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			ABSTRACT

			Introduction: Coral reefs harbor high biodiversity and have great ecological, social, and economic importance. However, multiple local and global stressors increasingly degrade these ecosystems. Among global stressors, rising SST (Sea Surface Temperature) stands out, and studies on remote reefs provide a unique opportunity to assess its effects.

			Objective: This study aimed to determine the effects of the 2015 marine heatwave on coral condition at two remote reef crests in the Gulf of Cazones, southern Cuba.

			Methods: In October 2015, we surveyed three sites across two reef crests and used 2012 data from the same area to assess changes in reef condition. We used a 10 m linear transect for field sampling and obtained time series of SST and accumulated heat stress from 1998 to 2015.

			Results: The mean SST in 2015 was 0.56–0.59 °C higher than the 17-year average (i.e., 1998-2014), with 298–303 days exceeding the average SST, while maximum SST values reached 31.94–31.97 °C across the three sites. Accumulated heat stress reached approximately 11 °C-weeks, a value never previously recorded for these reef crests. Bleaching affected 56–77 % of corals in response to accumulated heat stress in 2015, with recent mortality ranging from 4.5 % to 31.3 %. The generalized linear mixed-effects model showed that coral bleaching significantly predicted the probability of recent mortality at the colony level. Between 2012 and 2015, live coral cover decreased significantly at all three sites, with losses of up to 44 %, accompanied by declines in Acropora palmata relative abundance and cover of ~ 19 % and ~ 43 %, respectively.

			Conclusions: Accumulated heat stress during the 2015 marine heatwave was the main driver of the intense coral bleaching event, accompanied by coral mortality and substantial losses of live coral cover, as well as declines in A. palmata relative abundance and cover at two reef crest sites, which is concerning because it is the keystone shallow reef-building species in the Caribbean Sea.
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			RESUMEN

			Efectos de la ola de calor marina de 2015 en los corales pétreos en el Golfo de Cazones, Mar Caribe

			Introducción: Los arrecifes coralinos albergan elevada biodiversidad y tienen gran importancia ecológica, social y económica. Sin embargo, múltiples factores de estrés locales y globales degradan cada vez más estos ecosistemas. Entre los factores de estrés globales, se destaca el aumento de la temperatura superficial del mar (TSM), y los estudios en arrecifes remotos ofrecen una oportunidad única para evaluar sus efectos.

			Objetivo: Este estudio tuvo como objetivo determinar los efectos de la ola de calor marina del 2015 en la condición de los corales en dos crestas arrecifales remotas en el Golfo de Cazones, en el sur de Cuba.

			Métodos: En octubre de 2015, realizamos un muestreo en tres sitios a lo largo de dos crestas arrecifales y utilizamos datos de 2012 de la misma área para determinar los cambios en la condición de los arrecifes. Nosotros empleamos un transecto lineal de 10 m para el muestreo de campo, y obtuvimos series de tiempo de la TSM y el estrés térmico acumulado desde 1998 hasta 2015.

			Resultados: La TSM media en el 2015 fue entre 0,56 y 0,59 °C mayor que el promedio de 17 años (i.e., 1998-2014), con 298 y 303 días que superaron la TSM media, mientras que los valores máximos de TSM alcanzaron entre 31,94 a 31,97 °C entre los tres sitios. El estrés térmico acumulado alcanzó, aproximadamente, 11 °C-semanas, un valor que nunca antes se había registrado en estas crestas arrecifales. El blanqueamiento afectó entre el 56 y 77 % de los corales como respuesta al estrés térmico acumulado en el 2015, con una mortalidad reciente que osciló entre 4,5 % y 31,3 %. El modelo lineal generalizado de efectos mixtos mostró que el blanqueamiento de los corales predijo significativamente la probabilidad de mortalidad reciente a nivel de colonia. Entre 2012 y 2015, la cobertura de coral vivo disminuyó significativamente en los tres sitios, con pérdidas de hasta 44 %, junto con disminuciones en la abundancia relativa y cobertura de Acropora palmata de ~ 19 % y 43 %, respectivamente.

			Conclusiones: El estrés térmico acumulado durante la ola de calor marina de 2015 fue el principal factor que causó el intenso evento de blanqueamiento de corales, acompañado de mortalidad coralina y pérdidas sustanciales de cobertura de coral vivo, así como las disminuciones en la abundancia relativa y la cobertura de A. palmata en dos sitios de cresta arrecifal, lo cual es preocupante debido a que es la principal especie que forma arrecifes someros en el Mar Caribe.

			Palabras claves: estrés térmico; blanqueamiento de coral; mortalidad reciente; cobertura de coral vivo; crestas arrecifales remotas; A. palmata.
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			Introduction

			Coral reef ecosystems are among the most biodiverse environments on the planet (Groombridge & Jenkins, 2002; Wagner et al., 2020) and provide a wide range of ecosystem services. These services include supporting fisheries and tourism, providing habitat and food for fish and invertebrates, generating beach sand, and protecting coastal natural resources and infrastructure (Woodhead et al., 2019; Eddy et al., 2021). Caribbean coral reefs also support fisheries and tourism, which play a vital role in the region’s economy (Jackson et al., 2014). However, the conditions of coral reefs in the Caribbean Sea has declined since the 1980s (Gardner et al., 2003; Schutte et al., 2010). Rapid human population growth, overfishing, coastal pollution, and invasive species have driven this decline (Jackson et al., 2014). Additionally, rising SST (Sea Surface Temperature; Schutte et al., 2010; Bove et al., 2022), ocean acidification (Gledhill et al., 2008; Kleypas & Hoegh-Guldberg, 2008), and increasingly frequent and intense hurricanes (Wilkinson & Souter, 2008) have contributed to the decline in coral reef health.

			Caribbean reef decline is driven by factors at both local (e.g., eutrophication, overfishing) and global scales (e.g., ocean warming), but discerning which of these is predominant remains difficult (Edmunds & Bruno, 1996; Caballero et al., 2019). Studies on coral reefs far from anthropogenic activities provide an opportunity to assess ecosystem responses to global warming (Alcolado et al., 2010; Cerutti et al., 2020). Marine heatwaves, driven by global warming, are thermal anomalies that exceed long-term average seawater temperatures (Hobday et al., 2016; Wicquart et al., 2025). Evidence indicates that Caribbean coral reefs have warmed for at least a century, at a rate of 0.04 °C per decade from 1871 to 2020, with a 0.15 °C increase from 1981 to 2020 (Bove et al., 2022). Additionally, marine heatwaves have increased in both frequency and duration, from approximately one event per year in the early 1980s to up to five events per year on average in recent years (Bove et al., 2022).

			Most marine organisms are ectothermic, so surrounding seawater regulates their body temperature (Bove et al., 2022). This condition influences coral bleaching, a physiological response to elevated temperatures characterized by the breakdown of the symbiosis between the coral host and its microalgae. Coral bleaching occurs during prolonged periods of moderate thermal stress or under acute thermal exposure when SST exceeds the corals’ thermal tolerance threshold (Fordyce et al., 2019; Marzonie et al., 2023). This stress can lead to mortality, loss of coral cover, and changes in community structure and function (Eakin et al., 2019; Cerutti et al., 2020; Dell’Antonio et al., 2025; Birkart & Álvarez-Filip, 2025). Coral bleaching events associated with marine heatwaves have reached extreme levels–most notably in 2023, when 100 % mortality of Acropora palmata was recorded in shallow reefs of Puerto Morelos, in the Mexican Caribbean (Birkart & Álvarez-Filip, 2025).

			Furthermore, approximately 70 % of reef crests across the Greater Caribbean experienced accumulated heat stress equal to or greater than levels recorded at Puerto Morelos, suggesting a widespread mass mortality event among shallow-water coral species (Birkart & Álvarez-Filip, 2025). Moreover, other coral species such as Millepora spp., which had previously recovered from the 1998 and 2005 heat stress events, suffered up to 84 % colony mortality and lost up to 87 % of their cover during the 2024 marine heatwave in the U.S. Virgin Islands. This severe event appears to have exceeded these species’ capacity to recover from such disturbances (Dell’Antonio et al., 2025). These studies underscore the urgent need to monitor heat stress events in marine ecosystems and their consequences for coral communities and other sessile benthic cnidarians.

			As part of the project “Assessment of the Potential Impacts of Climate Change on Biodiversity and Development of Adaptation Strategies in Two Fragile Ecosystem Regions of Cuba,” we conducted an expedition to the Gulf of Cazones in southwestern Cuba to monitor the condition of coral reefs remote from human settlements (Rey-Villiers et al., 2016). This expedition took place in October 2015 and coincided with the third global marine heatwave (2014–2017) and with widespread coral bleaching and mortality events (Cerutti et al., 2020; Eakin et al., 2019; Eakin et al., 2026). This research aimed to determine the magnitude of coral bleaching resulting from the 2015 marine heatwave and to assess coral condition during this event at two remote reef crests in the Gulf of Cazones, southern Cuba. These reef crests exhibited high structural complexity, and one was the most resilient and best conserved among all evaluated crests in Cuba, with 63 % live coral cover and 81 % prevalence of A. palmata colonies in 2012 (Alcolado et al., 2013; Caballero-Aragón et al., 2020). This study documents significant coral health deterioration resulting from accumulated heat stress in reef crests remote from human settlements. It also presents remote-sensing-derived temporal data on abiotic variables associated with these phenomena.

			MATERIALS AND METHODS

			Study area description brief: The study area lies north of the Gulf of Cazones, adjacent to the Zapata Swamp Peninsula, along the southern coast of central Cuba, in the Caribbean Sea (Fig. 1).

			This gulf is a deep, narrow oceanic inlet that extends northward near the island’s coastline and terminates in a large circular formation known as “Ensenada de Cazones”. Cays and extensive mangroves along the swampy coastal margin surround the gulf and attenuate extreme terrestrial runoff reaching coral reefs, particularly during the rainy season (Caballero et al., 2016). Surface currents in the gulf flow primarily westward, driven by prevailing trade winds, cold fronts, and southerly winds (Pavlidis et al., 1973).

			Coral reefs north of the Gulf of Cazones lie within the Ciénaga de Zapata Biosphere Reserve and form part of the Ciénaga de Zapata National Park, a strictly managed Marine Protected Area (González-Méndez et al., 2023). These systems are classified as fringing or shelf-edge reefs and may occur with or without reef crests. Reef crests are shallow coral formations that function as wave-breaking barriers. We sampled three reef crest sites: Faro Cazones and two sites near Diego Pérez Key. We selected and classified these sites as representative reef-crest habitats based on previous studies (Alcolado et al., 2010; Alcolado et al., 2013; Caballero et al., 2016; Caballero et al., 2019; Caballero et al., 2020). The three sites contained a continuous reef tract extending at least 200 m along a depth range of ~ 1–3 m, and the sites were separated by more than 1 km (Fig. 1; Table 1). 

			Environmental parameters: We selected two satellite-derived sea temperature parameters from the Coral Bleaching Early Warning System (Cerdeira-Estrada et al., 2020; Cerdeira-Estrada et al., 2024), available through the SIMAR (Marine and Coastal Information and Analysis System) operational explorer (https://simar.conabio.gob.mx). We downloaded daily time series of SST and DHWs (Degree Heating Weeks) for each sampling site (1 km² spatial resolution) from January 1, 1998, to December 31, 2015. SST data came from infrared observations obtained by the MODIS (Moderate Resolution Imaging Spectroradiometer) Global Mapped 11 μm Nighttime Sea Surface Temperature sensor aboard the Aqua and Terra satellites (Kilpatrick et al., 2015). DHWs represent the accumulation of positive SST anomalies over 12 weeks relative to the Maximum Monthly Mean nighttime SST (adjusted climatology), reflecting temperatures exceeding the expected summer maximum by 1 °C per week. We calculated the DHW values following the methodology of CRW (Coral Reef Watch) of the NOAA (National Oceanic and Atmospheric Administration), using weekly temperature data from the OSTIA (Operational Sea Surface Temperature and Sea Ice Analysis) and GHRSST-MUR (Group for High Resolution Sea Surface Temperature–Multiscale Ultrahigh Resolution) systems (Cerdeira-Estrada et al., 2020). According to NOAA´s CRW methodology, DHW values reflect accumulated heat stress, with values ≥ 4 °C-weeks inducing significant coral bleaching and values ≥ 8 °C-weeks leading to widespread bleaching and coral mortality (Eakin et al., 2010; Eakin et al., 2026).

			Sampling methodology: Field sampling took place from October 13 to 23, 2015, in the wave-exposed zone of each reef crest, following the AGRRA (Atlantic and Gulf Rapid Reef Assessment) protocol (Kramer & Lang, 2003). We utilized a 10 m linear transect as the sampling unit for biological data collection. Using free diving, we haphazardly placed 11-12 line transects of 10 m just above the coral-rock substrate, parallel to the reef structure, to obtain independent replicates at each site. Along each transect, we used a 1-m PVC pipe marked at 10-cm intervals to estimate how many meters of the transect were underlain by living tissue of each stony coral identified to the species level. We then calculated the percentage of live coral cover and the percentage of species-specific live cover for each transect and sampling site. To assess temporal changes in live coral cover, relative coral species abundance, and species-specific live cover, we compared our data with the 2012 data published by Caballero et al. (2016).

			Additionally, we identified all coral colonies ≥ 10 cm in size located directly beneath the line to the species level, and assessed 77–82 coral colonies per site (Table 1). For each transect, we evaluated each stony coral colony’s condition based on bleaching and recent mortality (%RM). We classified colony condition as fully bleached tissue (B), partially bleached tissue (PB), or pale tissue (P). From these classifications, we calculated the percentage of colonies in each bleaching category and the total percentage of bleached colonies by summing all categories. We evaluated bleaching intensity using the following scale: 0 = none, 1–10 % = low, 11–30 % = moderate, 31–50 % = high, 51–75 % = very high, and 75–100 % = nearly total (Alcolado, 2004). Moreover, we estimated %RM for each colony surveyed along the transects. We also calculated the relative abundance of stony coral species and identified those that accounted for 95 % of the community at each sampling site.

			Data processing: We recorded daily SST within each 1-km2 remote-sensing pixel (sampling unit) from 1998 to 2015. We analyzed the SST data using descriptive statistics by calculating the mean, standard deviation (SD), and minimum and maximum values for each site over the study period. We also calculated the daily mean SST for 1998–2014 to determine how many days in 2015 SST exceeded the corresponding daily mean at each site. We plotted daily SST values for each month from 1998 to 2015 at each site. To analyze accumulated heat stress, we compared DHW values among sites, years (i.e., 1998–2015), and their interaction (site × year) using a two-way PERMANOVA (Permutational Analysis of Variance) with 9999 permutations of residuals under a reduced model (Anderson et al., 2008). For this analysis, we aggregated DHW values seasonally (i.e., every three months) for each year to better account for the temporal dependence of the observations. We constructed the similarity matrix using Euclidean distance on the normalized data.

			We calculated relative species abundance based on the total number of colonies counted, excluding corals with 100 % old mortality (i.e., completely dead colonies fixed to the substrate). Moreover, we calculated species-specific bleaching percentage using the total number of colonies of each species at each site, and bleaching percentage for each size class using the total number of colonies of each species within that class. We treated colonies as nested within each transect and calculated the percentage of bleached colonies and the mean %RM for each transect at each site. Using this data structure, we constructed two Euclidean distance similarity matrices and compared both variables among sites, applying a one-way PERMANOVA with 9999 unrestricted permutations of raw data (Anderson et al., 2008). We also made another Euclidean distance similarity matrix based on live coral cover to compare this variable across sites, years (i.e., 2012 versus 2015), and their interaction (sites × years) using a two-way PERMANOVA with 9999 permutations of residuals under a reduced model. Significant differences between pairs of means were identified using PERMANOVA pairwise comparisons.

			Additionally, we performed a generalized linear mixed-effects model (GLMM) with a binomial distribution and logit link to test whether bleaching predicted recent mortality. For this purpose, we used recent mortality as a binary response variable (dead/alive), with colony bleaching status (bleached/unbleached) as a fixed effect. We included the site factor and transects nested within site as random effects to account for the spatial hierarchical design and non-independence among colonies sampled within the same units. We fitted this model using the lme4 package in R (R Core Team, 2026). We set statistical significance at α = 0.05. We performed all other statistical analyses and created figures using PERMANOVA v1.0.5 for PRIMER v6.1.15, Statistica 12.0, and SigmaPlot 12.0.

			RESULTS

			Environmental parameters: In 2015, all three sampling sites recorded the minimum and maximum SST values of the 1998–2015 period. At site FC, SST reached a minimum of 23.03 °C in February and a maximum of 31.97 °C in August 2015. Minimum SST values of 23.66 °C and 23.76 °C occurred in February 2015 at DP-N and DP-F, respectively. At DP-N, SST reached maximum values in September 2010 (31.95 °C) and August 2015 (31.94 °C); similarly, SST at DP-F peaked in September 2010 (31.97 °C) and August 2015 (31.95 °C) (Table S1). SST increased over the study period, reaching its highest mean in 2015 at all three sites (FC: 28.59 °C ± 1.99; DP-N and DP-F: 28.61 °C ± 1.93) (Fig. 2a, Table S1). Mean SST in 2015 exceeded the 1998–2014 mean by 0.56 °C at FC, 0.58 °C at DP-N, and 0.59 °C at DP-F. In 2015, SST also remained warmer than the 17-year mean (1998–2014) for 302 days at FC, 303 days at DP-N, and 298 days at DP-F (Fig. 2a). These results indicate that 2015 was warmer than the 17-year average and highlight the heat stress at the three sampling sites.

			Two-way PERMANOVA of DHWs revealed significant temporal variation only; neither site nor the site × year interaction had a significant effect (Table S2). These results indicate that accumulated heat stress increased from 1998 to 2015 across all sites, with the highest values recorded in 2015 (Figs. 2b and 2c). DHW values exceeded the 4 °C-weeks threshold at FC in some years during the 1998–2015 period (e.g., 1998, 2007, 2009, 2010, 2011, 2014, and 2015), and at DP-N and DP-F (e.g., 1998, 1999, 2005, 2009, 2010, 2011, 2014, and 2015) (Fig. 2b & Fig. 2c). However, 2015 was the only year in which DHWs exceeded 8 °C-weeks at all three sites during the analyzed period. At FC, DHWs exceeded 8 °C-weeks for 58 days, reaching a maximum of 11.09 °C-weeks from September 29 to October 10, 2015. At DP-N and DP-F, DHWs exceeded 8 °C-weeks for 51 days, with maximum values of 10.93 and 10.96 °C-weeks, respectively, during the same period (Fig. 2c, Table S3). The exception was 2014, when only two days (October 5 and 6) approached 8 °C-weeks at FC, and the other sites recorded no DHW values near 8 °C-weeks (Fig. 2c, Table S3).

			Coral bleaching and recent mortality: We detected a severe coral bleaching event across the study area in 2015, with 65.5% of colonies bleached. The percentage of bleached colonies did not show significant spatial variation (Pseudo-F (2, 32) = 1.63, P = 0.21), as all three sites showed high bleaching, with the highest values at FC (76.6 %), followed by DP-N (64.6 %) and DP-F (56.1 %) (Fig. 3).

			Partial bleaching predominated among colonies, with the highest values recorded at FC. The higher percentages of pale corals were observed at DP-N and DP-F, while fully bleached corals—the most critical condition—occurred most frequently at DP-F (Table 2).

			In the study area, Acropora cervicornis, Orbicella annularis, and Orbicella faveolata had 100 % bleached colonies. However, we counted very few colonies of these species (only 1 to 3), so we did not include them in the bleaching susceptibility analysis. The four coral species most affected by bleaching, with at least 15 colonies counted across the study area, were A. palmata (84.3 %), P. porites (80 %), M. complanata (69.8 %), and P. astreoides (46.2 %). At FC, P. astreoides and A. palmata exhibited the highest bleaching percentage among species and, together with M. complanata, represented the most impacted taxa. At DP-N, A. palmata, P. porites, and M. complanata were most affected, while at DP-F, A. palmata, M. complanata, and P. astreoides again experienced the greatest bleaching (Table 2).

			Overall, mean recent mortality across the study area was 13.3 % ± 22.7 (mean ± SD). The %RM differed significantly among sites (Pseudo-F(2, 32) = 21.3, P < 0.01), with FC showing the highest values (Fig. 3). A. palmata and M. complanata had the highest %RM across all sites (Table 2). We ran the GLMM and found that coral bleaching significantly predicted the probability of recent mortality at the colony level (β = 1.64, z = 3.49, p < 0.01). Bleached colonies were five times more likely to exhibit recent mortality than non-bleached colonies (odds ratio = 5.15, 95 % CI: 2.05–12.9). However, we observed no clear pattern between bleaching percentage and %RM across A. palmata size classes. A. palmata, M. complanata, and P. astreoides also did not have a clear pattern in bleaching percentage among size classes, which suggests these species were sensitive to this bleaching event at any size. M. complanata showed a trend of increasing %RM with increasing colony size, while %RM of P. astreoides varied in relation to the fluctuations in its bleaching percentage (Table S4).

			Live coral cover and relative abundance: Overall, live coral cover among the three sites declined from 42.3 % ± 21.8 % to 14.4 % ± 9.7 % (mean ± SD) between 2012 and 2015. A two-way PERMANOVA revealed significant differences in live coral cover among sites, years, and their interaction (site × year) (Fig. 4, Table 3).

			The largest variance components were temporal variation and residuals, indicating that temporal variability affected live coral cover about six times more than spatial variability and up to four times more than the interaction effect (Table 3). Live coral cover at FC significantly exceeded that at DP-N and DP-F in 2012; however, FC lost 44 % of its coral cover in only three years (2012–2015), eliminating significant differences among sites by 2015 (Fig. 4).

			When pooling the three sites, A. palmata, M. complanata, and P. astreoides had the highest relative abundance and live coral cover. In the study area, the relative abundance of A. palmata decreased by approximately 10 % and M. complanata by 13 %, while P. astreoides increased by 23 % between 2012 and 2015. However, we calculated relative species abundance with respect to the total number of colonies, so a decrease in one species can mathematically lead to an increase in others, even if absolute abundance (e. g., density) or physical cover declines or remains unchanged. Therefore, we also calculated live coral cover by species and found a decrease in this variable for all species in the study area between 2012 and 2015. P. porites was the exception, showing a slight increase in its cover (Table 4). At FC, the relative abundance of A. palmata declined by approximately 19 %, while M. complanata and P. astreoides increased by 9 % and 13 %, respectively. However, live coral cover of A. palmata and M. complanata decreased by ~ 43 % and 1 %, respectively, while that of P. astreoides increased. At DP-N, the relative abundance of A. palmata decreased by 3 % and M. complanata by 11 %, while P. astreoides increased by 13 % and P. porites by 18 %. However, live coral cover of A. palmata, M. complanata and P. astreoides decreased. At DP-F, the relative abundance of M. complanata decreased by 49 %, whereas P. astreoides and A. palmata increased by ~ 37 % and ~ 13 %, respectively. However, A. palmata was the only species that showed a slight increase in its cover (Table 4). 

			DISCUSSION

			Local stressors such as eutrophication and overfishing, together with global stressors, have driven widespread coral loss throughout the Caribbean and around Cuba since the 1980s (Wilkinson & Souter, 2008; Jackson et al., 2014; Pina-Amargós et al., 2023; Eakin et al., 2026). In Cuba, reefs farther from the coast and exposed to lower anthropogenic pollution and fishing pressure generally exhibit better ecological condition (González-Díaz et al., 2018; Caballero et al., 2019), as reported for the reefs of the Gulf of Cazones (Alcolado et al., 2013; Caballero et al., 2016). However, remote reefs with limited anthropogenic influence are also degrading due to the impacts of climate change (Wilkinson & Souter, 2008; Eakin et al., 2010; Eakin et al., 2026).

			Global stressors such as increasing SST, accumulated heat stress, and climate change-driven marine heatwaves have triggered mass coral bleaching events on remote reefs (Eakin et al., 2019; Cerutti et al., 2020), as occurred at the reef crests north of the Gulf of Cazones. All three sampling sites showed an increasing SST trend, and in 2015 SST exceeded the 1998–2014 mean on approximately 300 days. Moreover, sampling coincided with peak accumulated heat stress in late September–early October 2015, when DHW values reached 11.09, 10.93, and 10.96 °C-weeks at FC, DP-N, and DP-F, respectively. These values exceeded the 8 °C-weeks threshold associated with severe and widespread bleaching and substantial coral mortality (Eakin et al., 2010; Eakin et al., 2026), while bleaching ranged from nearly total at FC to very high at DP-N and DP-F (Alcolado, 2004). Reef-building zooxanthellate corals are highly sensitive to changes in seawater temperature, and an increase of 1–2 °C can be lethal (McField & Kramer, 2007). In this context, all three sites experienced 98–101 days when SST exceeded the long-term mean (1998–2014) by at least 1 °C. Furthermore, the sites recorded 100–102 days with DHWs ≥ 4 °C-weeks between August and November 2015, and 51–58 days with DHWs ≥ 8 °C-weeks from August to October 2015. These results indicate that SST at the three sites had cumulative values at least 1 °C higher than the Maximum Monthly Mean SST climatology.

			The high bleaching percentages we recorded during the 2015 accumulated heat stress event are consistent with patterns reported across the Caribbean, where severe coral bleaching events have been linked to marine heatwaves in 1987, 1998, 2005, 2010, 2015–2017, 2020, and more recently in 2023–2024 (Eakin et al., 2010; Eakin et al., 2026; Wicquart et al., 2025). These findings also align with the strong positive relationship between coral bleaching and accumulated heat stress documented during the 2014–2017 global event, when corals were particularly sensitive to heat stress, leading to widespread bleaching across tropical regions in 2015–2016 and in the Caribbean/Atlantic basin during 2014–2017 (Eakin et al., 2026). Therefore, we believe that the accumulated heat stress from the 2015 marine heatwave was the main stressor driving the intense coral bleaching event recorded on the reef crests north of the Gulf of Cazones.

			This bleaching event was not restricted to the study area; additional reports documented bleaching ranging from low to nearly total on reefs across Cuba (Alcolado & Rey-Villiers, 2016). Several studies indicate that 2014–2017 corresponded to the third global marine heatwave, which caused widespread bleaching and coral mortality across Caribbean and tropical reef systems (Cerutti et al., 2020; Eakin et al., 2019; Eakin et al., 2026; Wicquart et al., 2025). Our results suggest that this bleaching event was the most plausible cause of the recent mortality of coral colonies. During field sampling, we predominantly observed partially bleached colonies exhibiting recent mortality, with no signs of disease that could have contributed to that mortality. In addition, coral bleaching significantly predicted the probability of recent mortality at the colony level, and among the most affected species—A. palmata and M. complanata—exhibited the highest %RM. These findings are consistent with reports from the Florida Keys, where up to 100 % of A. palmata colonies bleached between 2014 and 2015. There, bleaching prevalence was associated with maximum daily mean water temperature above 31.3 °C, and the number of days with daily mean SST above 31 °C was the better predictor (Williams et al., 2017). Overall, mean %RM values at each site indicate compromised reef health, as healthy reefs typically exhibit low recent mortality of stony corals (below 3 %). In contrast, values exceeding 5 % represent a critical degradation threshold (McField & Kramer, 2007). The %RM at DP-N and DP-F approached 5 %, while FC exhibited substantially higher %RM. The 2015 %RM values at the three sites exceeded all values reported for the same sites between 2001 and 2012 (Rey-Villiers et al., 2016). For example, the 31.3 % recent mortality at FC in 2015 was about 28 times the value recorded in 2001 (1.1 %) and was noticeably higher than the values of 0.5 % in 2007, 0.2 % in 2010, and 0.1 % in 2012 (Rey-Villiers et al., 2016). These findings highlight the substantial impact of the 2015 bleaching event on recent stony-coral mortality.

			High %RM values associated with the 2015 bleaching event likely contributed to the drastic decline in live coral cover (e.g., a 28% loss) and to the reduction in relative abundance and live coral cover of A. palmata between 2012 and 2015 across the study area (pooling the three sites). Acute stressors can cause drastic short-term changes in reef ecosystems (Hughes et al., 2010). Between 2012 and 2015, no other acute stressors, such as hurricanes, affected the reef crests north of the Gulf of Cazones (National Hurricane Center, 2026), and no active outbreaks of white band disease in acroporids or other coral diseases were reported (Alcolado et al., 2013; Rey-Villiers et al., 2016; unpublished data from this study) that could explain the recent mortality, loss of live coral cover, or decline of A. palmata abundance and cover. An intense and sudden eutrophication event could also have contributed to coral cover loss, as eutrophication is one of the main factors driving reef degradation in the Caribbean (Jackson et al., 2014; Carlson et al., 2019; Eakin et al., 2026). However, no evidence suggests such an event occurred in the study area, as low, stable nitrogen isotope values in the octocorals Eunicea flexuosa and Plexaura kükenthali southeast of Diego Pérez Key (mean values: 1.2–1.7 ‰) suggest good water quality at these reefs (Rey-Villiers et al., 2021).

			In contrast, accumulated heat stress in 2014 may have contributed to the changes detected at the three reef crest sites. However, we lacked biological data from 2013 and 2014, which limits our ability to relate coral responses to the heat stress experienced in 2014. Despite this limitation, DHW values at the three sampling sites did not exceed 8 °C-weeks in 2014, the threshold associated with coral mortality risk following a widespread bleaching event (Eakin et al., 2010; Eakin et al., 2026), whereas DHW values in 2015 reached ~ 11 °C-weeks, exceeding both the values recorded in 2014 and the 8 °C-weeks threshold. Although DHW values showed heat stress at DP-N and DP-F (~ 4–6 °C-weeks) and at FC (maximum values of 7.5–7.9 °C-weeks) in 2014, this does not necessarily indicate a widespread bleaching event accompanied by coral mortality. In this regard, Muñiz-Castillo & Arias-González (2021) reported low coral bleaching affectation during the 2015 heat stress event (e. g., ~ 6 °C-weeks) at some sites within Parque Nacional Arrecife Alacranes (PNAA), in the southwestern Gulf of Mexico. The thermal stress recorded at PNAA in 2015 was similar to that observed in our study area in 2014; therefore, no clear evidence indicates that the heat stress experienced at the three sampling sites in 2014 triggered widespread bleaching accompanied by mortality.

			Consequently, accumulated heat stress in 2015 appears to have been one of the main drivers of coral cover loss and the decline in A. palmata abundance and cover, consistent with trends reported for other Caribbean reef crests, including the Mesoamerican Reef and the Florida Keys (García-Salgado et al., 2008; Jackson et al., 2014; Williams et al., 2017). The decline in live coral cover also matched regional Caribbean patterns, where mass bleaching events driven by accumulated heat stress have caused drastic decreases, notably in 1998 (-9 %), 2005 (-17.1 %), and more recently between 2023 and 2024 (-16.9 %) (Wicquart et al., 2025). Similar declines in live coral cover have also been documented in other tropical regions without local anthropogenic pressures following the global coral bleaching event of 2014–2017 (Cerutti et al., 2020).

			Previous assessments considered the FC reef crest the most conserved and resilient in Cuba, with ~ 63 % live coral cover and 81 % abundance of A. palmata through 2012 (Alcolado et al., 2013; Caballero et al., 2016). However, by 2015, this site experienced an unprecedented decline in live coral cover of up to 44%, a reduction in A. palmata abundance of approximately 19%, and a decline in its cover of up to 43%. Notably, FC also showed the highest DHW values, along with the greatest percentage of bleached corals, and significantly higher %RM than the other sites. A. palmata was among the species most affected by bleaching, with higher %RM at FC than at the other two sites, coinciding with a shift in coral community composition characterized by declines in A. palmata abundance and cover and increases in the abundance and cover of the opportunistic species P. astreoides. This decline in A. palmata also coincided with a one-third decrease in its cover on the Florida Keys reefs during the same marine heatwave and bleaching event (Williams et al., 2017). This shift from keystone shallow reef-building species such as A. palmata toward opportunistic corals more tolerant of local and global stressors (e.g., P. astreoides) has likely reduced structural complexity and the ecological functions and services of that reef system. Such coral community shifts have already been documented on reefs across Cuba and the Caribbean (Caballero et al., 2019, Caballero et al., 2020; Cramer et al., 2021). This scenario is even more concerning because these are remote reef crests within a marine protected area; thus, our findings highlight the urgent need to mitigate rising SST driven by global climate change.

			In conclusion, our results highlight that these remote reef crests, far from coastal development and unaffected by anthropogenic pollution, also experience the effects of global stressors such as accumulated heat stress, leading to severe bleaching events accompanied by coral mortality and substantial losses of live coral cover. In addition, accumulated heat stress during the 2015 marine heatwave likely drove declines in A. palmata relative abundance and cover at reef crest sites FC and DP-N, which is concerning because it is the keystone shallow reef-building species in the Caribbean Sea. In the context of the climate crisis, our results enhance the importance of continuing environmental and biological monitoring of these reef crests to assess the potential recovery of surviving colonies and obtain more up-to-date information to support effective conservation measures. In addition, we suggest that future research should investigate the physiological aspects of thermal tolerance in surviving colonies, including their trophic strategy (particularly the prevalence of heterotrophy), as well as the genetic characteristics of the host and its zooxanthellae, and the microbiome of more resilient colonies.
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			Fig. 1. Geographic location of the study area and sampling sites. (A) Regional location of Cuba within the Caribbean Sea. (B) Southwestern region of Cuba, showing the location east of the Gulf of Cazones and the direction of marine currents (schematic modified from Hernández-González et al., 2012). (C) Distribution of the three sampling sites across the reef crests in the Gulf of Cazones. FC: Faro de Cazones; DP-N: Diego Pérez Norte; and DP-F: Diego Pérez Faro.

		

		
			Table 1

			Information of the three sampling sites across two reef crests north of the Gulf of Cazones.

			
				
					
					
					
					
				
				
					
							
							Variables

						
							
							Faro de Cazones

						
							
							Diego Pérez Norte

						
							
							Diego Pérez Faro

						
					

					
							
							Sites acronym

						
							
							FC

						
							
							DP-N

						
							
							DP-F

						
					

					
							
							Latitude N

						
							
							22°5’55.86”

						
							
							22°2’9.78”

						
							
							22°1’17.82”

						
					

					
							
							Longitude W

						
							
							81°31’9.60”

						
							
							81°30’52.56”

						
							
							81°30’57.12”

						
					

					
							
							Depth (m)

						
							
							1.5-2.5

						
							
							2-2.5

						
							
							2-2.5

						
					

					
							
							Biotope

						
							
							Windward side of the crest

						
							
							Windward side of the crest

						
							
							Windward side of the crest

						
					

					
							
							Transects number

						
							
							11

						
							
							12

						
							
							12

						
					

					
							
							Colonies number

						
							
							77

						
							
							79

						
							
							82
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			Fig. 2. Daily sea surface temperature (SST) and degree heating weeks (DHWs) from 1998 to 2015 at each sampling site. A. Daily SST for 2015 (red line) and the 1998–2014 mean SST (blue line). B. DHW values (mean, 95 % confidence intervals, minimum, and maximum) from 1998 to 2015 across the three sampling sites. C. DHW values during the years with the highest accumulated heat stress (2015, red line; 2014, black line) across the three sampling sites. Horizontal dashed lines indicate DHW thresholds of 4 and 8 °C-weeks. Site abbreviations are defined in Table 1 and Fig. 1.
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			Fig. 3. Bleaching and recent mortality of stony corals across the sampling sites. (A) Percentage of bleached and unbleached colonies at each sampling site. (B) Mean, 95 % confidence intervals, minimum, and maximum values of recent mortality (%) for stony corals across sites. The asterisk indicates significant differences between pairs of means. (C) Representative field photographs of A. palmata and Millepora complanata colonies exhibiting bleaching and recent mortality at site FC. Site abbreviations are provided in Table 1 and Fig. 1. Photo credit: NRV.

		

		
			Table 2

			Percentage of bleached colonies and mean ± standard deviation (SD) of recent mortality (RM) for the evaluated stony coral species across the three sampling sites. Site abbreviations are defined in Table 1 and Fig. 1.

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Sites

						
							
							Species

						
							
							Colonies number

						
							
							Total 

							bleaching (%)

						
							
							Pale 

							(%)

						
							
							Partially 

							bleached (%)

						
							
							Bleached 

							(%)

						
							
							RM 

							(%)

						
							
							SD

						
					

					
							
							FC

						
							
							Acropora cervicornis

						
							
							2

						
							
							100

						
							
							0.0

						
							
							100

						
							
							0.0

						
							
							50.0

						
							
							14.1

						
					

					
							
							
							Acropora palmata

						
							
							48

						
							
							79.2

						
							
							0.0

						
							
							79.2

						
							
							0.0

						
							
							38.4

						
							
							26.7

						
					

					
							
							
							Millepora complanata

						
							
							14

						
							
							57.1

						
							
							0.0

						
							
							50.0

						
							
							7.1

						
							
							32.9

						
							
							28.6

						
					

					
							
							
							Porites astreoides

						
							
							13

						
							
							84.6

						
							
							23.1

						
							
							61.5

						
							
							0.0

						
							
							0.4

						
							
							1.4

						
					

					
							
							 

						
							
							Total

						
							
							77

						
							
							76.6

						
							
							3.9

						
							
							71.4

						
							
							1.3

						
							
							31.3

						
							
							28.1

						
					

					
							
							DP-N

						
							
							Acropora palmata

						
							
							9

						
							
							88.9

						
							
							0.0

						
							
							88.9

						
							
							0.0

						
							
							22.8

						
							
							24.1

						
					

					
							
							
							Millepora complanata

						
							
							29

						
							
							72.4

						
							
							17.2

						
							
							48.3

						
							
							6.9

						
							
							3.8

						
							
							13.2

						
					

					
							
							
							Orbicella annularis

						
							
							3

						
							
							100

						
							
							100

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							
							Porites astreoides

						
							
							23

						
							
							34.8

						
							
							8.7

						
							
							21.7

						
							
							4.3

						
							
							1.3

						
							
							6.3

						
					

					
							
							
							Porites furcata

						
							
							1

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							
							Porites porites

						
							
							14

						
							
							78.6

						
							
							64.3

						
							
							14.3

						
							
							0.0

						
							
							0.7

						
							
							2.7

						
					

					
							
							 

						
							
							Total

						
							
							79

						
							
							64.6

						
							
							24.1

						
							
							36.7

						
							
							3.8

						
							
							4.5

						
							
							13.4

						
					

					
							
							DP-F

						
							
							Acropora palmata

						
							
							13

						
							
							100

						
							
							0.0

						
							
							100

						
							
							0.0

						
							
							19.6

						
							
							14.2

						
					

					
							
							
							Pseudodiploria strigosa

						
							
							1

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							
							Millepora alcicornis

						
							
							1

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							
							Millepora complanata

						
							
							10

						
							
							80

						
							
							0.0

						
							
							60

						
							
							20

						
							
							11.5

						
							
							19.4

						
					

					
							
							
							Orbicella faveolata

						
							
							1

						
							
							100

						
							
							100

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							
							Porites astreoides

						
							
							55

						
							
							41.8

						
							
							18.2

						
							
							18.2

						
							
							5.5

						
							
							0.4

						
							
							2.7

						
					

					
							
							
							Porites porites

						
							
							1

						
							
							100

						
							
							100

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
							
							0.0

						
					

					
							
							 

						
							
							Total

						
							
							82

						
							
							56.1

						
							
							14.6

						
							
							35.4

						
							
							6.1

						
							
							4.8

						
							
							11.5
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			Fig. 4. Live coral cover (%) across the three reef crest sites north of the Gulf of Cazones in 2012 and 2015. Data represent mean values ± standard deviation. Different lowercase letters indicate significant differences among sites in 2012 and between years within a site. Site abbreviations are provided in Table 1 and Fig. 1.

		

		
			Table 3

			Two-way PERMANOVA testing the effects of site (FC, DP-N, and DP-F), year (2012 and 2015), and their interaction (site x year) on live coral cover (%) north of the Gulf of Cazones. The magnitude of the effect for each factor was evaluated using estimates of components of variation (ECV).

			
				
					
					
					
					
					
					
					
				
				
					
							
							Variable

						
							
							Factor

						
							
							Degrees of freedom

						
							
							ECV

						
							
							ECV (%)

						
							
							Pseudo-F

						
							
							Pperm

						
					

					
							
							Live coral cover (%)

						
							
							Sites

						
							
							2

						
							
							121.3

						
							
							7.5

						
							
							6.7

						
							
							0.0001

						
					

					
							
							Years

						
							
							1

						
							
							696.3

						
							
							43

						
							
							49.7

						
							
							0.0001

						
					

					
							
							Sites x years

						
							
							2

						
							
							186.7

						
							
							11.5

						
							
							5.4

						
							
							0.0003

						
					

					
							
							Residuals

						
							
							86

						
							
							616.4

						
							
							38

						
							
							
					

				
			

		

		
			Table 4

			Relative abundance (RA, %) of stony coral species accounting for 95 % of the community and live coral cover by species (LCC, %) across the three reef crest sites from 2012 to 2015 north of the Gulf of Cazones. Site abbreviations are given in Table 1 and Fig. 1.

			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Species

						
							
							FC

						
							
							DP-N

						
							
							DP-F

						
					

					
							
							RA

						
							
							LCC

						
							
							RA

						
							
							LCC

						
							
							RA

						
							
							LCC

						
					

					
							
							2012

						
							
							2015

						
							
							2012

						
							
							2015

						
							
							2012

						
							
							2015

						
							
							2012

						
							
							2015

						
							
							2012

						
							
							2015

						
							
							2012

						
							
							2015

						
					

					
							
							A. palmata

						
							
							81.1

						
							
							62.3

						
							
							56.2

						
							
							13.3

						
							
							14.7

						
							
							11.4

						
							
							4.3

						
							
							1.7

						
							
							3.2

						
							
							15.9

						
							
							1.2

						
							
							4.7

						
					

					
							
							M. alcicornis

						
							
							1.1

						
							
							0

						
							
							0.3

						
							
							0

						
							
							0.8

						
							
							0

						
							
							0.1

						
							
							0

						
							
							0

						
							
							1.2

						
							
							0

						
							
							0.04

						
					

					
							
							M. complanata

						
							
							8.9

						
							
							18.2

						
							
							3.5

						
							
							2.5

						
							
							48.1

						
							
							36.7

						
							
							18.2

						
							
							7

						
							
							60.8

						
							
							12.2

						
							
							20.2

						
							
							0.7

						
					

					
							
							O. annularis

						
							
							1.1

						
							
							0

						
							
							0.1

						
							
							0

						
							
							2.3

						
							
							3.8

						
							
							0.7

						
							
							0.2

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
					

					
							
							P. astreoides

						
							
							3.9

						
							
							16.9

						
							
							0.9

						
							
							1.8

						
							
							16.3

						
							
							29.1

						
							
							3.5

						
							
							2.3

						
							
							30.4

						
							
							67.1

						
							
							6.1

						
							
							5.7

						
					

					
							
							P. furcata

						
							
							0.6

						
							
							0

						
							
							0.1

						
							
							0

						
							
							16.3

						
							
							1.3

						
							
							3.1

						
							
							0.1

						
							
							5.6

						
							
							0

						
							
							1.4

						
							
							0

						
					

					
							
							P. porites

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							17.7

						
							
							0

						
							
							1.9

						
							
							0

						
							
							1.2

						
							
							0

						
							
							0.01

						
					

					
							
							S. siderea

						
							
							1.1

						
							
							0

						
							
							0.5

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0

						
							
							0
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ABSTRACT
Introduction: Coral reefs harbor high biodiversity and have great ecological, social, and economic importance.
However, multiple local and global stressors increasingly degrade these ecosystems. Among global stressors,
rising SST (Sea Surface Temperature) stands out, and studies on remote reefs provide a unique opportunity to
assess its effects.
Objective: This study aimed to determine the effects of the 2015 marine heatwave on coral condition at two
remote reef crests in the Gulf of Cazones, southern Cuba.
Methods: In October 2015, we surveyed three sites across two reef crests and used 2012 data from the same area
to assess changes in reef condition. We sed a 10 m linear transect for field sampling and obtained time series of
SST and accumulated heat stress from 1998 to 2015.
Results: The mean SST in 2015 was 0.56-0.59 °C higher than the 17-year average (i.e., 1998-2014), with 298-303
days exceeding the average SST, while maximum SST values reached 31.94-31.97 °C across the three sites.
Accumulated heat stress reached approximately 11 °C-weeks, a value never previously recorded for these reef
crests. Bleaching affected 56-77 % of corals in response to accumulated heat stress in 2015, with recent mortality
ranging from 4.5 % to 31.3 %. The generalized linear mixed-effects model showed that coral bleaching signifi-
cantly predicted the probability of recent mortality at the colony level. Between 2012 and 2015, live coral cover
decreased significantly at all three sites, with losses of up to 44 %, accompanied by declines in Acropora palmata
relative abundance and cover of ~ 19 % and ~ 43 %, respectively.
Conclusions: Accumulated heat stress during the 2015 marine heatwave was the main driver of the intense coral
bleaching event, accompanied by coral mortality and substantial losses of live coral cover, as well as declines in
A. palmata relative abundance and cover at two reef crest sites, which is concerning because it is the keystone
shallow reef-building species in the Caribbean Sea.

Key words: heat stress; coral bleaching; recent mortality; live coral cover; remote reef crests; A. palmata.





