing mortality by abrasion (Box and Mumby, 2007). García-Urueña and Garzón-MaChado (2020) specifically noted that macroalgae reduced the recovery of A. cervicornis. In the Coral ECA, the macroalgal cover has historically been represented as a dominant component of the benthic community along the hardbottom nearshore ridge complex (Banks et al., 2008), and its cover is expected to increase under climate change (Jones et al., 2020). Without A. cervicornis growth driving thicket recovery, and with limited sexual recruitment, benthic taxa such as macroalgae will continue to increase in cover, and these unique sites will soon be homogeneous to the rest of the nearshore hardbottom habitat found throughout the Coral ECA.

The non-A. cervicornis stony coral density increased during the study period, but this was predominantly due to increases in the small, encrusting species A. agaricites that do not provide the same functional services as A. cervicornis (Alvarez-Filip et al., 2013). The density of A. agaricites significantly increased from 2014 to 2020, peaking at 4.5 colonies/m2, and represented 91% of the non-A. cervicornis stony coral assemblage in 2020. Despite the increased density, it contributed little to the benthic cover (<1% cover). A. agaricites is known to colonize shaded regions of the reef, including within the understory of the A. cervicornis dead structure (Orrell, 1981), and, as a brooding species, can colonize disturbed reef environments quickly (Robbart et al., 2004). Agaricia species have been documented as increasing in other areas that are dominated by A. cervicornis in the Caribbean, such as in Roatan (Riegl et al., 2009) and Belize (Aronson et al., 2002; Caterham et al., 2019). While it has always been part of the stony coral assemblage within BCA, its population explosion coincided with the live A. cervicornis cover declining below 10% in 2014. Other brooding species, such as P. astreoides and P. porites, also increased in abundance after this time, but not to the same extent as A. agaricites. Although all three species are considered “weedy,” as they have a brooding mode of reproduction and a low dispersal rate (Darling et al., 2012; Cramer et al., 2021), the ability of A. agaricites to conform to the shape and structure of A. cervicornis due to its more encrusting nature and its ability to perform well in shaded areas may be a contributing factor why it has proliferated while other species have not. Similarly to A. agaricites, both species provide little structural or skeletal support for the dead A. cervicornis branches (Alvarez-Filip et al., 2013). The lack of A. cervicornis recovery and support for the dead structure will lead to reef flattening, or the loss of complex architectural structure, a phenomenon documented in the wider Caribbean (Alvarez-Filip et al., 2009). When these habitats are lost, there are fewer niches for organisms, which reduces functional services and decreases biodiversity. This can lead to biotic homogenization, where species assemblages become more similar at different locations over time, as has been noted elsewhere on the FCR (Burman et al., 2012). The long-term persistence of A. cervicornis thickets, including the dead structure, defines their irreplaceable role in providing essential functional services in the Coral ECA and the urgent need for conservation and restoration efforts to prevent further loss of these unique habitats.

The annual nature of the data collection and the specific disturbances analyzed may not fully explain the changes in the benthic community structure observed in this study. Water quality (De'ath and Fabricius, 2010; Jones and Gilliam, 2024), the effects of pollution (Finkl and Charlier, 2003), and the presence/absence of herbivores (Hughes et al., 2010) may be additional drivers of change. Some acute disturbances may not have been captured during the monitoring or literature review: for example, there were reports of a cyanobacteria (Lyngbya spp.) bloom at BCA in 2004 (Gilliam et al., 2008). More frequent monitoring, similar to the tri-annual monitoring utilized by Goergen et al. (2019), could aid in the identification of the direct causes of the benthic community change. Another limitation in this study is its analysis of only a portion of BCA instead of the entire thicket area. These results represent data from the densest area of the thicket, in the northeast corner of BCA. Through time, A. cervicornis thickets can move, but previous research on BCA has documented similar declines in A. cervicornis cover in different sections of the thicket (Walker, 2017). The data utilized from SECREMP represent an invaluable source of long-term data spanning 20 years, which was the main reason for the use of this dataset.

This study brings new insights into the BCA thicket, in particular following Goergen et al. (2019), by assessing changes to the community structure that follow the A. cervicornis population decline. While not captured here, the data hint at the complete collapse of BCA in the coming years. Stable dead structure remained from many years as living A. cervicornis cover continued to decline, but as frequent disturbances interact with BCA, the proportion of stable dead structure has begun to fall, leading to unstable rubble and, eventually, increases in hardbottom cover.

Frequent acute disturbances have significantly impacted BCA and drastically reduced the recovery potential of the large A. cervicornis thicket, which provides unique ecosystem services in the Coral ECA. Over the next few years, it is likely that continued monitoring will capture the complete collapse of this critical habitat by documenting increases in hardbottom. The importance of A. cervicornis is widely recognized, and thus, it is a frequent component of restoration efforts, in which many practitioners have had success in propagating and outplanting the species (Schopmeyer et al., 2017). Despite this, our results suggest that it will prove difficult to consistently promote growth and maintain large thickets such as BCA under the current environmental conditions, particularly in areas as impacted by increasing disturbances as southeast Florida. Previous research in southeast Florida found that outplanting A. cervicornis at a high density increased disease, predation, and colony fragmentation (Goergen and Gilliam, 2018). This may make restoring large A. cervicornis thickets such as BCA difficult. Mitigation of local pressures and active restoration may slow the decline, but sweeping actions regarding climate change are needed to improve environmental conditions that stimulate thicket recovery (Miller et al., 2016; Goergen and Gilliam, 2018; Goergen et al., 2019). The likely loss of the BCA thicket offshore highly urbanized South Florida may be a harbinger for the fate of the remaining thickets throughout the Caribbean that are impacted by growing local human population and climate change. Management efforts that incorporate active restoration, reduction of local pressures, and, most importantly, global pressures, are required to promote the recovery of A. cervicornis populations and the growth of extant and future thickets that provide valuable ecological services.
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