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El Niño-driven phase shift to algal dominance on Isla del
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Background. Coral reefs at Isla del Caño, Costa Rica, have largely retained coral cover
and high biodiversity during recent El Niño events that caused global bleaching, leading to
suggestions of resilience. Supporting ecosystem services, including marine tourism and
biodiversity, evaluating the impact of the 2023324 El Niño is essential for guiding
management and ensuring reef persistence. Methods. Reef surveys were conducted at
nine sites in the Reserva Biológica de Isla del Caño and northern Corcovado. Benthic cover
and coral health were assessed at eight sites from February 2024 to January 2025, with
additional surveys at Chorro and Cueva in 201932020. Coral Reef Watch sea surface
temperature (SST) data (198532025; CoralTemp V3.1) were used to calculate long-term
SST trends, Degree Heating Weeks (DHW) and bleaching threshold exceedances; beta
regression assessed temperature eûects on coral cover. Benthic composition was recorded
using point- and line-intercept transects. Coral diversity, abundance, and health were
assessed via belt transects. Bayesian beta regression estimated bleaching prevalence by
site and taxa and coral taxa proportions . SIMPER identiûed contributors to benthic
composition change. Principal Component Analysis (PCA) examined community shifts:
during bleaching (March3July 2024), after bleaching (August3December 2024), and latest
(January3February 2025). Zero-inûated beta regression and generalized additive models
(GAMs) tracked coral and algal cover. An Ecological Restoration Feasibility Index
integrated PCA loadings, coral cover, and ecological weights to rank sites by recovery
potential. Results. SST increased signiûcantly over 40 years (~0.23°C/decade), with the
2023324 El Niño recording peak SST (31.2°C). Bleaching threshold exceedance days
increased, while cool days declined. Twelve coral taxa were recorded; Pocillopora spp. and
Porites lobata were present at all sites. Coral diversity was highest at Cueva and Ancla and
lowest at San Josecito. Bleaching prevalence was highest in Pocillopora spp.. SIMPER and
PCA revealed a shift from coral to algal dominance: turf algae increased by 70.62%, dead
coral declined 80.71%, and coral cover fell 40.44%. Major coral declines occurred at
several sites alongside turf algae increases . Coral cover peaked at 738 m depth and was
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higher at warmer sites, though other factors were inûuential. Chorro and Esquina had the
highest recovery potential; Ancla, San Josecito, and Barco Profundo the lowest.
Conclusion. There is urgent need to develop and implement a coral reef restoration
strategy for Isla del Caño that addresses site-speciûc conditions, integrates tourism
management, and promotes long-term resilience. Under continued climate change,
localized, targeted restoration will be essential to maintain the ecological function of these
historically resilient but increasingly vulnerable reefs in Costa Rica9s Tropical Eastern
Paciûc.
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42 Abstract

43 Background. Coral reefs at Isla del Caño, Costa Rica, have largely retained coral cover and high 
44 biodiversity during recent El Niño events that caused global bleaching, leading to suggestions of 
45 climatic resilience. As these reefs support key ecosystem services, including marine tourism and 
46 biodiversity conservation, evaluating the impact of the 2023�24 El Niño is essential for guiding 
47 management and ensuring reef persistence.
48 Methods. Reef surveys were conducted from 2019 to 2024 at nine sites in the Reserva Biológica 
49 de Isla del Caño and northern Corcovado. Benthic cover and coral health were assessed at eight 
50 sites from February 2024 to January 2025, with additional surveys at Chorro and Cueva in 2019�
51 2020. Coral Reef Watch sea surface temperature (SST) data (1985�2025; CoralTemp V3.1) were 
52 used to calculate long-term SST trends and Degree Heating Weeks (DHW). Linear regression 
53 quantified SST increases and bleaching threshold exceedances; beta regression assessed 
54 temperature effects on coral cover. Benthic composition was recorded using point-intercept, line-
55 intercept, and quadrat surveys. Coral diversity, abundance, and health were assessed via belt 
56 transects. Bayesian beta regression estimated bleaching prevalence by site and taxa. SIMPER 
57 identified contributors to benthic composition change. Principal Component Analysis (PCA) 
58 examined community shifts across three periods: during bleaching (March�July 2024), after 
59 bleaching (August�December 2024), and latest (January�February 2025). Zero-inflated beta 
60 regression and generalized additive models (GAMs) tracked coral and algal cover. Multivariate 
61 beta regression analyzed changes in coral taxa proportions. An Ecological Restoration Feasibility 
62 Index integrated PCA loadings, coral cover, and ecological weights to rank sites by recovery 
63 potential.
64 Results. SST increased significantly over 40 years (~0.23°C/decade), with the 2023�24 El Niño 
65 recording peak SST (31.2°C). Bleaching threshold exceedance days increased, while cool days 
66 declined. Twelve coral taxa were recorded; Pocillopora spp. and Porites lobata were present at 
67 all sites. Coral diversity was highest at Cueva and Ancla and lowest at San Josecito. Estimated 
68 baseline bleaching prevalence was ~23%, highest in Pocillopora spp. (33.9%). SIMPER and 
69 PCA revealed a shift from coral to algal dominance: turf algae increased by 70.62%, dead coral 
70 declined 80.71%, and coral cover fell 40.44%. Major coral declines were statistically significant 
71 at Ancla, Esquina, and Tina. Bayesian regression confirmed coral decline at Chorro, Cueva, 
72 Tina, and Ancla, alongside turf algae increases. Coral cover peaked at 7�8 m depth and was 
73 higher at warmer sites, though non-temperature related factors were influential. Chorro and 
74 Esquina had the highest recovery potential; Ancla, San Josecito, and Barco Profundo the lowest.
75 Conclusion. There is urgent need to develop and implement a coral reef restoration strategy for 
76 Isla del Caño that addresses site-specific conditions, integrates tourism management, and 
77 promotes long-term resilience. Under continued climate change, localized, targeted restoration 
78 will be essential to maintain the ecological function of these historically resilient but increasingly 
79 vulnerable reefs in Costa Rica�s Tropical Eastern Pacific.
80
81
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82 Introduction

83 Coral reefs are vital yet sensitive ecosystems that have experienced 50% global loss of coral 
84 cover over the last three decades (IPBES et al., 2019). Warm water reefs continue to face the 
85 unprecedented human-driven threat of global warming, repeatedly overshooting target 
86 temperatures and exceeding critical tipping point thresholds (Armstrong McKay et al., 2022; 
87 Intergovernmental Panel On Climate Change (Ipcc), 2023; IPCC, 2018). Breaching tipping 
88 points can result in irreversible shifts away from coral dominance to algal dominance (Klein et 
89 al., 2024), reducing biodiversity (Barlow et al., 2018), compromised ecosystem functioning and 
90 threatened livelihoods (Sing Wong et al., 2022). Coral reef collapse, involving functional 
91 extinction, typically occurs with 10% coral cover or less, and is associated with low taxa 
92 diversity and limited ecological interactions (Armstrong McKay et al., 2022; Darling et al., 
93 2019). Widespread coral mortality, and shifts towards ecosystem collapse, occur primarily 
94 during El Niño events, which compound warming ocean temperatures and drive mass coral 
95 bleaching. Corresponding to the increasing frequency of El Niño Southern Oscillation (ENSO) 
96 events (Claar et al., 2018; Heron et al., 2016), there has been a significant increase in the extent 
97 of mass coral bleaching over the past 50 years (Virgen-Urcelay & Donner, 2023). The most 
98 recent El Niño (2023-24) drove the fourth global mass bleaching event with projected 
99 widespread coral mortality (Reimer et al., 2024), underscoring the urgent need for local coral 

100 reef monitoring and targeted restoration strategies (Hein et al., 2021; Shaver et al., 2022; Suggett 
101 et al., 2024).
102
103 Periods of abnormally warm water associated with ENSO have variably driven coral declines in 
104 the Costa Rican Tropical Eastern Pacific (TEP), including Isla del Caño (Alvarado et al., 2020; 
105 Cortés et al., 2010; Guzmán et al., 1987; Guzman & Cortés, 2007; Jiménez et al., 2001). Isla del 
106 Caño, located in the south Pacific coast of Costa Rica near the Osa Peninsula, was designated a 
107 protected area (Biological Reserve) in 1978. The Isla del Caño Biological Reserve, IUCN 
108 category I Wilderness Area for the long-term protection of ecological integrity (Dudley, 2008), 
109 was subsequently expanded to include 55km2 of marine area (SINAC, 2009). Isla del Caño 
110 reportedly harbors the highest coral species richness in Costa Rica (Cortés et al., 2010; Salas et 
111 al., 2016) and is proposed as a unique biodiversity hot spot that has garnered dependence of an 
112 extensive local dive industry (ACOSA-TNC-UCI-ELAP, 2008; BIOMARCC-SINAC-GIZ, 
113 2016; Naranjo-Arriola, 2021). With their protected status, high ecological and socio-economic 
114 importance, the biodiverse reefs of Isla del Caño are an key contributors to Costa Rica�s Tropical 
115 Eastern Pacific (TEP), and purported to be resilient to climate change (Friedlander et al., 2022).
116
117 The 1982-83 El Niño impacted Isla del Caño, causing 50% coral mortality overall, virtually 
118 eliminating populations of Gardineroseris planulata, Porites panamensis, and Pocillopora spp. 
119 in shallow reef zones, causing a shift to CCA dominance in many reef areas (Guzmán et al., 
120 1987). Subsequent El Niño events, however, have had a lesser impact on the coral communities 
121 at Isla del Caño. For example, though globally SSTs were reported to be higher in the 1998 coral 
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122 bleaching compared to the 1983 event (Wilkinson, 1999), coral mortality at was minimal at Isla 
123 del Caño at just 5% (Guzman & Cortés, 2001). However, coral recovery was not observed 
124 between the mid 1980s and 1998, with coral cover across all reef habitats reported to be 
125 approximately 10% (Guzman & Cortés, 2001). The survival of corals in the 1998 bleaching 
126 event, including Pocillopora spp., that were impacted in previous thermal events, was suggested 
127 to be due to greater tolerance, acclimatization, marine protected area status (Alvarado et al., 
128 2020) or due to localised cooling from upwellings (Green et al., 2019). However, MPA status 
129 does not protect coral reefs from global warming-associated bleaching (Johnson, Dick, & 
130 Pincheira-Donoso, 2022) impacts have a limited role in exasperating climate-change-scale 
131 impacts (Johnson, Dick, & Pincheira0Donoso, 2022), suggesting other factors drove apparent 
132 local resilience or refugia status of Isla del Caño�s reefs. Similarly, despite the 2015-16 El Niño 
133 being a significant global-scale bleaching event (Eakin et al., 2019) that drove losses of 50 to 
134 75% coral cover at Isla del Cocos and Golfo Dulce in the Costa Rican TEP, coral mortality was 
135 minimal at Isla del Caño, with less than a 4% decrease in coral cover (Alvarado et al., 2020). 
136 Consistently, coral cover of 30.3% was reported between 2016 and 2017 (Naranjo-Arriola, 
137 2021). Whilst Friedlander et al. (2022) report coral cover of coral reef areas to be approximately 
138 20% in 2019, ecological monitoring of Isla del Caño as part of Costa Rica�s National Ecological 
139 Monitoring Programme (Programa Nacional de Monitoreo Ecológico; PRONAMEC) (SINAC, 
140 2016) reported coral cover between December 2015 and September 2023 to range from 23.2% to 
141 over 70% across five reef sites (SINAC, 2023). The PRONAMEC protocol states a healthy reef 
142 to have between 30 and 70% coral cover, and a more than 11% reduction in coral cover and 
143 >21% increase in algal cover warrants �comprehensive management measures to reduce 
144 impacts� (SINAC, 2016)p. 23). Additionally, rocky reefs at Isla del Cano, are considered healthy 
145 with up to 40% turf algae, and a more than 21% change considered problematic (SINAC-UNA, 
146 2021)(p. 39). However, it is unknown whether the reefs of Isla del Caño retained coral cover and 
147 their purported resilience during the 2023-24 El Niño. 
148
149 In response to increasingly frequent and extreme climate events, such as El Niño, and significant 
150 coral die-offs, coral reef restoration efforts are accelerating worldwide (Boström-Einarsson et al., 
151 2020; Edwards et al., 2024; Suggett et al., 2025), with the general aim of improving the 
152 ecological state. Whilst coral reef restoration projects have flourished along Costa Rica�s 
153 coastlines (Alvarado et al., 2025), they have not, as yet, been established at Isla del Caño, with 
154 the exception of a small-scale trial in response to the coral loss of the 1982-83 El Niño (Guzmán, 
155 1991). The lack of restoration at Isla del Caño is likely historically due, in part, to a lack of need 
156 given the minimal coral declines reported for recent El Niño events (Guzmán et al., 1987; 
157 Jiménez et al., 2001) and the resilient status assigned to the coral communities (Alvarado et al., 
158 2020; Friedlander et al., 2022). Given the increasing threat of climate change to coral reef 
159 stability (Armstrong McKay et al., 2022; Intergovernmental Panel On Climate Change (Ipcc), 
160 2023) and the 2023-24 El Niño mass bleaching event (Reimer et al., 2024), restoration 
161 interventions are likely increasingly needed at Isla del Caño. To determine the necessity and 
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162 feasibility of restoration efforts or resilience strategies at Isla del Caño, a fine-scale information 
163 on the impact of warming events is needed (Suggett et al., 2025) coupled with a detailed 
164 assessment of the current health status of the reef communities (SINAC-GIZ, 2020). With such 
165 information, if need for coral reef restoration intervention is identified a strategic plan for locally 
166 targeted interventions can be developed (Kleypas et al., 2021; Shaver et al., 2022; SINAC-GIZ, 
167 2020; Suggett et al., 2024), in line with local technical and ethical guidelines (Alvarado et al., 
168 2025; SINAC-GIZ, 2020).
169
170 The aims of this study are to quantify health dynamics of Isla del Caño�s coral reef communities 
171 in response to the 2023-24 El Niño event, identify potential drivers of change and to assess the 
172 need and feasibility of coral reef restoration interventions. 

173

174 Materials & Methods

175
176 Sea surface temperature

177 Daily sea surface temperature (SST) data for Isla del Caño (8°42'59"N 83°53'06"W) were 
178 obtained from Coral Reef Watch  Heat Stress Product (1985�2025; CoralTemp V3.1) 
179  (Heron et al., 2015; Skirving et al., 2020). The Maximum of Monthly Means of climatological 
180 SST (MMM) was computed for 1985�1990 and 1993, excluding 1991�1992 due to anomalies 
181 caused by the Mt. Pinatubo eruption (Heron et al., 2016). Degree Heating Weeks (DHW), 
182 indicative of thermal stress accumulation, were calculated as days exceeding MMM + 0.5°C, 
183 using a 12-week rolling sum and dividing this by 7 to express thermal stress in °C-weeks (Liu et 
184 al., 2003, 2018). MMM + 0.5°C was used instead of MMM + 1°C to increase the sensitivity for 
185 capturing localized bleaching events (Lachs et al., 2023). A linear regression model was used to 
186 assess the long-term SST trends, with date as the predictor, and the slope estimate was used to 
187 calculate annual and decadal warming. The influence of ENSO on SST variability was also 
188 explored using linear regression, using date and Oceanic Niño Index (ONI) as the predictor 
189 variable. Diagnostic residual vs. time and normal Q-Q plots indicated that heteroscedasticity and 
190 outliers had minimal impact on the model. The change in annual frequency of days breaching 
191 bleaching and cooling thresholds between 1985 and 2025 were explored using linear regression 
192 models. The bleaching threshold was defined as MMM + 0.5°C and the cooling threshold was 
193 defined as the climatological monthly mean (1985�1990 and 1993) minus 0.5°C. 
194
195 Study area, survey methods and environmental parameters

196 Between 2019 and 2024, nine coral community sites were surveyed within the Reserva Biológica 
197 de Isla del Caño (8°42�45.70�N 83°53�23.20� W) and northern Corcovado within the Osa 
198 Conservation Area (ACOSA), Costa Rica (Table S1; Fig. 1). Of the investigated coral 
199 communities, which ranged in depth from <2m to 16m (Table S1), eight sites were surveyed for 
200 benthic cover and coral health between February 2024 and February 2025, including Ancla, 
201 Barco Somero, Barco Profundo, Cueva de Tiburones �Cueva�, Esquina, Este Intermedio, San 
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202 Josecito, and Tina (Fig. 1). A ninth site, Chorro, was additionally surveyed for benthic cover in 
203 2019, 2020 and both Chorro and Cueva in 2021 (Table S2). 
204
205 Benthic cover was recorded using variable, but comparable, methods, including the categories: 
206 live coral (coral), sand, rubble, rock, crustose coraline algae (CCA), recently dead coral (dead 
207 coral), turf algae, Caulerpa, cyanobacteria, and macroalgae. For surveys in 2019 (n=3), 2020 
208 (n=3) and 2021 (n=6 per site), three haphazardly laid 10m point intercept transects were used, 
209 recording the benthic cover category every 20cm (SINAC, 2021). Surveys conducted in February 
210 and March 2024 used 1x1m quadrats to record the proportion of each benthic category over three 
211 30m (San Josecito) and three 10m transects (Barco Somero, and Cueva; Table S2). For the 
212 remainder of the surveys, line intercept transects were conducted, recording substrate categories 
213 every 10cm (in April 2024), and then the continuous 10m line for three or six transects at each 
214 site (Tn=270 transects; Table S2). Coral diversity, abundance and health were recorded from 
215 April 2024 using three or six 1x10m belt transects, separated by 5m. Corals were identified to 
216 genus, or species when possible, and categorized as healthy, pale, partially bleached (patches), 
217 mostly bleached (>50% of the colony) and bleached (whole colony). An individual coral colony 
218 was defined as having distinct area of tissue, meaning that multiple colonies could arise from a 
219 coral undergoing partial mortality. Benthic cover data were converted into proportions, enabling 
220 comparison of data collected using different survey methods. Total coral abundance, the 
221 abundance of each coral taxa, total bleaching prevalence and bleaching prevalence per species 
222 were calculated for each belt transect. Temperature loggers (ONSET HOBO MX2202) were 
223 deployed at Ancla (15m), Barco Profundo (16m), Barco Somero (11m) and Tina (8m), though 
224 remained temporarily and variably functional between April and August 2024. 
225
226 Fieldwork was conducted under permit numbers: SINAC-ACOSA-DT-PI-R-006-2019, SINAC-
227 ACOSA-DASP-PI-R-067-2021, SINAC-ACOSA-D-PI-R-013-2023, SINAC-ACOSA-DR-PI-R-
228 024-2024.
229
230 Data analysis 

231 All analyses were conducted in R (R Core Team, 2021) and are summarized in the 
232 supplementary section (Table S3). Bayesian models were implemented in brms (Bürkner, 2017) 
233 using Stan (Carpenter et al., 2017) Hamiltonian Monte Carlo (HMC) sampling via the No-U-
234 Turn Sampler (NUTS). Unless otherwise stated, models were fit with four chains of 4,000 
235 iterations each (2,000 warm-up), using an adapt_delta of 0.99 for convergence and four cores for 
236 parallel computation. Model convergence was confirmed using R-hat values  and 
237 effective sample sizes (Bulk_ESS, Tail_ESS). Posterior predictive checks and leave-one-out 
238 cross-validation (LOO) were used to assess model fit and predictive accuracy. Proportion data 
239 (e.g., coral cover, bleaching prevalence) were bounded between 0.0001 and 0.9999 to avoid 
240 boundary issues. Continuous predictors such as date were standardized using z-scores 
241 (e.g., z_date) to improve numerical stability and allow comparability of effect sizes. Models 
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242 involving proportional data were fitted using beta or zero-inflated beta (ZIB) distributions using 
243 a logit link for the mean and an identity link for zero inflation, where applicable. Structural zeros 
244 were handled by introducing zero-inflation components or explicit structural zero indicators, 
245 especially for bleaching and coral taxa models. All p-values for non-Bayesian tests were 
246 Bonferroni-adjusted where appropriate.
247
248 Coral bleaching prevalence and taxa-specific models

249 Site-level variation in bleaching prevalence was modelled at the site level using a Bayesian beta 
250 regression with logit link and a random intercept for site. The model included an intercept-only 
251 fixed effect and a random intercept for site, allowing for site-specific variability in bleaching 
252 prevalence and improving estimation (hierarchical structure). Logit-scale intercept was used to 
253 estimate a baseline bleaching prevalence through inverse logit transformation. A multivariate 
254 ZIB regression model was used to analyze bleaching prevalence among different coral genera, 
255 incorporating structural zeros to account for sites where certain coral species were absent. The 
256 response variables included bleaching prevalence for coral taxon categories of Pocillopora, 
257 Porites, Pavona, Psammocora, and Other corals, with each modelled as a function of their 
258 respective structural zeros and those of other genera. A hierarchical random intercept for site was 
259 included to account for spatial variation. 
260
261 Coral diversity

262 The Shannon Diversity Index was computed using total abundance of 13 coral taxa, including an 
263 �Other� category with the vegan package. Rows with missing species count values were 
264 removed. Due to significant deviations from normality and variance homogeneity (Shapiro-Wilk 
265 and Levene�s p < 0.05), Kruskal-Wallis tests were conducted to determine differences in taxa 
266 abundance among sites. Dunn�s post-hoc tests (Bonferroni-adjusted) were performed to identify 
267 pairwise differences between sites.
268
269 Benthic composition shifts

270 Shifts in benthic composition were assessed using Similarity Percentage (SIMPER) analysis 
271 (vegan) conducted on �During Bleaching� (March to end of September 2024) and �After 
272 Disturbance� (December 2024 to February 2025) time periods. Ecologically relevant benthic 
273 variables were included; coral cover, macroalgae, turf, CCA, cyanobacteria, bleached coral and 
274 dead coral. SIMPER was performed at two levels: (1) across all sites combined to evaluate 
275 broad-scale compositional changes and (2) separately for each site to highlight site-specific 
276 patterns. Both analyses used 100 permutations to ensure robust estimates. Variables were ranked 
277 based on their contribution to compositional differences, and their mean before and after values 
278 were extracted to evaluate temporal trends. To avoid artificial inflation of change, missing values 
279 were replaced with the mean for the time period at that site, or the global mean if the variable 
280 was entirely absent. Percentage change and p-values were used to identify the strongest drivers 
281 of composition shifts.
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282
283 Temporal trends in coral Cover and benthic covariates

284 To assess temporal changes in coral cover, several Bayesian ZIB regression models were fitted 
285 and compared using leave-one-out cross-validation (LOO). Models were implemented 
286 in brms with a logit link for the beta mean and an identity link for the zero-inflation component, 
287 appropriate for proportional data with excess zeros. All models included random intercepts by 
288 site, with variations in the treatment of time as a predictor. The candidate models included a 
289 linear model with time as a fixed effect and informative priors, a similar linear model with 
290 different prior structure, a second-order polynomial model to capture potential non-linear 
291 trajectories, and a polynomial model with random slopes by site to account for site-specific 
292 temporal variation.
293
294 Model performance was evaluated using LOO cross-validation, which estimates out-of-sample 
295 predictive accuracy via the expected log predictive density (ELPD). Models were ranked by 
296 ELPD, with differences of less than 2 units indicating similar predictive performance. The linear 
297 model had the highest predictive accuracy (ELPD difference = 0.0), with the simpler linear 
298 model performing nearly identically (ELPD difference = �0.3, SE = 0.3). The polynomial model 
299 without random slopes  performed slightly worse (ELPD difference = �1.0, SE = 0.7), while the 
300 polynomial model with random slopes had the lowest predictive score (ELPD difference = �1.1, 
301 SE = 1.4). These results indicate that adding polynomial terms or random slopes did not improve 
302 predictive power and that coral cover trends over time were best explained by a linear 
303 relationship.
304
305 Given this, site-specific coral cover trends were assessed using simple linear regressions of coral 
306 cover over scaled date (z_date) for each site. This approach provided a robust and interpretable 
307 measure of the direction and magnitude of coral cover change at each location. While more 
308 complex models offered the potential to capture non-linear or heterogeneous responses, the 
309 linear approach proved more parsimonious and better suited to the available temporal resolution 
310 across sites
311
312 A second-degree polynomial regression was used to assess the nonlinear relationship between 
313 coral cover and depth. This approach captures potential curvature in coral response to depth, 
314 accounting for biological or environmental thresholds. Model fit and coefficients were evaluated 
315 using standard regression diagnostics, and results were visualized with a fitted polynomial trend 
316 and confidence intervals.
317
318 Temporal trends in benthic cover for algal groups (macroalgae, Caulerpa, turf algae, 
319 cyanobacteria, and CCA) were analyzed using Generalized additive models (GAMs) with beta 
320 error distribution and logit link. GAMs allowed flexibility in capturing potential nonlinear trends 
321 while controlling for site-level random effects. Penalized smoothing in mgcv allowed 
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322 interpretability while avoiding overfitting. Models were fitted using REML, and diagnostics 
323 (residual checks, smooth term significance) were conducted to ensure model validity. A linear 
324 model was used to assess the relationship between coral cover and turf algae while accounting 
325 for site and temporal effects. Coral cover was modeled as a function of turf algae cover, site, and 
326 standardized time (z_date). The model was fitted using ordinary least squares regression, with 
327 model assumptions checked via residual diagnostics.
328
329 Coral cover and local temperature

330 HOBO logger data from four locations: Barco Profundo, Barco Somero, Tina, and Ancla was 
331 used to evaluate differences in local temperature conditions across sites. Raw temperature data 
332 were processed to calculate monthly mean, maximum, and minimum temperatures per site. All 
333 values were aggregated at monthly resolution after cleaning and aligning timestamps to ensure 
334 maximum overlap in sampling dates among sites. A one-way ANOVA was conducted separately 
335 for mean, max, and min monthly temperature data to test for differences among sites. Tukey�s 
336 Honest Significant Difference (HSD) post hoc tests were performed to identify pairwise 
337 differences. All comparisons were adjusted for family-wise error rate, and significance was 
338 determined at  = 0.05. A beta regression model was used to analyze the effects of temperature 
339 and site on coral cover. The initial model included mean, minimum, and maximum temperature 
340 as predictors but was refined based on statistical significance and model performance. Minimum 
341 and maximum temperature were removed due to their non-significant effects (p = 0.585 and p = 
342 0.429, respectively), resulting in a final model with mean temperature and site as predictors. The 
343 beta regression framework, with a logit link function for the mean and an identity link for the 
344 precision parameter  was chosen to account for heteroscedasticity and the bounded 
345 distribution of coral cover. Maximum likelihood estimation (BFGS optimization) was applied, 
346 and model performance was assessed using pseudo R².
347
348 Temporal trends in coral taxa

349 Temporal trends in the proportional cover of Pocillopora, Porites, Pavona, Psammocora, and 
350 Other corals were modelled using a multivariate beta regression model with random slopes. This 
351 allowed proportional data to be modelled while accounting for variation in coral cover (random 
352 intercept) and divergent temporal trends among sites (random slope for z_date). Alternative 
353 models were tested to determine the best structure. Model comparison showed that the random 
354 slopes model provided a better balance between complexity and interpretability than more 
355 parameter-rich interaction models, which increased uncertainty without improving fit. Models 
356 were implemented in brms, and convergence was confirmed through standard diagnostics.
357
358
359
360 Multivariate Benthic Analysis
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361 Principal Component Analyses (PCAs) were performed to explore multivariate gradients of key 
362 benthic parameters. An initial, full model PCA was conducted including biological and benthic 
363 variables, as well as total coral cover and the abundance each of Pocillopora spp., Porites spp., 
364 Pavona spp., Psammocora spp., and other coral, and environmental parameters. Variables with 
365 minimal influence on components were then removed from the analysis, including pH, salinity, 
366 phosphate, and oxygen. In the first two PCA analyses, Caulerpa and dead coral contributed to 
367 PC1 but were absent in the latest analysis. Their exclusion was not due to methodological 
368 differences but rather reflects an ecological transition where these components were no longer 
369 present in the dataset. 
370
371  PCAs were run on three datasets�(i) During Bleaching (all survey data up to July), (ii) After 
372 Bleaching (August to December 2024), and (iii) the Latest dataset (January or February 2025) 
373 for all sites�to capture potential shifts post-La Niña rains and landslide events. Each PCA used 
374 standardized variables   and prcomp in R was employed with centring and 
375 scaling. Zero-variance variables were removed, and incomplete cases were filtered out. PCA 
376 loadings were used to identify which benthic or environmental variables contributed most 
377 strongly to disparities among sites. To assess temporal trends in benthic community composition, 
378 PCA loadings were extracted and standardized to facilitate direct comparison and site scores 
379 were compared across the three time periods. Key benthic variables structuring PC1 were 
380 examined to identify benthic community composition shifts. All variables were transformed to z-
381 scores (mean = 0, SD = 1) before PCA to prevent biases from differences in magnitude or 
382 measurement units. Only variables present in all three PCA results were included, excluding 
383 those filtered out due to low variance or collinearity. PC1 orientations were aligned across time 
384 periods to ensure consistent interpretation, with eigenvectors adjusted by multiplying by -1 when 
385 necessary.
386
387 Ecological Recovery Feasibility Index

388 The Ecological Recovery Feasibility Index was developed to assess the restoration potential of 
389 reef sites by integrating PCA loadings, expert-defined ecological impact directions, and site-level 
390 benthic composition. Ecological impact directions were assigned based on expected influences 
391 on reef resilience: coral cover and CCA received positive weights as they promote reef stability 
392 and coral recruitment (Tebben et al., 2015), while turf algae, cyanobacteria, and bleaching were 
393 assigned negative weights (Ford et al., 2018). Shannon diversity was included to account for the 
394 potential benefits of species richness on ecosystem function and resilience (Nyström et al., 
395 2008). PCA loadings were calculated from the latest benthic survey data (January and February 
396 2025) to capture the relative importance of each variable in site differentiation, and all variables 
397 were standardized (z-score) to ensure comparability. Weighted contributions were then 
398 calculated by multiplying each standardized value by its respective composite weight and 
399 ecological impact direction. Final feasibility scores were obtained by summing the weighted 
400 contributions for each site. This approach prioritizes coral cover as the primary determinant of 
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401 restoration potential while ensuring that other ecological factors are appropriately weighted, 
402 providing a robust ranking of sites based on their likelihood of supporting natural reef recovery.

403

404 Results

405
406 SST at Isla del Caño

407 SST increased significantly over the 40-year period (1985�2025) at Isla del Caño (R2 = 0.095; 
408 F(1, 14642) = 1544, p = 2.2e-16; Fig. 2) and the MMM was calculated to be 29.08°C based on the 
409 highest monthly mean SST (1985�1990 and 1993). The estimated rate of SST increase was 
410 approximately 0.23°C per decade, equating to a 0.92°C warming over the 40-year period (Fig. 
411 2). Incorporating the ONI into the regression model significantly improved the fit (R2 = 0.28; F(2, 

412 14606) = 2872, p = 2.2e-16), confirming that ENSO as a strong predictor of SST and modulator of 
413 SST anomalies. El Niño periods are visible in the Isla del Caño SST record, with peaks or 
414 clustered peaks in SST and DHW most prominent in 1997-98, 2010, 2014-17, 2020 and 2023-24 
415 (Fig. 2). The triple peaks of DHW during the 2023-24 El Niño reached 1.6-fold higher than the 
416 peak of the 2016 event, and 2-fold greater than the peak of 1998 (Fig. 2). The highest SST was 
417 also recorded during the 2023-24 El Niño, reaching 31.2°C, with peaks in 1998 and 2016 
418 remaining below 31°C (Fig. 2).
419
420 Linear regression models indicate that the annual frequency of days breaching the bleaching 
421 threshold (MMM + 0.5°C) has significantly increased through time (Fig. 3), with an estimated 
422 additional 2.07 bleaching days per year (F(1, 39) = 12.94 ; p = 0.0009; R2 = 0.23). Conversely, that 
423 the frequency of cool days has significantly decreased, by approximately 0.72 days per year (F(1, 

424 39) = 17.62 ; p = 0.0002; R2 = 0.29). Years prior to 2012 predominantly experienced frequent cool 
425 days, including in El Niño years when warm (bleaching) days were also frequent, including 1998 
426 and 2010 (Fig. 3). After 2012, the frequency of cool days is markedly less, with not substantial 
427 cool periods occurring since 2021. Warm days were most frequent in 2023, amounting to two 
428 thirds of the year with no cool days (Fig. 3).
429
430 Local impacts, bleaching prevalence and coral susceptibility 

431 Severe, mortality-inducing coral bleaching was observed at Isla del Caño from 2023 and 
432 throughout 2024 (Fig. 3), prior to the study period (Table S1). Numerous corals were observed as 
433 bleached in early 2024 and progressed to a state of partial or complete mortality by May 2024 
434 (Fig. 3 and 4), suggesting that the 2024 to 2025 survey data span the tail-end of an extreme 
435 bleaching event (Fig. 2). However, occasionally corals were photographed severely bleached and 
436 subsequently recovered (Fig. 6). Additionally, in late November 2024 during the rainy season, a 
437 series of landslides occurred on Isla del Caño (Fig. S1a and b), with a significant amount of 
438 sediment washed onto reef sites (particularly Cueva and Ancla; S1c). During this time the 
439 Biological Reserve was closed to the public due to unsafe conditions, and it is unclear exactly 
440 when the landslides occurred and the immediate extent of the sediment plumes. Crown of thorns 
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441 starfish were also observed sporadically at several sites, including predating on massive coral 
442 species (Fig. S2).
443
444 There was a baseline bleaching prevalence of approximately 23% across all surveys, as 
445 calculated through logit transformation (�1.17; 95% credible interval �1.54 �0.79), with 
446 significant variation in bleaching prevalence among sites (the beta regression with logit link; SD 
447 0.48; 95% CI: 0.22, 0.91) and moderately low within site variability (phi 1.94; 95% CI 1.61 � 
448 2.32). Ancla, Barco Profundo, and Chorro demonstrated increasing bleaching prevalence through 
449 time (Fig. 7), whilst decreasing prevalence was observed at San Josecito. The remaining sites, 
450 Barco Somero, Tina, Cueva, Este Intermedio and Esquina had approximately constant bleaching 
451 prevalence through time (Fig. 7). 
452
453 Baseline bleaching prevalence varied among coral genera. Model (ZIB) estimates indicate 
454 that Pocillopora spp. exhibited the highest bleaching prevalence at 33.9%, followed by Porites, 
455 Psammocora spp., and Pavona spp., while Other corals exhibited minimal bleaching at just 
456 0.25% (Table 1). The estimated standard deviation of site-level variation in bleaching prevalence 
457 was highest for Porites lobata (SD = 0.19), suggesting greater among-site variability than other 
458 taxa, and was lowest for Other corals (SD = 0.08). Pocillopora spp., Psammocora spp. and 
459 Pavona spp. exhibited intermediate variability. The dispersion parameter (phi) estimates suggest 
460 moderate consistency in bleaching prevalence for most genera, while Pavona spp. showed 
461 moderate dispersion and Other coral had high dispersion of Other corals, indicating close to zero 
462 bleaching in this group across all sites (Table 1). Zero-inflation was negligible across all coral 
463 taxa (Table 1), confirming a close match between observed data and model expectations.
464
465 Coral Diversity

466 A total of 12 coral taxa were observed and identified at Isla del Caño, including Pocillopora 
467 spp., Porites lobata, Pavona clavus, Pavona gigantea, Pavona varians, Pavona maldiviensis, 
468 Pavona chiriquiensis, Pavona fronidera, Psammacora stellata, Psammacora profundacella, 
469 Tubastraea coccinea and Gardineroseris planulata. Pocillopora spp. and Porites lobata were 
470 present at all sites, and Pavona clavus and Pavona gigantea were present at all sites except Este 
471 Intermedio and San Josecito, respectively. Gardineroseris planulata was the rarest coral taxon, 
472 observed only at Ancla, Barco Somero and Cueva (Table S4).
473
474 Shannon Diversity Index varied significantly among sites (Kruskal-Wallis test:  = 92.623, df = 
475 8, p < 2.2e-16; Fig. 8), with Cueva exhibiting the highest mean Shannon Index (1.28 ± 0.43), 
476 followed by Ancla (1.14 ± 0.39) and Barco Somero (0.90 ± 0.44). San Josecito had the lowest 
477 diversity (0.12 ± 0.16), with Este Intermedio also showing relatively low values (0.43 ± 0.31). 
478 Post-hoc Dunn�s test confirmed significant differences among sites (Table S5). For instance, 
479 Cueva had significantly higher diversity than San Josecito (p adj. = 6.30E-12), Este Intermedio 
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480 (p adj. = 0.000002), and Esquina (p adj. = 0.02). Ancla also had significantly higher diversity 
481 than San Josecito (p adj. = 2.94E-12) and Este Intermedio (p adj. = 2.99E-06) (Table S5). 
482
483 Drivers of community composition change

484 The SIMPER analysis identified key contributors to benthic composition changes across sites 
485 between the �During Bleaching� (March to August 2024) and �After Disturbance� (December 
486 2024 to February 2025) periods (Tables 2 and 3). Turf algae and dead coral were the dominant 
487 drivers of overall change, with turf increasing by 70.62% (p = 0.010) and dead coral decreasing 
488 by 81.30% (p = 0.010; Table 2). Coral cover declined significantly by 40.42% (p = 0.010), from 
489 a mean of 19.33% to 11.46%. CCA increased modestly by 13.0%, though not significantly (p = 
490 0.347). Macroalgae and cyanobacteria declined by 34.96% (p = 0.069) and 74.37% (p = 0.010), 
491 respectively. Bleaching contributed to compositional shifts, increasing by 35.30%, but was not 
492 significant (p = 0.881).
493
494 Site-level patterns revealed strong declines in coral cover at several locations (Table 3). Tina 
495 experienced a 52.44% decline (p = 0.010), while Ancla and Esquina showed declines of 46.0% 
496 (p = 0.040) and 50.56% (p = 0.010), respectively. Coral cover also declined at Barco Somero 
497  and Este Intermedio  though these were not significant (Table 3). Turf algae 
498 increased at Ancla, Barco Profundo, Chorro, Cueva, and Esquina, with changes ranging from 
499 43.2% to 336.7%, but was only significant at Cueva (p = 0.010), Barco Profundo (p = 0.010), 
500 and San Josecito (p = 0.030; Table 3). Macroalgae declined at most sites and was a significant 
501 contributor to benthic change at Barco Somero, Tina, Barco Profundo, San Josecito, and Este 
502 Intermedio (Table 3). Dead coral nearly disappeared at San Josecito, declining by 99.75% (p = 
503 0.010), and declined significantly at Cueva  p = 0.010), Chorro  p = 0.277), 
504 and Este Intermedio  p = 0.010). The mean percentage coral cover after disturbance 
505 was lowest at Barco Profundo (3.52%) and highest at Chorro (16.86%) (Table S6). Four sites had 
506 less than 10% coral cover after disturbance (Cueva, Barco Profundo, Ancla, and San Josecito), 
507 while Esquina had 10.59% and Este Intermedio 11.12%.
508
509 Temporal changes in coral cover

510 The initial proportion of coral cover varied among sites, with Tina exhibiting the highest mean 
511 cover at 55% (SD ± 0.09, n = 3) in mid-April 2024, and Barco Profundo the lowest, with less 
512 than 1% (SD ± 0.115, n = 3; Fig. 9). Consistent with patterns identified in the SIMPER analysis, 
513 the Bayesian ZIB regression model revealed a general decline in coral cover over time. The best-
514 supported model included a fixed linear effect of time and a random intercept for site. This 
515 model estimated a significant negative linear effect (Estimate = �0.19, 95% CI: �0.29 to �0.08), 
516 indicating a consistent decline in coral cover across the study period. The overall baseline coral 
517 cover was estimated at approximately 11.4% (Intercept = �2.05, 95% CI: �2.45 to �1.66), with 
518 moderate variation among sites (SD = 0.53, 95% CI: 0.28�0.98). There was no evidence of 
519 substantial zero-inflation (zi = 0.00, 95% CI: 0.00�0.01), suggesting that complete coral absence 
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520 was rare. Linear regressions exploring site-level variability in coral trajectories highlighted the 
521 strongest significant decline in coral cover at Cueva (slope = �0.059, SE = 0.014, p < 0.001; Fig. 
522 9), followed by Chorro (�0.022, SE = 0.008, p = 0.009) and Tina (�0.199, SE = 0.085, p = 
523 0.024). Declines at Este Intermedio (�0.137, p = 0.096), Esquina (�0.131, p = 0.204), Ancla (�
524 0.079, p = 0.204), and Barco Profundo (�0.046, p = 0.277) were not statistically significant. San 
525 Josecito and Barco Somero non-significant negative trends (�0.050, p = 0.287; 0.012, p = 0.858, 
526 respectively). 
527
528 Temporal trends in algal cover

529 GAMs used to assess temporal trends in algal cover demonstrated a significant non-linear 
530 temporal trend in macroalgae (edf = 5.012, p = 0.0055) with site-level variability (edf = 5.299, p 
531 = 0.0013), with an adjusted R² of 0.0139. Caulerpa exhibited a weaker temporal pattern (edf = 
532 1.746, p = 0.0113), though site effects were negligible (p = 0.8621). Turf algae displayed a 
533 strong temporal trend (edf = 1.665, p < 0.0001) without a site effect (p = 0.88), explaining 33% 
534 of deviance. Cyanobacteria and CCA showed no significant temporal trends (p = 0.187 and p = 
535 0.48, respectively), although CCA exhibited significant site-level variation (edf = 7.120, p < 
536 0.0001). 
537
538 A linear model exploring the relationship between coral cover and turf algae demonstrated a 
539 significant negative association  = -0.131, SE = 0.039, t = -3.40, p = 0.00081), indicating that 
540 higher turf algae cover corresponded with lower coral cover. Site effects were significant at 
541 Barco Profundo  = -0.087, SE = 0.034, t = -2.53, p = 0.012) and Tina  = 0.059, SE = 0.030, t 
542 = 1.98, p = 0.049), highlighting site-specific differences in coral cover. Temporal trends were not 
543 significant  = -0.035, SE = 0.033, t = -1.08, p = 0.282; Fig. S3). 
544
545 Depth and site temperature and coral cover

546 The polynomial regression model of overall coral cover and depth revealed a significant 
547 curvilinear decline in coral cover with depth (F(2, 267) = 18.6, p < 0.001), explaining 
548 approximately 12.2% of the variance (R² = 0.122). Coral cover initially increased with depth, 
549 reaching a peak at 7 to 8 meters, before declining at greater depths. The first-order depth term 
550 was moderately significant  = �0.306, SE = 0.123, p = 0.013), while the second-order term was 
551 strongly significant  = �0.681, SE = 0.123, p < 0.001), indicating an accelerated decline in 
552 coral cover at deeper sites.
553
554 Mean monthly temperatures differed significantly among the four sites (ANOVA: F(3,10) = 8.39, 
555 p = 0.0044), whereas no significant differences were detected for maximum (F(3,10) = 0.281, p = 
556 0.838) or minimum temperature (F(3,10)= 2.95, p = 0.085). Post hoc comparisons revealed that 
557 Tina had significantly higher mean temperatures than both Ancla (difference =  p = 
558 0.023) and Barco Profundo  p = 0.0035; Table S7). No other pairwise comparisons 
559 were statistically significant. Coral cover was significantly influenced by mean temperature and 

PeerJ reviewing PDF | (2025:03:116823:0:1:NEW 3 Apr 2025)

Manuscript to be reviewed



560 varied across sites. Mean temperature had a positive effect (Estimate = 0.877, SE = 0.275, z = 
561 3.187, p = 0.0014), indicating higher coral cover at warmer sites. The model explained 32.91% 
562 of the variation in coral cover (Pseudo R² = 0.3291), suggesting that while temperature 
563 influenced coral cover, site-specific factors played a substantial role in shaping spatial patterns. 
564 The precision parameter  = 5.542, SE = 1.058, p < 0.0001) indicated low dispersion. 
565
566 Temporal Trends in the proportion cover of each coral taxa

567 The multivariate beta regression model with random slopes indicated variability in coral cover 
568 trends among sites. Posterior estimates showed no strong overall trends in the proportion cover 
569 of each coral taxa through time, though site-level differences may be driving variation in coral 
570 composition over time, as indicated by site-level variation in coral proportion changes (Table 
571 S7). 
572
573 Shift from coral to algal dominance

574 PCA were used to assess changes in reef structure across three sequential time points: During 
575 bleaching (March to July 2024), After bleaching (August to December 2024), and the latest 
576 period (January to February 2025). Each PCA captured a high proportion of total variance in reef 
577 composition and collectively indicate shifts in community structure from coral dominance 
578 toward turf algae dominance at most sites (Fig. 10). While some sites have stabilized with 
579 remaining coral cover, others have continued to degrade, with San Josecito experiencing a near-
580 total collapse. Pocillopora spp. was more predominant at shallow sites and was associated with 
581 high bleaching prevalence (Fig. 10). Pavona spp. and Psammocora spp. were initially associated 
582 with deeper reefs (Cueva and Ancla; Fig. 10a), they lost prominence as turf algae and bleaching 
583 increased (Fig. 10b and c). Similarly, Porites spp., while less strongly associated with deep sites, 
584 also reduced in dominance as turf and bleaching increased (Fig. 10). The disappearance of dead 
585 coral by the Latest Data PCA (Fig. 10c) suggests that sites initially characterized by recent 
586 mortality have transitioned to a different state, likely dominated by algal overgrowth.
587
588 During Bleaching (March to late July 2024):

589 The first four principal components (PCs) of survey data from March to late July 2024 explained 
590 80.62% of the total variance, with PC1 (30.89%) and PC2 (21.62%) as the dominant axes (Fig. 
591 10). PC1 primarily reflected a depth-related gradient, with deeper sites associated with Pavona 
592 spp. (0.405), Psammacora spp. (0.35), and depth (0.42), contrasting with sites experiencing high 
593 bleaching (-0.38) and recent coral mortality (-0.303). Ancla, Cueva, and Barco Profundo aligned 
594 with deeper reefs, while San Josecito exhibited extreme bleaching and coral mortality. PC2 
595 distinguished sites based on benthic structure, with Pocillopora spp. (0.36) and dead coral (0.29) 
596 positively associated, and turf algae (-0.405) and macroalgae (-0.313) negatively loading. San 
597 Josecito had the highest positive score, while Barco Somero had the most negative, followed by 
598 Este Intermedio and Tina, suggesting high turf cover and low coral cover in those sites. PC3 
599 (16.9%) explained site variance based on Caulerpa (0.61) and depth (0.23), contrasting with 
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600 coral cover (-0.345) and turf algae (-0.250). Deeper sites such as Barco Profundo and Chorro 
601 clustered with higher CCA, while Tina and Esquina exhibited higher coral cover.
602
603 After Bleaching (August to December 2024):

604 The PCA for August to December 2024 distinguished sites with high bleaching prevalence, turf 
605 algae, and coral loss from deeper sites, explaining 81.41% of the total variance among the first 
606 four PCs (PC1 28.42%, PC2 22.04%, PC3 15.15%, and PC4 15.80%; Fig. 10). PC1 separated 
607 deeper sites with higher coral cover (such as Barco Profundo and Cueva) from sites with high 
608 turf algae (0.416) and macroalgae (0.359), reduced Porites spp. (-0.44) and total coral cover (-
609 0.329). PC2 differentiated sites based on depth (0.397) and Psammocora spp. (0.407) with high 
610 bleaching prevalence (-0.468) and Pocillopora spp. (-0.336). San Josecito and Tina exhibited 
611 strong bleaching and coral loss, whilst Barco Somero and Cueva aligned with more coral 
612 dominance. PC3 captured site differences in Pavona spp. (0.542) and CCA (-0.484) and PC4 
613 reflected variation in Porites spp. (-0.395) and macroalgae (-0.402).
614
615 Latest (January and February 2025): The PCA for the latest data demonstrated a strong 
616 gradient distinguishing coral-dominated and algal-dominated reef sites (Fig. 10). The first four 
617 PCs explained 88.92% of the total variance, with PC1 (34.58%) and PC2 (23.56%) as the 
618 dominant axes. PC1 primarily reflected a coral-to-algae gradient, with coral cover (-0.426) and 
619 Porites spp. (-0.391) negatively associated, and turf algae (0.347), macroalgae (0.279), and depth 
620 (0.366) positively associated. Barco Somero and Esquina aligned with remaining coral cover, 
621 while Barco Profundo, Cueva and San Josecito were aligned with algal dominance. PC2 
622 contrasted Pavona spp. (0.486) and Psammocora spp. (0.335) with Pocillopora spp. (-0.398) and 
623 bleached coral (-0.387), further highlighting site-level differences. PC3 (17.82%) showed high 
624 positive loadings for rock (0.487) and CCA (0.478) and negative for coral (-0.391), whereas PC4 
625 captured differences in Porites spp. (-0.491) and depth (0.382). San Josecito exhibited a 
626 substantial decline, with low coral cover (-0.43), high turf algae encroachment (0.35), and 
627 persistent post-bleaching impacts. 
628
629 Changes in PC1 loadings over time revealed a steady decline in total coral cover, coinciding with 
630 an increasing influence of turf algae. Coral-associated variables, including total coral, 
631 Pocillopora spp., Porites spp., and Psammacora spp., contributed less to PC1 in the latest 
632 period, indicating a continued decline in coral dominance. Turf algae increased in importance 
633 post-bleaching and became the strongest structuring variable in the most recent analysis, 
634 reinforcing a transition towards algal-dominated states. Bleached coral initially played a key role 
635 in explaining community variation but declined in influence in later analyses, suggesting either 
636 coral mortality or stabilization of post-disturbance conditions. 
637
638
639
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640 Ecological Recovery Feasibility Index

641 The ecological recovery feasibility index, which prioritizes coral cover and ecologically relevant 
642 PCA loadings (Fig. 11), revealed significant variation in reef restoration potential across sites. 
643 Chorro (21.18) and Esquina (12.89) exhibited the highest feasibility scores, indicating favorable 
644 conditions for coral recovery. Este Intermedio (5.49) and Tina (4.56) showed moderate 
645 restoration potential, suggesting a balance between coral persistence and algal encroachment. 
646 Cueva (3.15) and Barco Somero (3.11) also ranked positively but with lower scores, likely 
647 influenced by higher macroalgae and cyanobacteria cover. Conversely, Ancla (-10.41), San 
648 Josecito (-14.26), and Barco Profundo (-25.72) ranked lowest, suggesting degraded reef 
649 conditions that may hinder self-recovery. These results highlight that sites with higher feasibility 
650 scores tend to maintain greater coral cover and lower turf and cyanobacteria prevalence, whereas 
651 low-ranking sites are characterized by persistent algal dominance.
652

653 Discussion

654 Climate change driven ocean warming is more frequently pushing coral reefs beyond their 
655 thermal limits and causing extensive coral loss and ecosystem collapse (Armstrong McKay et al., 
656 2022; Bland et al., 2018; Pearce-Kelly et al., 2025). During the 2023-24 El Niño, Isla del Caño�s 
657 coral communities underwent a shift from coral to stabilized turf algal dominance, with coral 
658 losses the highest at Ancla, Esquina, and Tina, and reef collapse documented at San Josecito, on 
659 the north of the Osa Peninsula. Coral reef destabilization of a biodiverse and resilient reef system 
660 (Alvarado et al., 2020; Friedlander et al., 2022; Glynn, Mones, et al., 2017; Romero0Torres et al., 
661 2020) was driven by the 2023-24 El Niño event that saw the highest recorded SST (31.2C), on 
662 top of 4 decades of recorded temperature increase and reduced cooling. Thermal bleaching drove 
663 widespread coral mortality, with species- and site- specific variability, with deeper reefs initially 
664 providing refuge and subsequently experiencing mortality, potentially driven by landslide-
665 associated sedimentation. Coral bleaching prevalence and associated declines in cover were site-
666 dependent and drove a shift in coral species dominance from Pocillopora spp. towards massive 
667 taxa, broadly consistent with reported susceptibilities (Palmer et al., 2010). The phase shift to 
668 algal dominance highlights the urgent need for a reactive, science-led and innovative coral reef 
669 restoration strategy, collaboratively developed among all local stakeholders (Kleypas et al., 
670 2021).
671
672 The 2023-24 El Niño broke historical SST at Isla del Caño

673 The 2023-24 El Niño event recorded the highest SST in 40 years at Isla del Caño, with a triple-
674 peaked DHW anomaly surpassing previous bleaching events suggestive of a coral reef critical 
675 environmental threshold breach (Pearce-Kelly et al., 2025). The long-term warming SST trend 
676 for the area surrounding Isla del Caño is consistent with global climate change and ENSO-
677 induced variability (IPCC, 2023). The estimated 0.92C increase in Isla del Caño�s SST over the 
678 40-year period from 1985 to 2025 is slightly above the global average, reported at 0.7C over a 
679 similar period (Samset et al., 2023), and highlights the thermal threat to local reef-building corals 
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680 (Coles & Jokiel, 1977). The SST records for Isla del Caño correspond with the El Niño events 
681 documented to affect coral reefs of Costa Rica�s TEP since the 1980s (Alvarado et al., 2020; 
682 Cortés et al., 2010; Cortés & Jiménez, 2003; Guzmán et al., 1987; Jiménez et al., 2001), 
683 including the 2023/2024 El Niño, representing the fourth global mass bleaching event (Reimer et 
684 al., 2024). Whilst Isla del Caño�s coral communities have previously escaped devastation from 
685 thermal anomalies (Alvarado et al., 2020; Jiménez et al., 2001), with the exception of 1983 El 
686 Niño, suggesting local resilience (Alvarado et al., 2020; Friedlander et al., 2022; Guzman & 
687 Cortés, 2007; Romero0Torres et al., 2020), examination of four decades of SSTs show that 
688 thermal events locally were not prolonged or extreme. Calculations of local DHW and the 
689 frequency of warmer and cooler days demonstrates that, rather than being home to resilient 
690 corals, Isla del Caño had sufficient cool days to offset the effects of El Niño at a local scale. 
691 Comparatively, the 2023-24 El Niño recorded the highest temperature and lowest frequency of 
692 cool days, making it the most extreme thermal event at Isla del Caño for 40 years. While extreme 
693 cooling events can cause coral die-off, as documented for reefs of Costa Rica�s north Pacific 
694 (Palmer et al., 2022), cool periods are vital for reducing bleaching impact and aiding reef 
695 recovery (Green et al., 2019). The prolonged warming in the absence of cooling indicates a 
696 potential loss of climate variability that may have previously served as a buffer against extreme 
697 warming events (Pearce-Kelly et al., 2025; Trew & Maclean, 2021). Such a shift will likely lead 
698 to the lengthy natural coral reef recovery processes (Guzman & Cortés, 2007) being outpaced at 
699 Isla del Caño, likely cementing a shift to algal dominated reefs (Nyström et al., 2012; Pearce-
700 Kelly et al., 2025). 
701
702 Coral to algal dominance and alternative stable state

703 Highly impacted coral reefs undergo regime shifts to dominance of non-calcifying organisms, 
704 such as turf algae (Folke et al., 2004), and is indicative of a breach of tipping point threshold 
705 (Pearce-Kelly et al., 2025). Whist the definition and frequency to actual coral-algal phase shifts 
706 is debated (Bruno et al., 2009; Crisp et al., 2022), extensive coral declines driven by 
707 environmental stressors and/or disturbance events (Leggat et al., 2019) lead to reef restructuring 
708 (Stuart-Smith et al., 2018) and degradation (Bland et al., 2018; Nyström et al., 2012) with 
709 reduced biodiversity, presenting a threat to coral reef persistence (Pearce-Kelly et al., 2025). 
710
711 Coral cover measured at reef sites at Isla del Caño and Corcovado declined by over 40% and 
712 algal cover increased by more than 70% through the 2023-24 El Niño event, breaching the 
713 PRONAMEC guidelines of acceptable system variability and indicating that the requirement of 
714 �comprehensive management measures to reduce impacts, such as sedimentation, stress from 
715 tourism or fishing, sewage quality, among others� (SINAC, 2016). Additionally, the most recent 
716 benthic surveys (January and February 2025) indicate that six of the nine sites have 
717 approximately 10% coral cover or less, consistent with levels associated with ecosystem collapse 
718 and loss of function (Armstrong McKay et al., 2022; Darling et al., 2019; Pearce-Kelly et al., 
719 2025) and indicating widespread reef degradation (Bland et al., 2018; Norström et al., 2009) and 
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720 a shift to algal dominance (Dudgeon et al., 2010; Norström et al., 2009). With reef sites surveyed 
721 from the tail-end of the thermal anomaly (Reimer et al., 2024), the documented 40% loss of coral 
722 cover is likely a gross underestimate, with severe bleaching observed locally since 2023. The 
723 progressive shift in reef composition, and the absence of recovery, signifies coral reef 
724 degradation and the establishment of an alternative stable state at many sites, with reduced 
725 structural complexity and algal dominance (Fung et al., 2011). With reduced complexity, the 
726 alternative stable state likely has reduced ecosystem function and is likely to be reinforced by 
727 positive feedback loops whereby algal dominance persists and suppresses coral growth and 
728 recruitment (Eddy et al., 2021; Norström et al., 2009). The benthic community composition shift 
729 at Isla del Caño suggests a significant digression from its previously reported status as a 
730 biodiversity hotspot (Cortés et al., 2010; Friedlander et al., 2022; Glynn, Alvarado, et al., 2017) 
731 which is likely to negatively impact on tourism (Sing Wong et al., 2022). 
732
733 Site variation in benthic composition temporal trends

734 The phase shift to algal dominance varied among reef sites, highlighting the role of local 
735 characteristics in buffering or promoting reef degradation (Winslow et al., 2024). This variability 
736 provides insight into potential reef refugia and resilience factors. During the tail-end of the 
737 thermal bleaching event, shallow reefs such as San Josecito, Tina, and Este Intermedio showed 
738 early signs of degradation, with high bleaching prevalence, coral mortality, and the 
739 predominance of Pocillopora spp., which is characteristic of shallow TEP reefs (Glynn, 
740 Alvarado, et al., 2017). In contrast, deeper reefs such as Ancla, Cueva, and Barco Profundo 
741 appeared more structurally intact, despite having lower overall coral cover, potentially due to the 
742 significantly cooler mean water temperature. These deeper reefs initially retained complexity 
743 through the presence of Pavona and Psammocora, potentially offering some depth-related 
744 bleaching refugia, such as cooler water (Muir et al., 2017). However, while deeper sites were 
745 slower to degrade, they were not immune to long-term change, highlighting the extent of and 
746 speed of disturbance impacts (Ostrander et al., 2000).
747
748 Some sites showed a more gradual transition, retaining coral cover for longer before shifting 
749 toward an algal-dominated state. Esquina and Este Intermedio initially maintained higher coral 
750 cover, which may have delayed their degradation. However, by the latest surveys, both exhibited 
751 increasing alignment with turf algal cover, reinforcing the trend of gradual but persistent decline. 
752 Chorro and Tina, which had some of the highest coral cover early on, experienced steady losses, 
753 with turf algae progressively replacing coral as the dominant benthic component. Barco Somero 
754 showed signs of decline but followed a less extreme trajectory than other sites; while turf algae 
755 increased, it did not reach the dominance levels observed at San Josecito or Barco Profundo, 
756 suggesting that localized conditions or initial community composition may have influenced 
757 degradation dynamics (Norström et al., 2009). SIMPER analysis supports these patterns, 
758 identifying turf algae as the primary contributor to site-level dissimilarity over time, with 
759 increases particularly at Ancla, Cueva, and Barco Profundo, which are more characteristic of 
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760 rocky reefs (SINAC-UNA, 2021). Coral cover declined significantly at Ancla and San Josecito, 
761 while dead coral decreased across most sites�likely reflecting overgrowth and erosion of coral 
762 skeletons following earlier mortality (Romanó De Orte et al., 2021). Although bleaching was 
763 visually prevalent in 2023, its statistical contribution to post-disturbance dissimilarity was low, 
764 suggesting that most mortality occurred prior to the 2025 survey period and was no longer a 
765 dominant structuring feature (Ostrander et al., 2000). These results quantitatively reinforce 
766 observed temporal trends in benthic structure and indicate that, despite differences in timing and 
767 severity, reef sites are converging toward a simplified, turf-dominated state (Dudgeon et al., 
768 2010; Fung et al., 2011). The most substantial site-level changes were observed at San Josecito, 
769 Ancla, Barco Profundo, and Cueva, where significant coral loss, turf proliferation, and 
770 reductions in macroalgae and cyanobacteria occurred. These benthic shifts breach the levels of 
771 permissible variation described in SINAC PRONAMEC, indicating that management measures 
772 are required, though the action recommended is only to determine the cause, with no reactive 
773 measures suggested (SINAC, 2016; SINAC-UNA, 2021) (p. 39). 
774
775 The impact of the landslides in November 2024 likely operated synergistically with the 
776 preceding bleaching event to cause further reef degradation (Good & Bahr, 2021), particularly at 
777 several nearby sites of Cueva and Ancla. For example, the proliferation of turf algae prior to the 
778 landslides would have promoted sediment adhesion to substrate and inhibits coral recruitment 
779 (Fourney & Figueiredo, 2017). By November 2024, the thermal stress anomaly had already 
780 significantly affected deeper reef sites, including Cueva and Ancla, which previously provided 
781 some thermal refuge. The coral loss and increasing algal cover, albeit to a lesser extent than in 
782 the shallower reefs. Intensive sedimentation from the landslides would have further stressed 
783 coral communities by reducing light availability for photosynthesis, impairing coral immunity 
784 (Sheridan et al., 2014), and increasing the energetic cost of sediment removal (Erftemeijer et al., 
785 2012), essentially smothering the corals. It is also likely that the influx of nutrients associated 
786 with the fine sediment provided promoted the proliferation of turf algae and collectively they 
787 developed a thick matt over the available substrate (Vermeij et al., 2010). 
788
789 The disappearance of dead coral as a structuring variable in the latest surveys suggests that the 
790 active phase of coral mortality had passed, with reefs now stabilizing in an algal-dominated state. 
791 This reflects a loss of structural complexity, as coral skeletons that once provided habitat and 
792 settlement space for coral recruits were overgrown. The increasing dominance of turf algae 
793 suggests that many sites have crossed a tipping point toward an alternative stable state, including 
794 tourist sites of Ancla, Cueva and Barco Profundo (BIOMARCC-SINAC-GIZ, 2016; Naranjo-
795 Arriola, 2021). 
796
797 Species-specific patterns

798 While benthic trends clearly show a system-wide shift toward algal dominance, species-level 
799 data offer insights into differential vulnerability and community restructuring. The 
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800 genus Pocillopora, dominant at many shallow sites at Isla del Caño and Corcovado (Cortés & 
801 Jiménez, 1996, 2003), including San Josecito and Tina, exhibited the highest bleaching 
802 prevalence, consistent with its high thermal sensitivity (Marshall & Baird, 2000; Palmer et al., 
803 2010). The decline in Pocillopora spp. drove early structural loss at these shallower sites, 
804 whereas deeper sites, such as Cueva and Barco Profundo, initially retained Pavona spp. 
805 and Porites lobata, which are considered more thermally tolerant (Glynn et al., 2001; Palmer, 
806 2018b; Palmer et al., 2010). However, the persistence of Pavona spp. and Porites spp., is 
807 partially an artifact of the survey methods. These genera showed signs of decline, particularly 
808 Pavona spp., suggesting breaches of their damage thresholds, defined as the point at which 
809 accumulated physiological stress exceeds a coral�s capacity for repair, triggering irreversible 
810 damage, including tissue loss (Palmer, 2018a). This led to extensive partial mortality of massive 
811 coral colonies, causing fragmentation and an increased count of coral colony abundance - 
812 artificially inflated colony counts for massive species. Thus, the apparent stability of these taxa 
813 likely reflects the persistence of remnants rather than functional resilience. Similarly, no 
814 significant changes in proportional taxonomic abundance were observed through time, even for 
815 Pavona clavus, which local knowledge and observations indicate has dramatically declines, 
816 likely because most mortality occurred prior the surveys, which were conducted after the peak of 
817 the thermal anomaly (Reimer et al., 2024). This highlights a limitation of the predominantly 
818 post-bleaching survey window, highlights that the findings of coral loss are likely a gross 
819 underestimate and reinforces the need for continuous monitoring to capture real-time community 
820 shifts (Obura et al., 2019).
821
822 Only 12 coral taxa were recorded in coral reef surveys (2024 to 2025), a reduction from the 22 
823 species historically reported at Isla del Caño (Cortés & Guzman, 1998; Guzman & Cortés, 2001). 
824 Whilst our surveys grouped all Pocillopora spp. together, due to difficulties with identification to 
825 species level in the field (Johnston et al., 2018), the findings suggest a general loss of coral 
826 diversity at Isla del Caño, threatening long term resilience (Folke et al., 2004; Nyström et al., 
827 2000). Particularly, Porites panamensis was absent, which may be locally extirpated, 
828 and Gardineroseris planulata was rare, with only occasional small colonies observed. Crown-of-
829 thorns starfish (Acanthaster planci) were observed preying on surviving coral, including Porites 
830 lobata. This represents a shift in feeding behavior from a preference for Pocillopora spp., as has 
831 been previously noted in the TEP after coral mortality events (Guzman & Cortés, n.d.). The 
832 combined impacts of bleaching, sedimentation, and predation appear to have driven an 
833 ecological simplification, with turf algae expanding into vacated space and reef composition 
834 increasingly shaped by loss rather than resilience.
835
836 The low Ecological Recovery Feasibility and the urgent need for coral reef restoration

837 The more than 11% reduction in coral cover and >21% increase in algal cover, according to the 
838 governing body of Isla del Caño, warrants �comprehensive management measures to reduce 
839 impacts� (SINAC, 2016)p. 23). The need for urgent targeted reef restoration is underscored by 
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840 the dramatic decline in coral cover and simplification of community composition at Isla del Caño 
841 and northern Corcovado, and the related limited ecological recovery feasibility (Kleypas et al., 
842 2021; Suggett et al., 2024). The ecological recovery feasibility index offers a viable initial 
843 framework for evaluating relative reef recovery potential that can be applied locally and refined 
844 for more accurate indication of reef health as data become available (Obura et al., 2019). 
845 Currently, by integrating benthic composition, science-informed ecological directions and PCA-
846 derived loadings, the index provides a transparent site-specific tool for triage-based restoration 
847 decisions. The variation in ecological reef recovery feasibility among sites highlights the need 
848 for, and importance of, developing a targeted approach and tailored interventions to restoring 
849 ecological reef function at the degraded sites of Isla del Caño and Corcovado (Kleypas et al., 
850 2021; Shaver et al., 2022). The ecological reef recovery Index indicates that several sites have 
851 limited potential for natural recovery, particularly San Josecito, Ancla, and Barco Profundo, 
852 highlighting the necessity of reactive restoration (Hein et al., 2021; Kleypas et al., 2021). While 
853 sites such as Chorro and Esquina demonstrated comparatively higher ecological recovery 
854 potential, all surveyed locations remain vulnerable to escalating climate stress and impaired coral 
855 recruitment, suggesting that passive recovery is increasingly unlikely to restore ecosystem 
856 function without direct intervention (Hein et al., 2021; Pearce-Kelly et al., 2025). Proactive reef 
857 management across all sites is essential, given the accelerating frequency and severity of thermal 
858 stress events and limited coral adaptation capacity (Alvarado et al., 2025; Kleypas et al., 2021; 
859 Pearce-Kelly et al., 2025).
860
861 A wide array of coral reef restoration methods has been implemented or proposed to sustain reef 
862 structure and function in the face of climate change (Suggett & Van Oppen, 2022). Coral 
863 gardening�propagating fragments in nurseries and outplanting them to degraded sites�remains 
864 the most widely applied method and has shown moderate success in increasing local coral cover, 
865 particularly for fast-growing species like Pocillopora and Acropora spp. (Boström-Einarsson et 
866 al., 2020; Shaver et al., 2022). In Costa Rica, restoration efforts have rapidly expanded over the 
867 past decade, employing floating nurseries (trees and ropes), benthic structures (A-frames, tables, 
868 spiders), and outplanting of both branching and massive species (Alvarado et al., 2025). 
869 Reported growth rates (~6�9 cm/year) and survival rates (60�90%) in Costa Rica are 
870 encouraging, although these efforts remain vulnerable to thermal anomalies and algae 
871 overgrowth if not paired with resilience-enhancing actions (Alvarado et al., 2025).
872 More experimental approaches, including those aimed at increasing resilience�such as larval 
873 enhancement, cryopreservation, microbiome manipulation, assisted evolution� as well as reef 
874 shading, and artificial upwelling, offer long-term potential to improve coral stress tolerance and 
875 restoration success (Barshis et al., 2013; Bay et al., 2023; Suggett et al., 2024). However, many 
876 of these methods are typically expensive (Schmidt0Roach et al., 2025), technologically complex, 
877 largely limited to pilot-scale trials in high-income nations (Bayraktarov et al., 2020; McLeod et 
878 al., 2022), and lack conclusive evidence of their long term efficacy in terms of increased reef 
879 resilience (Pearce-Kelly et al., 2025). Additionally, the implementation requires specialized 
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880 infrastructure, ongoing technical support, and considerable investment�resources that are often 
881 unavailable in low- and middle-income countries (LMICs) where coral restoration efforts are 
882 often dependent on donations (Alvarado et al., 2025; Bayraktarov et al., 2020). In Costa Rica, 
883 where restoration is largely driven by community-based organizations, NGOs, and the Coral 
884 Restoration Consortium (Alvarado et al., 2025) that operate under the SINAC framework 
885 (SINAC-GIZ, 2020), lower-cost, scalable methods such as nursery propagation and strategic site 
886 protection remain the most feasible strategies. Integrating achievable methods to increase coral 
887 reef resilience, however, are essential for the persistence of Costa Rica�s coral reefs (Kleypas et 
888 al., 2021).
889
890 Variations in coral immune function�including antioxidant enzyme activity and phenoloxidase 
891 production�play an important role in the maintenance and return to health (Palmer et al., 2008, 
892 2010), including during thermal stress (Barshis et al., 2013; Palmer, 2018b). Understanding the 
893 variable health dynamics of local coral species through environmental fluctuations, as per the 
894 damage threshold hypothesis (Palmer, 2018a), potentially presents a more accessible and lower 
895 cost option for increasing the resilience of reefs during the restoration process, whilst addressing 
896 the call to refine tools for effective screening (Klepac et al., 2024). Therefore, integrating 
897 immune profiling into coral selection for nurseries may increase the probability that restored 
898 populations can persist under future thermal regimes (Palmer, 2018a).
899
900 Alongside ecological interventions, effective integration with government and stakeholders is 
901 essential for coral reef restoration (Alvarado et al., 2025; Kleypas et al., 2021; Shaver et al., 
902 2022). This is perhaps especially the case for protected areas, like Isla del Caño (SINAC, 2009), 
903 that are also essential for local tourism (BIOMARCC-SINAC-GIZ, 2016; Naranjo-Arriola, 
904 2021). Managing human pressures on vulnerable systems is critical for their survival (Andrello et 
905 al., 2022), with dive tourism impact including coral damage and pollutants, resulting in increased 
906 disease prevalence (Lamb et al., 2014). Coral damage linked to tourism activity has been 
907 observed at high-use dive and snorkel sites at Isla del Caño, such as Ancla, Barco Profundo, 
908 Cueva, and Esquina (Naranjo-Arriola, 2021), suggesting that temporary access restrictions to 
909 sensitive sites, redistributing use across a wider range of reef areas, and enhancing diver and 
910 guide training or pre-dive briefings could help mitigate further degradation of vulnerable areas 
911 while preserving socio-economic benefits (ACOSA-TNC-UCI-ELAP, 2008). Given the 
912 dependence of local tourism on the health of the reefs at Isla del Caño and Corcovado, and the 
913 support of conservation through tourism-based donations, continued dialogue and collaboration 
914 among conservation organization, local government and dive operators is essential for ensuring 
915 reef recovery and long-term persistence (Alvarado et al., 2025; Kleypas et al., 2021). 
916

917 Conclusions

918 Isla del Caño�s coral reef communities�historically considered climate-resilient�underwent a 
919 significant, El Niño-driven shift from coral to algal dominance in 2024, with coral cover 
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920 declining by over 40% and turf algae increasing by more than 70%. Although the temporal scope 
921 of coral reef monitoring was constrained to one year following the peaks of the 2023�24 El Niño 
922 event for most reef sites, and therefore potentially underestimates the scale of coral loss. These 
923 results mark a critical ecological transition, suggesting that the resilience observed in past 
924 decades has been eroded under accelerating climate pressures. 
925
926 By integrating long-term temperature trends, bleaching thresholds, and benthic community 
927 dynamics across nine sites, we provide a comprehensive and site-specific temporal assessment of 
928 reef degradation at Isla del Caño and one site in north Corcovado. The development of an 
929 Ecological Recovery Feasibility Index offers a novel, site-level tool for prioritizing reactive 
930 intervention. This simple tool enables triage-based conservation planning and can be applied to 
931 other regions and developed as additional information becomes available, such as coral 
932 recruitment rates, larval connectivity, more granular temperature data and herbivore density and 
933 diversity. 
934
935 Passive recovery is unlikely to restore reef integrity at Isla del Caño and Corcovado, and urgent 
936 restoration is required to regain ecosystem function and mitigate further ecosystem collapse. 
937 Whilst global and national efforts to reduce climate impacts are ongoing, targeted, science-driven 
938 restoration aimed at increasing reef resilience is essential at Isla del Caño and Corcovado. Coral 
939 reef restoration activities must be developed and executed in collaboration with key stakeholders 
940 of this important biological reserve, including government, conservation organizations, scientists 
941 and dive tour operators. 
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1314
1315 Figure Legends

1316
1317 Figure 1: The location of the nine coral community sites surrounding Isla del Caño and north Osa 
1318 Peninsula (Corcovado). 
1319
1320 Figure 2: Daily SST, MMM and DHW for 5km at Isla del Caño over a 40-year period (1985 to 
1321 2025). SST trendline shown in white. 
1322
1323 Figure 3. Annual frequency (days) of thermal events at Isla del Caño 8°42'59"N 83°53'06"W 
1324 based on NOAA Coral Reef Watch SST data (1985�2025). Warm events are defined as days 
1325 when SST exceeds the bleaching threshold (MMM + 0.5°C). Cool events are defined as days 
1326 when SST is below the monthly mean minus 0.5°C.
1327
1328 Figure 4: Porites lobata colony at San Josecito at approximately 1m on a) 22nd February 2024 
1329 and b) 30th May 2024.
1330
1331 Figure 5: Pocillopora spp. colony at San Josecito at approximately 1m on a) 28th January 2024 
1332 and b) 22nd February 2024 and c) 30th May 2024.
1333
1334 Figure 6: A time series of a Porites lobata colony at Barco Somero, photographed as healthy 
1335 (2019), severely bleached (2023) and healthy, though with receded tissues in 2025.
1336
1337 Figure 7: The proportion of bleached corals at each site recorded during the study period. The 
1338 blue line represents the fitted regression line from the linear model, and the shaded area around 
1339 the line indicates the 95% confidence interval of the fitted values.
1340
1341 Figure 8: Shannon Index of coral species diversity among reef sites for the full study period. 
1342 Ancla n=18, Barco Profundo n=24, Barco Somero n=24, Chorro n=48, Cueva n=18, Esquina 
1343 n=24, Este Intermedio n=18, San Josecito n=27, Tina n=33.
1344
1345 Figure 9: Proportion of coral cover at each site through time. The blue line represents the fitted 
1346 regression line from the linear model, and the shaded area around the line indicates the 95% 
1347 confidence interval of the fitted values. Ancla n=24, Barco Profundo n=24, Barco Somero n=24, 
1348 Chorro n=54, Cueva n=26, Esquina n=24, Este Intermedio n=24, San Josecito n=27, Tina n=39.
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1349
1350 Figure 10: Principal Component Analysis (PCA) of reef site composition across different time 
1351 periods. (A) During Bleaching: March to July 2024, (B) After Bleaching: August to December 
1352 2024 and (C) Latest Data: January to February 2024. Arrows indicate PCA loadings, 
1353 representing the contribution of environmental and benthic variables to site differentiation
1354
1355 Figure 11: Ecological restoration feasibility index
1356
1357 Tables

1358
1359 Table 1: Bleaching Prevalence and Variability Estimates for Coral Genera from the Zero-Inflated 
1360 Beta (ZIB) Model (95% CI)
1361

Coral Genus
Bleaching 
Prevalence (%) 

Site-Level 
Variation (SD) Dispersion (phi)

Zero Inflation 
(zi)

Pocillopora spp. 33.9 (24.4 - 44.9) 0.13 (NA)
0.82 (0.68 - 
0.97)

0.00 (0.00 - 
0.02)

Porites lobata 24.0 (16.3 - 34.0)
0.19 (0.01 - 
0.51)

1.08 (0.90 - 
1.27)

0.00 (0.00 - 
0.02)

Psammocora 
spp. 15.6 (10.2 - 22.6) 0.10 (NA)

0.92 (0.73 - 
1.14)

0.00 (0.00 - 
0.02)

Pavona spp. 10.1 (6.7 - 15.2) 0.10 (NA)
1.61 (1.21 - 
2.08)

0.00 (0.00 - 
0.02)

Other corals 0.25 (0.16 - 0.37)
0.08 (0.00 - 
0.24)

105.63 (75.51 - 
140.02)

0.00 (0.00 - 
0.02)

1362
1363
1364 Table 2: Key contributors to overall benthic composition change (SIMPER)

Variable Average 
Contribution

Consistency 
Ratio

Mean 
Before

Mean 
After

Cumulative 
Contribution

% 
Change

P-
Value

Turf 0.1598 1.466 0.337 0.575 0.332 70.62 0.0099
Bleached 0.1101 1.282 0.192 0.26 0.561 35.42 0.8811
coral 0.0821 1.094 0.193 0.115 0.732 -40.41 0.0099
CCA 0.062 0.785 0.094 0.106 0.861 12.77 0.3465
Dead coral 0.0455 0.571 0.093 0.017 0.955 -81.72 0.0099
Macroalgae 0.0125 0.532 0.017 0.011 0.981 -35.29 0.0693
Cyanobacteria 0.009 0.563 0.016 0.004 1.0 -75.0 0.0099

1365
1366 Table 3: Key drivers of substrate change at each site, based on significance (SIMPER)

Site Variable Cumulative 
Contribution

% Change P-Value

Ancla Turf 0.42 70.78 0.069
CCA 0.607 195.96 0.455
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Coral 0.783 -53.99 0.04*

Barco Profundo Turf 0.445 203.81 0.01*
Bleached 0.735 676.25 0.04*
CCA 0.821 211.5 0.257

Barco Somero Macroalgae 0.279 -99.59 0.01*
Turf 0.476 29.25 0.802
Bleached 0.638 -13.76 1.0

Chorro Turf 0.31 38.01 0.267
Bleached 0.56 42.05 0.871
Coral 0.704 28.07 0.436

Cueva Turf 0.425 91.87 0.01*
CCA 0.623 -22.71 0.693
Bleached 0.762 -49.54 0.02*

Esquina Turf 0.367 44.12 0.02*
Coral 0.585 -50.55 0.01*
Bleached 0.79 83.73 0.693

Este Intermedio Turf 0.313 59.57 0.257
Bleached 0.553 54.61 0.97
Dead coral 0.711 -97.64 0.01*

San Josecito Turf 0.399 344.03 0.03*
Dead coral 0.748 -99.75 0.01*
Bleached 0.915 -57.96 0.04*

Tina Turf 0.329 62.26 0.277
Coral 0.621 -48.02 0.01*
Bleached 0.887 9.66 0.663

1367
1368 * indicates statistical significance.

1369
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Figure 1
Map of coral community monitoring sites at Isla del Caño and northern Corcovado

The location of the nine coral community sites surrounding Isla del Caño and north Osa
Peninsula (Corcovado) .
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Nota adhesiva
The map reinforces the fact that it better indicates the Osa Peninsula, rather than Corcovado. Corcovado refers more to the National Park, which was not sampled, while the Osa Peninsula would be more appropriate to refer to San Jocesito.



Figure 2
Daily SST, MMM, and DHW at Isla del Caño (198532025)

Figure 2: Daily SST, MMM and DHW for 5km at Isla del Ca ñ o over a 40-year period (1985 to
2025). SST trendline shown in white.
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Figure 3
Annual frequency of warm and cool thermal events at Isla del Caño (198532025)

Annual frequency (days) of thermal events at Isla del Caño 8°42'59"N 83°53'06"W based on
NOAA Coral Reef Watch SST data (198532025). Warm events are deûned as days when SST
exceeds the bleaching threshold (MMM + 0.5°C). Cool events are deûned as days when SST
is below the monthly mean minus 0.5°C.
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Figure 4
Porites lobata colony at San Josecito at ~1 m depth on a) 22 February 2024 and b) 30
May 2024

Porites lobata colony at San Josecito at approximately 1m on a) 22 nd February 2024 and b)
30 th May 2024.
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Figure 5
The change in health of a Pocillopora spp. colony at San Josecito between January and
May 2024

Pocillopora spp. colony at San Josecito at approximately 1m on a) 28 th January 2024 and b)
22 nd February 2024 and c) 30 th May 2024.
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Figure 6
A time series of a Porites lobata colony at Barco Somero, photographed in diûerent
health states

A time series of a Porites lobata colony at Barco Somero, photographed as healthy (2019),
severely bleached (2023) and healthy, though with receded tissues in 2025.
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Figure 7
The proportion of bleached corals at each site recorded during the study period.

The proportion of bleached corals at each site recorded during the study period. The blue line
represents the ûtted regression line from the linear model, and the shaded area around the
line indicates the 95% conûdence interval of the ûtted values.
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Figure 8
Shannon Index of coral species diversity among reef sites

Shannon Index of coral species diversity among reef sites for the full study period. Ancla
n=18, Barco Profundo n=24, Barco Somero n=24, Chorro n=48, Cueva n=18, Esquina n=24,
Este Intermedio n=18, San Josecito n=27, Tina n=33.
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Figure 9
Proportion of coral cover at each site through time.

Proportion of coral cover at each site through time. The blue line represents the ûtted
regression line from the linear model, and the shaded area around the line indicates the 95%
conûdence interval of the ûtted values. Ancla n=24, Barco Profundo n=24, Barco Somero
n=24, Chorro n=54, Cueva n=26, Esquina n=24, Este Intermedio n=24, San Josecito n=27,
Tina n=39.

PeerJ reviewing PDF | (2025:03:116823:0:1:NEW 3 Apr 2025)

Manuscript to be reviewed



PeerJ reviewing PDF | (2025:03:116823:0:1:NEW 3 Apr 2025)

Manuscript to be reviewed



Figure 10
Principal Component Analysis (PCA) of reef site composition across diûerent time
periods.

Principal Component Analysis (PCA) of reef site composition across diûerent time periods.
During Bleaching: March to July 2024 , After Bleaching: August to December 2024 and Latest
Data: January to February 2024. Arrows indicate PCA loadings , representing the contribution
of environmental and benthic variables to site diûerentiation
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Figure 11
Ecological restoration feasibility index for coral reef sites at Isla del Caño

Ecological restoration feasibility index ranks the relative potential for passive recovery across
reef sites at Isla del Caño. The index integrates site-level coral cover, benthic composition,
and principal component loadings. Sites with lower scores (e.g., San Josecito, Ancla, Barco
Profundo) exhibit minimal recovery potential and high degradation, indicating urgent need
for active intervention. Higher scores (e.g., Chorro, Esquina) suggest greater potential for
natural recovery under current conditions.
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