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			ABSTRACT

			Introduction: The 2023–2024 global coral bleaching event severely impacted coral communities and reefs across the South Pacific of Costa Rica. Understanding coral species and genotype responses to extreme heat stress is critical to improving restoration strategies under accelerating climate change. 

			Objective: To evaluate the effectiveness of a Coral Bleaching Contingency Plan (CBCP) implemented by Raising Coral in mitigating bleaching and mortality during the 2023–2024 thermal anomaly in Golfo Dulce. 

			Methods: Ecological monitoring of natural and restored coral communities was conducted at two reef sites (Islotes and Punta Adela) using the National Program for Ecological Monitoring (PRONAMEC) protocol, documenting bleaching severity and survival across coral genera. In parallel, the CBCP focused on Pocillopora, the most thermally susceptible and restoration prioritized genus in the region, by deploying transplanted coral fragments across five restoration sites (Platanares, Punta Estrella, Sándalo 1, Sándalo 2, and Punta Gallardo). Survival of fragments from 17 Pocillopora donor colonies (genotypes) was analyzed using generalized linear mixed models (GLMMs) to assess site, time, and donor level effects. 

			Results: Coral bleaching was widespread and severe, with 100 % of colonies bleached and 90 % mortality for Pavona and Pocillopora species. Porites maintained the highest live cover (up to 54 % at Punta Adela). Survival of outplanted colonies decreased from > 88 % in 2021–2022 to 13.6 % after the event. Among genotypes, survival differed significantly over time (Donor × Time, p < 0.001), with Pocillopora donors D20, D26, and D2 maintaining the highest percentages of survival. Site-level differences were significant: the reef star cluster at Punta Gallardo experienced 55 % survival of fragments, while the cluster at Platanares experienced total loss. 

			Conclusions: The CBCP enabled rapid deployment and survival tracking of vulnerable coral genotypes during an extreme bleaching event. Results demonstrate that restoration outcomes under acute thermal stress are shaped by pronounced site and genotype-level variability. Maintaining coral nurseries and programs that incorporate multiple species, diverse genotypes, and deployment across heterogeneous environments increases the likelihood that some corals persist despite widespread losses, thereby strengthening the overall resilience of restoration efforts under future marine heatwaves.
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			RESUMEN

			Encontrando refugio en un clima cambiante: implementación de un plan de contingencia contra el blanqueamiento de corales para un proyecto de restauración de arrecifes en el Pacífico Sur de Costa Rica

			Introducción: El evento global de blanqueamiento 2023–2024 afectó severamente las comunidades coralinas naturales y restauradas del Pacífico Sur de Costa Rica. Comprender las respuestas de las especies y genotipos de coral ante el estrés térmico extremo es fundamental para fortalecer la resiliencia de los esfuerzos de restauración ante el cambio climático acelerado.

			Objetivo: Evaluar un Plan de Contingencia ante el Blanqueamiento Coralino (CBCP) implementado por Raising Coral para mitigar el blanqueamiento y la mortalidad durante la anomalía térmica 2023–2024 en el Golfo Dulce. 

			Métodos: Se realizó monitoreo ecológico de comunidades coralinas naturales y restauradas en dos sitios (Islotes y Punta Adela) utilizando el protocolo del Programa Nacional de Monitoreo Ecológico (PRONAMEC), documentando la severidad del blanqueamiento y la supervivencia. De forma paralela, el CBCP se enfocó en Pocillopora, el género más susceptible térmicamente y prioritario para la restauración regional, mediante el trasplante de fragmentos en cinco sitios (Platanares, Punta Estrella, Sándalo 1, Sándalo 2 y Punta Gallardo). La supervivencia de fragmentos provenientes de 17 colonias donadoras (genotipos) de Pocillopora se analizó mediante modelos lineales generalizados mixtos (GLMMs) evaluando efectos del sitio, el tiempo y el donador. 

			Resultados: El blanqueamiento fue generalizado y severo, con 100 % de las colonias afectadas y alta mortalidad en Pavona y Pocillopora. Porites mantuvo la mayor cobertura viva (hasta 54 % en Punta Adela). La supervivencia de las colonias trasplantadas disminuyó del 88 % en 2021–2022 a 13.6 % después del evento. La supervivencia varió significativamente entre genotipos a lo largo del tiempo (Donor × Time, p < 0.001), destacando D20, D26 y D2. A nivel de sitio, las diferencias fueron marcadas: los conjuntos de “reef stars” en Punta Gallardo conservaron el 55 % de los fragmentos, mientras que Platanares presentó pérdida total. 

			Conclusiones: El CBCP permitió el despliegue rápido y seguimiento de genotipos coralinos vulnerables durante un evento extremo de blanqueamiento. Los resultados demuestran que la resiliencia de la restauración bajo estrés térmico agudo está determinada por la variabilidad entre sitios y genotipos. Integrar múltiples especies, genotipos diversos y su implementación en ambientes heterogéneos incrementa la probabilidad de persistencia de algunos corales frente a pérdidas generalizadas, fortaleciendo los esfuerzos de restauración ante futuras olas de calor marinas.

			Palabras clave: restauración coralina; blanqueamiento coralino; Golfo Dulce; Pocillopora; ola de calor marina; estrellas de arrecife; Costa Rica.
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			Introduction

			Under accelerating climate change, increasingly frequent and intense marine heatwaves have become the primary driver of coral reef decline worldwide (van Woesik & Kratochwill, 2022), culminating in the Fourth Global Coral Bleaching Event declared in 2023 and setting the context for unprecedented bleaching impacts in the Eastern Tropical Pacific (National Oceanic and Atmospheric Administration [NOAA] & Coral Reef Watch, 2024; Reimer et al., 2024; Spady et al., 2022). Bleaching linked to El Niño has altered the structure and functioning of Eastern Tropical Pacific (ETP) reefs since the 1980s, producing long-lasting impacts on key reef builders such as Pocillopora and Porites (Alvarado et al., 2025; Cortés et al., 1984; Hernández-Delgado & Rodríguez-González, 2025). During the 2023–2024 ENSO, the Pacific and Caribbean coasts of Central America were among the most affected globally, with Costa Rica identified as a thermal-stress hotspot after reaching 10.2 degree heating weeks (DHW), the highest value ever recorded, inducing widespread coral mortality (Alvarado et al., 2025). Since mid-2023, bleaching has been reported along the Pacific coastline from north to south, later extending to the Caribbean.

			Given this scenario, bolder actions are required to sustainably manage coral reef ecosystems (Hein et al., 2021). Coral reef restoration has gained significant importance in recent years as a tool for ecosystem recovery and resilience promotion (Bayraktarov et al., 2019; Van Oppen et al., 2017). Commitments to restore these landscapes have increased at both local and international levels, including the United Nations Sustainable Development Agenda (Hughes et al., 2023; Suggett et al., 2023). However, the debate about the capacity of these initiatives to confront large-scale threats, such as ocean warming and acidification, creates a space for reflection on the need for management actions that can be applied in the field and monitored for success in the long term (Hein et al., 2019; Hughes et al., 2023; Rinkevich, 2014).

			The Fourth Global Coral Bleaching Event tested the capacity of active restoration programs to respond rapidly to acute thermal stress. In this context, Raising Coral Costa Rica implemented a Coral Bleaching Contingency Plan (CBCP) designed to temporarily safeguard restoration stock in situ by placing a wide array of Pocillopora genotypes onto clusters of MARRS (Mars Assisted Reef Restoration System) reef stars placed across multiple locations prior to, and near the onset of the marine heat wave. This in-situ approach served as an alternative to ex situ safe-keeping of corals, which is often logistically or financially unfeasible in many restoration settings, and enabled the rapid deployment and monitoring of fragments across a variety of sites.

			This study aimed to document the survival of coral fragments from different sites and donor genotypes during the 2023–2024 bleaching event, using an in situ contingency approach to protect restoration stock under acute thermal stress. Specifically, we evaluated whether fragment survival differed among donor identities and deployment sites. We hypothesized that survival would vary across sites and genotypes, with some combinations performing better than others during the warming event.

			MATERIALS AND METHODS

			The present study was implemented on the South Pacific coast of Costa Rica, specifically within the Golfo Dulce Responsible Fishing Area (AMPR-GD) (Fig. 1). Golfo Dulce (8°27’to 8°45’ N, 83°07’ to 83°30’ W) is one of the world’s four tropical fjords. It is a semi-enclosed bay of tectonic origin covering approximately 750 km² (Wolff et al., 1996). The gulf has two oceanographic regimes: a deeper inner basin (70–215 m) that is largely anoxic, and a shallower outer basin (surface–70 m) separated by a sill that restricts oceanic inflow and creates stable stratification (Hebbeln & Cortés, 2001; Morales-Ramírez & Nowaczyk, 2006; Morales-Ramírez et al., 2015). Environmental variables such as temperature, salinity, dissolved oxygen, biomass, and zooplankton composition vary markedly between the inner and outer zones (Quesada-Alpízar, 2011; Quesada-Alpízar & Morales-Ramírez, 2004).

			Mars Assisted Reef Restoration System (MARRS): The MARRS method, developed by Mars Sustainable Solutions (Mars Inc.), provides a rapid and cost-effective means to restore damaged coral reefs (Smith et al., 2021). The system consists of 40 cm-diameter hexagonal steel frames coated with epoxy resin and calcium carbonate. These “reef star” structures are environmentally safe, suitable for unstable substrates, and removable if necessary (Razak et al., 2022). Raising Coral Costa Rica (RCCR) adopted this method for the contingency plan due to its fast deployment and standardized fragment attachment across sites. Each reef star supports 15–30 coral fragments, and each “reef star cluster” consists of five interconnected stars that can hold a total of 75–150 fragments. Five reef star clusters were deployed between 7 and 12 m depth across sites with distinct environmental conditions: Punta Estrella (inner gulf), Sándalo 1, Sándalo 2 and Punta Gallardo (mid-gulf), and Platanares (outer gulf). The inner gulf is characterized by slower currents, whereas outer sites experience greater hydrodynamic activity.

			Coral fragments and donors: The contingency plan used fragments maintained in RCCR’s underwater nursery. These fragments had been propagated from a one-time sampling of 17 donor colonies of Pocillopora growing in various locations of Golfo Dulce, and all ramets were tracked according to the donor. We collected 40–100 fragments from each donor, and 8–20 fragments were attached to each reef star cluster (approximately 100–120 fragments per cluster). Color coded labels identified fragments by donor, enabling tracking throughout the study. During the course of this plan, a separate genetic analysis of the 17 donor colonies indicated that the donors include two species of Pocillopora: P. grandis (mtORF type 1a) and P. verrucosa (mtORF type 3a), and that the donors exhibit high genetic diversity (Connelly et al., 2025).

			Monitoring: Monitoring for the contingency plan was conducted between May 2023 and January 2024 and included temperature, coral health, survival of fragments on reef stars, ecological monitoring of adjacent reefs, and survival of previously outplanted colonies. We had also conducted ecological monitoring of adjacent reefs prior to the bleaching event, and monitored the survival of outplanted corals across previously restored reefs.

			Reef star monitoring: Sea water temperature was monitored with HOBO ProV2 temperature recorders (15-min recording interval) attached to each cluster for the duration of the experiment. Coral health (primarily bleaching levels) and the survival of individual fragments were monitored monthly. Photographic records of each reef star in each structure were also taken as visual support for the development and status of the corals as part of the contingency plan (Fig. 2). 

			Ecological monitoring of adjacent reefs: Ecological monitoring was carried out at two natural reefs, Punta Adela and Islotes, within the Golfo Dulce Responsible Fishing Area (AMPR-GD), following the PRONAMEC protocol (SINAC-GIZ, 2020). At each site, three permanent 10 m transects were established along the reef slope (3–5 m depth). A 1 × 1 m quadrat was placed every meter (10 per transect), and percent live coral cover was visually estimated by species, together with percent cover of recently dead coral, algae, and abiotic substrate. The monitoring was conducted before (May 2023), during (October 2023), and after (January 2024) the bleaching event. Mean percent coral cover per species was calculated for each sampling period to evaluate temporal changes in reef condition.

			Outplanted colony survival: Survival of all outplanted corals across restoration sites was assessed during annual censuses, conducted once per year to record, by genus, the number of living colonies. Each outplanted colony was identified and mapped within its corresponding restoration plot. For each plot, the survival rate (%) was calculated as the proportion of live colonies relative to the total number of transplanted colonies recorded during each census. This monitoring allowed comparison of survival trends among sites and over time, as well as comparison in survival between reef star fragments and previously outplanted colonies.

			Statistics: Coral fragment survival data from the contingency plan monitoring were analyzed using generalized linear mixed models (GLMMs) with a binomial error distribution and a logit link function. This approach was selected to account for the binary nature of survival data (alive/dead) and the presence of repeated measurements over time and among donor colonies. The first model included Site and Time (days since deployment, mean-centered) as fixed effects and Donor as a random effect, allowing us to test for spatial and temporal variation in fragment survival. The second model evaluated Donor and Time as fixed effects and Site as a random effect, to assess genotypic effects on survival while controlling for environmental variability. Model diagnostics were evaluated using residual distributions, random-effect variances, and convergence statistics. Likelihood ratio tests (LRT) were used for model selection and to determine the significance of fixed effects. Post-hoc contrasts were computed using Tukey-adjusted pairwise comparisons to identify significant differences among sites and donors.

			For ecological monitoring of natural reefs, non-parametric tests were applied, given the non-normal distribution of the data. Temporal variation in coral cover by species and site was tested using Kruskal–Wallis and Friedman tests (for repeated transects), and Wilcoxon signed-rank tests were used for paired comparisons where only two sampling periods were available.

			Survival rates of outplanted colonies were compared before (2018–2023) and after the bleaching event (January 2024) to assess its impact. All statistical analyses were conducted in R version 4.5.1 (R Core Team, 2025), using the packages lme4 (Bates et al., 2015), emmeans (Lenth & Piaskowski, 2025), car (Fox & Weisberg, 2019), stats (R Core Team, 2025), and ggplot2 (Wickham, 2016). Statistical significance was considered at p < 0.05.

			RESULTS

			Temperature: The 2023–2024 warming event was the most prolonged and severe event recorded in Golfo Dulce since monitoring began in 2017 (Fig. 3, Digital appendix 1). Temperature stress for corals here exceeded 4-degree heating weeks (DHW) for more than 5 months and 8 DHW for more than 3 months. Between July 2023 and April 2024, the maximum daily average surface temperature reached 33 °C in our shallowest HOBO record in Golfo Dulce (Punta Adela, 1–3 m depth, record not shown here), while at 7–12 m depth in reef star clusters, peaks of ~32.0 °C were recorded (Appendix 2). Warming patterns were similar across all sites, and extended across the entire water column, reducing the thermal gradient between surface and reef depths to only ~1 °C. A transient cooling pulse in mid-October was followed by gradual warming until February 2024, after which strong upwelling temporarily lowered reef temperatures to ~20.0 °C, even as surface waters remained above the bleaching threshold (>31.0 °C).

			CBCP analysis of fragment survival: Overall survival of fragments pooled across all reef star clusters was 32 %, which was higher than that of natural and outplanted colonies on the reef. Survival rates of fragments on the reef star clusters varied greatly among donors/genotypes (Table 1). Fragments from some donors showed relatively high survival rates (36–54 %), while others showed low survival rates (< 10 %). Donors D18 (21.4 %) and D32 only survived at the Punta Gallardo site. Despite D8, D10, and D33 being genetically identical, D8 had a relatively high survival rate, whereas D10 and D33 had low survival rates.

			While average survival did not differ significantly among donors when data were pooled across sites (Kruskal–Wallis χ² = 15.01, df = 14, p = 0.38), the significant Donor × Time interaction detected in the GLMM (LRT = 77.3, p < 0.001) revealed that genotypes responded differently during the bleaching event. This indicates that survival differences were not intrinsic to the genotypes but emerged under stress conditions, reflecting differences in resistance or recovery capacities among donors. Donors D21, D26, and D31 exhibited the highest survival probabilities over time, while D22 and D33 experienced near-total mortality. Intermediate performance was observed for D12, D32, D25, and D30.

			Model diagnostics indicated moderate overdispersion (φ ≈ 2.7–3.0) in both environmental and genetic GLMMs. This pattern is common in ecological binomial data and reflects additional unaccounted heterogeneity among coral fragments, likely due to shared microhabitat conditions, partial mortality, or inter-fragment dependence within reef stars clusters. Such overdispersion does not affect the direction or significance of fixed effects but may inflate standard errors; therefore, results should be interpreted as conservative estimates of effect strength. 

			Although survival was assessed across both Pocillopora species, comparison between P. grandis (mtORF type 1a) and P. verrucosa (mtORF type 3a) revealed no statistically significant difference in global survival (Wilcoxon W = 11, p = 0.056). Both species exhibited similar median survival proportions, suggesting comparable susceptibility and recovery potential under the 2023–2024 bleaching event (Appendix 3). This indicates that interspecific variation was minor relative to the strong genotype and site-level effects observed in the GLMMs.

			Survivorships also varied markedly amongst sites. None of the fragments on the Platanares reef star cluster survived, while 55 % of those on the Punta Gallardo survived (Table 2). A complementary Kruskal–Wallis test confirmed significant site-level differences in survival (χ² = 23.28, df = 4, p < 0.001), supporting the pattern observed in the GLMMs. The GLMM with Site as a fixed effect and Donor as a random effect revealed a significant Site × Time interaction (LRT = 77.3, p < 0.001) (Fig. 4), confirming that survival trajectories were strongly influenced by temporal and site-specific factors.

			Pairwise Tukey-adjusted post hoc comparisons among sites showed that, although survival at Punta Gallardo was higher, it was not significantly different from that at the northern sites Punta Estrella (p = 0.18) and Sándalo 1 (p = 0.07). Interestingly, survival at Sándalo 1 and Sándalo 2 differed significantly (p < 0.001).

			A variance partitioning analysis supported these model results. The sums of squares associated with Site (25.773), Donor (16.099), and the Site × Donor interaction (54.069) indicated that most of the variability in survival was explained by the interaction term rather than by either factor alone (Fig. 5). This pattern reinforces the strong genotype by environment interaction detected in the mixed models, where both Site (SD = 0.92) and Donor (SD = 0.84) random effects contributed substantially to overall variance.

			Ecological monitoring: Coral bleaching in Golfo Dulce was widespread and severe, with 100% of sites exhibiting severe bleaching across all reef sites and species. For the purpose of this study, the monitoring analysis focused on shallow reef zones (5–10 m), where coral outplanting activities overlap with naturally occurring coral colonies. Due to logistical constraints and the onset of the bleaching event, the number of monitoring dates varied between sites. Islotes was surveyed at three periods (pre-bleaching, peak bleaching, and post-bleaching), whereas Punta Adela was surveyed at two (peak and post-bleaching). Despite these asymmetries, both sites provided valuable comparative insights into coral species’ responses to thermal stress and context for the CBCP results. 

			The Kruskal–Wallis test indicated a significant difference in Porites cover between sites (χ² = 3.86, p = 0.0495), but no significant temporal variation within each site (Friedman χ² = 2, df = 2, p = 0.3679 for Islotes; w = 5, p = 0.5 for Adela). Porites maintained the highest relative abundance throughout the event, with median live cover ranging between 16–24 % at Islotes and 52–54 % at Punta Adela. In contrast, for Pocillopora and Pavona, median live cover was below 5 % at reef sites or 0 % following the bleaching peak. These taxa showed no significant temporal effect either, probably largely due to uniformly low cover following the event (Fig. 6). 

			Importantly, in both Islotes and Punta Adela we maintain geo-referenced records of the main Pavona and Pocillopora colonies present in the monitoring zones. During the bleaching peak, these colonies were observed to undergo either complete or substantial partial tissue loss, aligning with the sharp declines in median live cover detected for both genera. Although statistical tests did not detect significant temporal variation, we include the corresponding figures because the trends closely reflect these direct field observations and provide ecological context for interpreting the decline of these taxa.

			However, interpretation should remain cautious: the PRONAMEC method’s focus on total cover and species prevalence captures broad patterns rather than fine-scale colony dynamics, and the variability in sampling effort and personnel across surveys likely introduced additional uncertainty. Thus, results are best viewed as robust indicators of relative resistance rather than exact measures of recovery trajectory.

			Survival of outplanted colonies: As part of our regular restoration monitoring, survival assessments were conducted on outplanted colonies across all active reef restoration sites. Between January 2023 and January 2024, survival varied markedly among species. Of a total of 2 938 transplanted colonies, only 399 were found alive one year later, representing an overall survival rate of 13.6 %. For comparison, survival monitoring conducted over equivalent one-year intervals in 2022 and 2021 showed overall survival rates exceeding 88%. Among surviving colonies, Porites accounted for the majority, showing the highest survival within its group (85.5 %), whereas Pavona and Pocillopora experienced near-complete mortality (6.7 % and 5.7 % survival, respectively) (Table 3). Differences in survival proportions among coral genera were statistically significant (χ² = 505.13, p < 0.0001).

			DISCUSSION

			The coral bleaching observed in Costa Rica aligns with the Fourth Global Coral Bleaching Event, which resulted in widespread bleaching and mortality across tropical reefs worldwide (NOAA & Coral Reef Watch, 2024). The 2023–2024 event produced the most extensive thermal stress episode recorded in the Costa Rican Pacific, with record DHW values and severe consequences for coral cover, particularly in communities dominated by Pocillopora (Alvarado et al., 2025). In Golfo Dulce, warming began as early as June 2023 and remained at record highs through October 2023 (Red line, Appendix 1), with corals experiencing > 4 DHW for more than 5 months and > 8 DHW for more than 3 months (Fig. 3). As a consequence, high coral mortality was observed for Pocillopora and Pavona species.

			These results mirror the ecological monitoring outcomes, reinforcing that Porites exhibited the greatest tolerance to thermal stress across both natural and restored populations. This response is consistent with bleaching impacts across the Eastern Tropical Pacific (ETP), where Pocillopora often displays high thermal susceptibility and elevated mortality following prolonged warming events (Alvarado et al., 2020). In contrast, Porites tends to exhibit greater tolerance and higher survival in both the ETP and the broader Pacific region (Cacciapaglia & van Woesik, 2015; Hernández-Delgado & Rodríguez-González, 2025). The encrusting genus Pavona exhibited survival comparable to the branching coral Pocillopora. This pattern underscores the ecological value of maintaining multi-species restoration approaches while prioritizing genotypes and taxa with proven thermal tolerance.

			Coral genotype was a clear factor influencing Pocillopora survival in Golfo Dulce. Fragment survival varied among specific genotypes, with significant differences in their responses to bleaching stress through time. Certain genotypes, such as D20, D26, D2, D30, and D12, showed notably higher survival, and one of these (D30) had previously shown bleaching resistance in prior warming events, whereas others (e.g., D22) experienced near-total mortality. 

			Symbiont-level changes may partly explain the persistence of some genotypes during the 2023–2024 bleaching event. Recent studies report that certain Pocillopora in the Eastern Pacific have shifted toward the thermotolerant Durusdinium glynnii (Palacio-Castro et al., 2023). The zooxanthellae hosted by the Pocillopora in Golfo Dulce have not yet been identified. Such understanding of coral-symbiont partnerships, however, would inform coral heat-adaptation pathways (Cunning & Baker, 2020; Parkinson et al., 2020; Weis, 2019) that inform restoration as long as it is applied responsibly to avoid erosion of genetic and symbiotic diversity (Baums et al., 2022; Selmoni et al., 2024).

			A key finding was the strong genotype–environment interaction, consistent with recent evidence showing that coral responses to thermal stress are strongly modulated by clonal variation and environmental context (Coelho et al., 2017; Dilworth et al., 2024). Some genotypes exhibited notably higher survival at particular sites, reinforcing genotype as a critical axis of resilience in restoration. However, these same genotypes did not necessarily perform consistently across sites, supporting the idea that thermal plasticity is context-dependent rather than universal (Armstrong et al., 2023; Dilworth et al., 2024; Winslow et al., 2024). These results suggest that survival outcomes were driven by the combination of local environmental conditions and genotypic identity, rather than by intrinsic resistance alone. Local environmental factors such as sedimentation, current exposure, and shading likely amplified or mitigated genotype-level responses. Collectively, these findings underscore the importance of incorporating multi-site and multi-genotype experimental designs to enhance the resilience and predictability of coral restoration outcomes, while also highlighting the need to maintain broad genetic diversity within donor stocks, avoid reliance on “elite genotypes,” and prioritize traceability and multisite monitoring (Baums et al., 2024).

			Our results also revealed clear spatial patterns. Clusters located closer to the middle of the gulf, particularly Sándalo and Punta Gallardo, showed the highest fragment survival rates.  However, higher average survival at Punta Gallardo does not necessarily reflect greater intrinsic resistance of the genotypes but rather specific environmental conditions. Sándalo has historically exhibited higher coral cover than other reef sites in Golfo Dulce (Alvarado et al., 2015; Cortés, 1990), potentially reflecting more favorable environmental conditions, such as hydrodynamics or substrate stability.

			The highest survival of fragments and genotypes was recorded at Punta Gallardo (~55 %), despite being characterized as a rocky reef and experiencing thermal regimes similar to nearby sites. This suggests that local factors, such as shading from the large rock formations or enhanced current exposure, may have provided partial refuge from heat stress. After the 2015-2016 El Niño event, live Pocillopora colonies persisted at Punta Gallardo while they became rare elsewhere in the gulf, further supporting the idea that this site functions as a local thermal refuge.

			This pattern aligns with studies documenting microrefugia maintained by localized upwelling, coastal circulation, suspended particles, or subtle depth gradients (Alvarado et al., 2025; Ashcroft, 2010; Hernández-Delgado & Rodríguez-González, 2025; Keppel et al., 2012). Such areas may act as reservoirs of genetic and functional diversity, supporting long-term persistence. Their identification and protection should therefore be prioritized, especially under accelerating warming scenarios (Cacciapaglia & van Woesik, 2015).

			Our Coral Bleaching Contingency Plan was based on placing coral fragments from as many genotypes as possible across multiple environments. This approach offers a potential in situ alternative for preserving coral genotypes when land-based facilities are not available. The use of the MARRS system allowed rapid deployment before significant stress onset and enabled tracking of fragment responses throughout the warming event.

			Implementing the CBCP within a rapid-response framework safeguarded fragments that had previously been propagated in nurseries. Golfo Dulce showed promising results in the use of artificial structures to support coral refuge during extreme events: reef star clusters enabled fragment deployment in deeper waters (7–12 m), where lower light levels and slightly cooler temperatures likely help mitigate bleaching severity. Moderate natural turbidity at these sites may also have reduced radiation stress and bleaching (Lesser & Farrell, 2004; Smith et al., 2014; Sully & van Woesik, 2020).

			Through this plan, we not only learned more about the responses of the genotypes we safeguard and propagate, but we also succeeded in protecting them. After the event, donor colonies D22, D33, and D18 were entirely lost in nursery and outplanting sites; however, survival of small numbers of fragments on reef star clusters ensured continued propagation capacity. As a management strategy, the CBCP demonstrated key advantages: scalability, rapid response to heat alerts, and simultaneous evaluation of depth, microhabitats, and genotype performance. It also offers an alternative where genetic banking is unavailable. However, the CBCP also has limitations: thermal stress can exceed coral recovery capacity even after seasonal cooling, and effective implementation requires rapid mobilization, which may be constrained by limited emergency funding. These limitations underscore the need for proactive protocols and contingency financial resources.

			The effectiveness of any contingency plan depends strongly on local response capacity. Coordination with the local Coral Gardeners program was essential, enabling rapid mobilization of trained personnel, frequent censuses, and sustained community engagement. This proved particularly valuable in empowering people to take action to protect their reefs. Experiences from the ETP and the Caribbean show that local participation strengthens operational continuity, informs site selection, and promotes a coral-stewardship ethic that enhances compliance, surveillance, and education (Hernández-Delgado & Rodríguez-González, 2025).

			Based on these findings, we provide the following recommendations in creating an adaptive restoration framework for the Eastern Tropical Pacific, which can rapidly integrate a contingency plan that simultaneously protects coral genotypes and informs future restoration strategies:

			•	Define a series of locations that stratify across depth and microhabitats. Such stratification increases the probability of survival under variable environmental conditions, with thermal refugia not always being in regions considered prime reef habitat

			•	Maintain a standardized tracking system of coral fragments according to genotype or parent colony. Tracking helps maintain genotypic diversity, identifies thermotolerant genotypes/donors, and informs outplanting strategies. 

			•	Include thermally tolerant species, such as Porites, in restoration efforts, as they may stabilize communities when others experience mass mortality. 

			•	At the same time, continue the restoration of thermosusceptible species such as Pocillopora, given their ecological importance as primary framework-building corals in the Eastern Tropical Pacific and their key role in maintaining reef complexity and habitat for other reef species (Chomitz et al., 2023).

			•	Finally, the active participation of trained local actors, such as Coral Gardeners, will enhance response capacity, sustain monitoring efforts, and strengthen the socio-ecological resilience required to ensure program continuity under increasingly hotter scenarios.

			For restoration initiatives, regional and global knowledge is important, but understanding local coral responses and site dynamics is essential for managing restoration efforts both under normal conditions and, more importantly, during extreme climate events. Most reef scientists agree that climate change will continue to degrade reefs and that it is imperative to develop and implement solutions to help bridge reef ecosystems through these warming periods and support recovery afterward. While the solutions are not perfect, most depend on restoration efforts as the backbone in efforts to maintain enough reef and a broad diversity of places. Regardless of future breakthroughs to improve coral resilience, reef recovery will be greatly enhanced by people who know their local reefs and are well trained in what it takes to responsibly restore them.

			In a future where marine heatwaves become annual, coral restoration can no longer be considered only an ecological intervention, but rather a form of adaptive management of natural capital. Integrating functional genetics, high-resolution environmental monitoring, community participation, and contingency planning will be essential to sustain ecosystem function and associated livelihoods in the southern Pacific of Costa Rica.
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			Fig. 1. Map of the Golfo Dulce Responsible Marine Area (AMPR-GD). Red dots mark communities and reefs described by Cortés (1990). The contingency reef star clusters were installed at Playa Platanares, Sándalo (two clusters separated by 1.4 km), Punta Estrella, and Punta Gallardo. The Raising Coral nursery is located at Punta El Bajo (figure modified from Kleypas et al., 2021).
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			Fig. 2. A) Reef star clusters deployed at the Punta Estrella site with Pocillopora spp. Fragments; B) Monitoring method of reef stars clusters within each cluster, using a PVC quatripod structure.
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			Fig. 3. Weekly average temperature (°C) and degree heating week (DHW; deg C-weeks) records calculated from data recorded by HOBO ProV2 sensors deployed at reef depth (5–8 m) in Golfo Dulce between 2017 and 2024. DHW was calculated using a coral bleaching threshold temperature of 29.9 °C.

		

		
			Table 1

			Summary of Pocillopora spp. fragment survival in Mars reef star clusters averaged across all sites, by donor. The mtORF haplotypes are from Connelly et al. (in press).
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			1 D8, D10, D33 are clones. / 2 D2 and D32 are clones.

		

		
			Table 2

			Percent survival of Pocillopora spp. fragments on the reef star clusters per site for each of the four clusters studied in the South Pacific of Costa Rica. 
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			Fig. 4. Modeled survival trajectories by site based on GLMM predictions. Survival declined fastest at Platanares, while Punta Gallardo maintained the highest survival throughout the monitoring period. Color coding reflects site position within the gulf; green denotes the outer-gulf site, blue denotes mid-gulf sites, and purple denotes the inner-gulf site.
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			Fig. 5. Genotype by site interaction in fragment survival from each donor across restoration sites. The strong variation in donor performance among sites reflects a marked genotype-environment interaction driving survival outcomes. Color coding reflects site position within the gulf, green denotes the outer-gulf site, blue denotes mid-gulf sites, and purple denotes the inner-gulf site.
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			Fig. 6. Percent coral cover on the natural reef at the beginning (May 2023), middle (October 2023), and end (January 2024) of the Fourth Massive Coral Bleaching Event for A) Porites species, B) Pocillopora species, and C) Pavona gigantea at two sites where wild colonies were monitored: Islotes (inner Gulf), and Punta Adela (mid-Gulf).

		

		
			Table 3

			Percent survival of outplanted colonies from the genuses Pocillopora, Porites, Pavona as part of restoration activities in the South Pacific of Costa Rica, during the Fourth Global Mass Coral Bleaching Event.
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ABSTRACT
Introduction: The 2023-2024 global coral bleaching event severely impacted coral communities and reefs across
the South Pacific of Costa Rica. Understanding coral species and genotype responses to extreme heat stress is
critical to improving restoration strategies under accelerating climate change.

Objective: To evaluate the effectiveness of a Coral Bleaching Contingency Plan (CBCP) implemented by Raising
Coral in mitigating bleaching and mortality during the 20232024 thermal anomaly in Golfo Dulce.

Methods: Ecological monitoring of natural and restored coral communities was conducted at two reef sites
(1slotes and Punta Adela) using the National Program for Ecological Monitoring (PRONAMEC) protocol, docu-
‘menting bleaching severity and survival across coral genera. In parallel, the CBCP focused on Pocillopora, the
‘most thermally susceptible and restoration prioritized genus in the region, by deploying transplanted coral frag-
‘ments across five restoration sites (Platanares, Punta Estrella, Sndalo 1, Sindalo 2, and Punta Gallardo). Survival
of fragments from 17 Pocillopora donor colonies (genotypes) was analyzed using generalized linear mixed models
(GLMMs) to assess site, time, and donor level effects.

Results: Coral bleaching was widespread and severe, with 100 % of colonies bleached and 90 % mortality for
Pavona and Pocillopora species. Porites maintained the highest live cover (up to 54 % at Punta Adela). Survival of
outplanted colonies decreased from > 88 % in 20212022 to 13.6 % after the event. Among genotypes, survival
differed significantly over time (Donor x Time, p < 0.001), with Pocillopora donors D20, D26, and D2 main-
taining the highest percentages of survival. Site-level differences were significant: the reef star cluster at Punta
Gallardo experienced 55 % survival of fragments, while the cluster at Platanares experienced total loss.
Conclusions: The CBCP enabled rapid deployment and survival tracking of vulnerable coral genotypes during
an extreme bleaching event. Results demonstrate that restoration outcomes under acute thermal stress are shaped
by pronounced site and genotype-level variability. Maintaining coral nurseries and programs that incorporate
‘multiple species, diverse genotypes, and deployment across heterogeneous environments increases the likelihood





