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			ABSTRACT

			Introduction: Coral gardening has been widely used as a coral restoration strategy to improve the survival and performance of coral fragments prior to transplantation. However, the effectiveness of in situ coral nurseries based on biological and ecological traits remains underexplored in many regions. In recent years, coral restoration efforts have increased across the Eastern Tropical Pacific (ETP), highlighting the need to develop and assess a broader range of standardized protocols adaptable to different environmental conditions. 

			Objective: This one-year study determined the effectiveness of coral nurseries through the assessment of coral growth, survival, and resulting EV of Pocillopora spp. fragments in situ nurseries deployed in two reef locations, Cuastecomate, a coastal non-protected coralline area, and in Islas Marietas National Park (IMNP), an insular protected area. 

			Methods: A total of 131 fragments of opportunity were attached to coral nurseries of metal-grid structures at reef bottom at Cuastecomate reef (n=72) and IMNP (n=59). Coral growth, survival, and attachment were evaluated bi-monthly, and the Ecological Volume (EV) was determined by the end of the year. Monthly sea surface temperature data were measured to assess the effect of sea surface temperature and chl-a on coral fragment performance. 

			Results: Pocillopora fragments from Cuastecomate exhibited a higher monthly height growth rate (0.68 ± 0.38 cm∙mo-2) compared to those from IMNP (0.41 ± 0.20 cm∙mo-2), throughout the experiment. Growth peaks at both sites occurred when temperatures reached 28 ± 2.08 °C. After six months, 67% of the fragments in Cuastecomate and 83% in IMNP had self-attached to the structure, reaching 100% after one year, with a survival rate of ≥81%. Environmental data showed no differences among sites and did not affect coral performance (p > 0.05). The increase in the three-dimensionality of the fragments resulted in 291.4 cm³ of EV accumulated in Cuastecomate and 117.93 cm³ in IMNP. 

			Conclusions: Pocillopora fragments can successfully survive and grow in nurseries and may provide an in situ condition, reducing predation and creating a stabilized substrate that can accelerate growth and enhance survival before outplanting. Additionally, nurseries can serve as natural laboratories for testing biological and ecological metrics, providing a cost-effective approach and science-based information to improve methods for restoring ETP coral reefs.

			Key words: Reef intervention; coral nursery; coral resilience; branching corals; reef-building corals; Scleractinia.

			RESUMEN

			Mejoramiento del crecimiento y la supervivencia de Pocillopora (Lamarck, 1816) 

			mediante viveros in situ tipo mesa en el Pacífico Tropical Nororiental

			Introducción: La jardinería de corales ha sido ampliamente utilizada como una estrategia de restauración para mejorar la supervivencia y el desempeño de fragmentos coralinos antes de su trasplante. Sin embargo, la efectividad de los viveros coralinos in situ, basada en rasgos biológicos y ecológicos, sigue siendo poco explorada en muchas regiones. En los últimos años, los esfuerzos de restauración coralina han aumentado en el Pacífico Tropical Oriental (PTO), destacando la necesidad de desarrollar y evaluar una mayor diversidad de protocolos estandarizados adaptables a diferentes condiciones ambientales. 

			Objetivo: Este estudio de un año evaluó la efectividad de viveros coralinos mediante la medición del crecimiento, la supervivencia y el volumen ecológico (VE) de fragmentos de Pocillopora spp. en viveros in situ instalados en dos localidades arrecifales: Cuastecomate, un área coralina costera no protegida, y el Parque Nacional Islas Marietas (PNIM), un área insular protegida. 

			Métodos: Un total de 131 fragmentos de oportunidad fueron fijados a viveros coralinos de estructuras de rejilla metálica colocados sobre el fondo arrecifal de Cuastecomate (n = 72) y del PNIM (n = 59). El crecimiento, la supervivencia y la fijación de los fragmentos se evaluaron bimensualmente, y el VE se determinó al final del año. Se registraron datos mensuales de temperatura superficial del mar para evaluar el efecto de la temperatura superficial del mar y de la clorofila-a (chl-a) sobre el desempeño de los fragmentos de coral.

			Resultados: Los fragmentos de Pocillopora en Cuastecomate presentaron una mayor tasa mensual de crecimiento en altura (0.68 ± 0.38 cm·mes-¹) en comparación con los del PNIM (0.41 ± 0.20 cm·mes-¹) a lo largo del experimento. Los picos de crecimiento en ambos sitios ocurrieron cuando las temperaturas alcanzaron 28 ± 2.08 °C. Después de seis meses, el 67% de los fragmentos en Cuastecomate y el 83% en el PNIM se habían fijado naturalmente a la estructura, alcanzando el 100% después de un año, con una tasa de supervivencia ≥81%. Los datos ambientales no mostraron diferencias significativas entre sitios ni efectos sobre el desempeño coralino (p > 0.05). El incremento en la tridimensionalidad de los fragmentos resultó en 291.4 cm³ de VE acumulado en Cuastecomate y 117.93 cm³ en el PNIM. 

			Conclusiones: Los fragmentos de Pocillopora pueden sobrevivir y crecer exitosamente en viveros, y pueden beneficiarse en condiciones in situ que reducen la depredación y generan un sustrato estabilizado, que puede acelerar el crecimiento y mejorar la supervivencia antes del trasplante. Además, los viveros pueden funcionar como laboratorios naturales para evaluar métricas biológicas y ecológicas, proporcionando un enfoque rentable y basado en evidencia científica para mejorar los métodos de restauración de los arrecifes coralinos en el PTO.

			Palabras clave: intervención en arrecifes; viveros; resiliencia; corales ramificados; constructores de arrecifes; Scleractinia.
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			INTRODUCTION

			Coral reefs are among the most productive and biodiverse ecosystems with high socio-ecological importance, supporting tourism, fisheries, coastal protection, and cultural services, with an estimated economic value of over US$30 billion annually (Lachs & Oñate-Casado, 2020; Fezzi et al., 2023). However, coral reefs are also highly vulnerable ecosystems due to stress from local human activities, including overfishing, resource overexploitation, and ineffective coastal management (Bruno & Selig, 2012), as well as global stressors such as climate change, which cause rising sea temperatures and intense hurricanes, increasing the risk of biodiversity loss (Reimer et al., 2024). 

			Hermatypic corals precipitate a calcium carbonate (CaCO3) skeleton that grows as three-dimensional colonies, creating structural complexity and ecological volume that define the reef framework (Tambutté et al., 2015; Mbije et al., 2010). This structural complexity supports the reef biodiversity as high complex habitats provide greater refuge, foraging area, and nursery space for fish and invertebrates (Agudo-Adriani et al., 2019; Graham & Nash, 2013). Calcification is considered a highly energetic and demanding physiological process and is supported by the coral-algal symbiosis, which supplies the energy needed for skeletal formation (Furla et al., 2005; Yellowlees et al., 2008). 

			Coral calcification, extension, and survival are closely interconnected processes shaped by the interplay of local and regional drivers; consequently, colony performance and growth rates vary significantly across species and geographic locations (Hoegh-Guldberg et al., 2017). The key abiotic factors that directly affect the holobiont’s physiology are closely tied to the photosynthetic efficiency of the symbiotic algae (Symbiodiniaceae), including seawater temperature, light availability, and nutrient levels (Osinga et al., 2011). Therefore, interannual fluctuations in these parameters influence not only growth and reproduction but also the survival, resistance, and fitness of the entire community (Connell et al., 1997; Darling et al., 2012). This becomes especially important during extreme thermal regimes, which, depending on the intensity and frequency of the thermal anomaly and the holobiont’s acclimatization response, can disrupt the coral-algal symbiosis, hinder coral growth, and eventually compromise their survival (Stambler, 2011; Wooldridge, 2013). 

			Large-scale climatic drivers affecting coral reef health and persistence include the El Niño-Southern Oscillation (ENSO), which causes significant positive or negative thermal anomalies across oceanic regions (Fiedler & Talley, 2006). Abnormal temperature fluctuations, depending on their severity (DHW ≥ 4°C-weeks; Liu et al., 2014), can trigger coral bleaching, disrupting coral metabolism and health, and, depending on severity and duration, may cause partial or total bleaching and eventual mortality (Wooldridge, 2013; Hughes et al., 2018). Over the last forty years, ENSO-related bleaching and mass mortality events have been recorded globally, especially during 1981-82, 1997-98, and 2014-16 (Hughes et al., 2018; Eakin et al., 2018). The most recent, and so far, considered the most intense event was recorded in 2023-24, which triggered the fourth global mass coral bleaching event, affecting reefs across the Atlantic, Pacific, and Indian Ocean basins (Lian et al., 2023; Reimer et al., 2024). Specifically in the Eastern Tropical Pacific (ETP), this event has been associated with the loss of up to 95% of live coral cover at some sites over the last decade (Hernández-Delgado & Rodríguez-González, 2025). In response, restoration efforts have increased in recent decades, with a focus on fast-growing branching corals such as Pocillopora, due to their high diversity, three-dimensionality, and fast growth rates (Tortolero-Langarica et al., 2025), and are considered a comparatively thermotolerant and resilient genus that remains the most functionally represented reef builder in the region (Romero-Torres et al., 2020).

			Therefore, there is an urgent need to expand our restoration toolbox.  Coral gardening has emerged as an alternative to traditional direct transplantation, offering stable, low-competition substrates and reduced predation pressure during the vulnerable early stages of fragment growth (Rinkevich, 2006). The deployment of protocols using artificial or elevated nursery structures constitutes the first step in the restoration protocol, preceding eventual transplantation onto the reef  (Rinkevich, 2006; Shafir et al., 2006). Rearing fragments off the natural substrate, on ropes, frames, or trees, reduces their exposure to sedimentation, spatial competition, and predation while improving light exposure and water flow, which increases survivorship relative to fragments left on the reef floor or drifting as rubble (Shaish et al., 2008; Rinkevich, 2014). This nursery phase should not be considered a logistical convenience or a semi-controlled environment as it decouples early coral growth from the availability of stable natural substrate, but as a middle step to promote an initial growth and better colony condition that improves post-transplant performance, effectively functioning as a stepping-stone toward reef restoration (Rinkevich, 2014; García-Medrano et al., 2023). More importantly, artificial structures may become refugees and support faster coral recovery following bleaching than adjacent natural reefs, underscoring the potential of built substrate to buffer recurrent thermal disturbance (Tanaya et al., 2025).  In the ETP specifically, in situ nurseries have already demonstrated their capacity to support the initial survival and growth phase of Pocillopora fragments prior to outplanting, contributing not only to fragment survival but also to the earliest phase of reef restoration (Tortolero-Langarica et al., 2025; Fabregat-Malé et al., 2024; Ishida-Castañeda et al., 2019; Combillet et al., 2022), demonstrating that coral gardening can be a scalable complement to so far proved protocols such as direct transplantation across the region. 

			In the Mexican Pacific, nursery structures have been implemented only to a limited extent (Tortolero-Langarica et al., 2025), largely because of the region’s demanding hydrodynamic conditions, including swells, storms, and hurricanes, as well as a wide daily (≥2.5 °C) up to seasonal temperature range of ≥10 °C (Pérez de-Silva et al., 2023). These drivers can negatively affect growth and survival during the nursery stage (Tortolero-Langarica et al., 2014). As a result, most efforts have focused on direct transplantation, where Pocillopora fragments have demonstrated a growth rate of up to 5 cm yr-1, a survival rate of up to 95%, and, after five years, an increase in coral cover of up to 15% (Rodríguez-Troncoso et al., 2023; Tortolero-Langarica et al., 2025). Where nursery-based gardening has been trialed in the broader ETP, fragments have achieved comparably high survival (>96%) and growth (up to 4.35 cm yr-¹), with the whole showing a substantial increase in local coral coverage (García-Medrano et al., 2023). These findings reinforce Pocillopora’s suitability for a range of restoration strategies, including nursery-based coral gardening, and suggest that artificial nursery structures could help overcome the substrate limitations that have historically constrained restoration in the central Mexican Pacific. 

			Nurseries can be considered semi-controlled environments with reduced competition and other environmental pressures; therefore, fragments of the genus Pocillopora planted in situ in artificial coral nurseries are expected to exhibit high growth rates and survival. Eventually, these colonies will be suitable for transplantation to natural substrates, thereby contributing to coral population recovery and rehabilitation. Hence, this one-year study evaluates the feasibility of using in situ coral nurseries to enhance coral growth (cm∙yr-1), three-dimensional structural complexity (cm3), attachment rates (%), and survival (%) in relation to seawater temperature (°C) and sea chlorophyll (Chl-a) in both an insular protected area and a coastal non-protected area in the central Mexican Pacific. 

			MATERIAL AND METHODS

			Study site: The study was conducted at two coral reefs, both in the Central Mexican Pacific and separated by about 185 km (Fig. 1). The area is annually affected by the California Current (CC), which transports cold, nutrient-rich waters (Cepeda-Morales et al., 2009); the Mexican Coastal Current (MCC), which transports warm, low-nutrients waters; and the Gulf of California Current (GCC), which delivers warm, high-salinity waters (Fiedler & Talley, 2006). The average annual seawater temperature (SWT) is 28 ± 2.08 °C (Pérez de-Silva et al., 2023), with a drop up to 23.34 °C during the dry season from November to March, and peaks of 31.19 °C during the rainy season from June to October (Holland et al., 2011; Pérez de-Silva et al., 2023). Additionally, thermal anomalies associated with ENSO events can abnormally increase the SWTs by up to +3 °C during El Niño phases or decrease them by -4 °C during La Niña events (Kessler, 2006; Wang & Fiedler, 2006; Hughes et al., 2018). 

			Islas Marietas National Park (INMP) is located in the North of the Central Mexican Pacific (20°40’35” - 20°41’45” N & 105°33’30”-105°38’10” W) and is an offshore insular Natural Protected Area (NPA) composed of two main islands located approximately 9 km from the north coast of Bahía de Banderas (Comisión Nacional de Áreas Naturales Protegidas, 2007). As a national park, controlled tourist activities, including snorkeling and Scuba Diving, are permitted under specific regulations and in accordance with a carrying capacity program (Cupul-Magaña & Rodríguez-Troncoso, 2017). This island system comprises an important coral community, characterized by patchy reefs at depths of 1-15 m, with a major representation of branching corals of the genus Pocillopora (Hernández-Zulueta et al., 2017). It is considered a highly heterogeneous system with a benthic composition of scleractinian and soft corals, coralline algae (CCA), macroalgae, and turf (Alba-Guzmán et al., 2024). Since 2011, restoration strategies in IMNP have been successfully implemented through direct transplantation over a one-year period, with a survival rate of 62% and a growth rate of 2.0-7.2 cm.yr-1, using fragments of opportunity from the genus Pocillopora (Tortolero-Langarica et al., 2014; Rodríguez-Troncoso et al., 2023). 

			Cuastecomate Reef (19°13’29”-19°14’18” N & 104°43’45”-104°45’29” W) is a coastal bay located at the southern end of the Central Mexican Pacific (Rodríguez-Cajiga et al., 1993). The site is a popular tourist spot with no activity regulations and frequent snorkeling visits. The area is seasonally affected by nearby estuaries and a river, causing increased turbidity and nutrient inputs (Ríos-Jara et al., 2003). The benthic habitat consists of rocky and sandy substrates that support coral communities, with the last recorded live coral cover in 2023 ranging from 14-52% across a depth range of 1-12 m (Sotelo-Casas et al., 2025). Also, a protocol for direct coral transplantation of Pocillopora fragments of opportunity was initially implemented in 2016, and the results showed a survival rate of 69% and a growth rate of 1.80–8 cm.yr-1 (Rodríguez-Troncoso et al., 2023).

			Fieldwork: The experiment was conducted over 1 year, from July 2024 to June 2025. At each site, coral nurseries measuring 1x1 m with stainless-steel mesh frames, with 10 cm between grids and elevated 80 cm above the seafloor using steel rods, were installed at depths of 11 m in IMNP and 6.5 m in Cuastecomate (Fig. 2). All nursery structures were installed on sandy substrates adjacent to the reef framework at depths shallower than 5 m. At both study sites, naturally detached fragments of opportunity belonging to the genus Pocillopora (< 5 cm in height) were collected within approximately 100 m of the nursery deployment area to ensure that donor fragments originated from the same local coral assemblage. Only healthy fragments exhibiting no visible signs of bleaching, partial mortality, tissue necrosis, or other evidence of physiological stress were selected. Fragments were then secured horizontally to the nursery structures using plastic cable ties, maintaining an approximate spacing of 10 cm between adjacent fragments (Edwards & Gomez, 2007). 

			A total of 131 coral fragments were monitored bimonthly over a one-year period, including 59 fragments in Islas Marietas National Park and 72 fragments at Cuastecomate Reef. Fewer fragments were deployed at Islas Marietas National Park because nursery propagation had been successfully established during previous restoration efforts. In contrast, a larger number of fragments were used at Cuastecomate Reef to support the initial implementation of the nursery system. As part of the protocol, during each monitoring survey, nursery structures were cleaned of biofouling, coralline algae, macroalgae, encrusting sponges, etc., using metal brushes. A plastic caliper (precision: 0.05mm) was used to measure coral growth parameters. Three morphometric traits were recorded: (1) height (cm), which is the linear distance from the base to the maximum apical height of the fragment; (2) length (cm), defined as the perpendicular distance to the maximum height (cm); and (3) maximum thickness of the fragment (cm), representing the thickness (width) of the fragment. The ecological volume (EV) describes the hemispherical space (cm3) occupied by each fragment in the coral nursery (Shafir et al., 2006) and was calculated to determine the three-dimensionality of the coral fragments. The EV of each coral was calculated throughout the study period, based on morphological traits (i.e., height, length, and width). Accumulated growth for each morphological parameter was determined by summing the observed growth increments for each sampling interval over the entire duration of the experiment.  The survival rate (%) was calculated as the number of healthy fragments that survived without signs of bioerosion, breakage, or competition, relative to the initial number at the start of the experiment and was determined from the final number of colonies. The attachment rate (%) is the percentage of coral fragments that self-attach to metal structures after 6 months.

			Seawater temperature (SWT) and chlorophyll a concentration (chl-a) data from each study site were obtained from the SIMAR (Coastal Information and Analysis System) platform (https://simar.conabio.gob.mx/explorer/). This platform provides daily satellite measurements of SWT and chl-a at a 1x1 km spatial resolution. Daily data were pooled into monthly, bimonthly, and yearly mean values (±SD) for subsequent analysis of their relationship with coral growth parameters.

			Statistical Analysis: Mean coral growth parameters ([image: ] ± SD) were calculated for Pocillopora coral fragments at the site level. For all four growth parameters (height, length, width, and ecological volume [EV]), the assumptions of normality and homogeneity of variance were evaluated using the Shapiro–Wilk and Levene’s tests, respectively. Because these assumptions were not met (P < 0.05), coral growth was analyzed using a General Linear Model (GLM) with a two-way repeated-measures ANOVA, in which site (IMNP vs. Cuastecomate) was treated as the between-subject factor and time (bimonthly sampling periods) as the within-subject (repeated-measures) factor, including their interaction. Pairwise comparisons were performed using the Holm–Sidak post hoc test. Coral survival and mortality were evaluated using Kaplan–Meier survival analysis. Environmental variables were compared between sites over time using a two-way ANOVA. Multiple linear regression (R²) was used to assess the relationships between environmental variables (chlorophyll-a [Chl-a] and seawater temperature [SWT]) and coral growth parameters (height, length, width, and EV) across the two study sites. All statistical analyses were conducted using SigmaPlot 11.0 (Systat Software, 2008) with a significance level of α = 0.05.

			RESULTS

			The mean accumulated growth for height, length, and width of Pocillopora in IMNP was 2.02 ± 0.59 cm∙yr-1, 1.76 ± 0.77 cm∙yr-1, and 1.63 ± 0.63 cm∙yr-1, respectively, with an increase of size of  134.6% in height, 146.2% in length, and 197% in width; meanwhile in Cuastecomate’s nurseries, the mean accumulated growth was 3.39 ± 0.70 cm cm∙yr-1 in height, 2.98 ± 0.60 cm∙yr-1 in length, and 2.83 ± 0.65 cm∙yr-1 in width, resulting in an increase size of 153.26% in height, 193.45% in length, and 265.79% in width (Fig. 3; Table 1).  

			

			The mean bimonthly growth rate for coral fragments in Islas Marietas National Park was 0.41 ± 0.20 cm∙mo-2 in height, 0.36 ± 0.17 cm∙mo-2 in length, and 0.34 ± 0.14 cm∙mo-2 in width. In contrast to Cuastecomate, the fragments indicate a mean growth rate of 0.68 ± 0.38 cm mo-2 in height, 0.59 ± 0.33 cm.mo-2 in length, and 0.58 ± 0.32 cm mo-2 (Table 1). The analyses revealed significant differences in all three growth parameters across sites, with corals from Cuastecomate nurseries exhibiting higher growth rates over time (P < 0.001; Table S1). The period from March to May showed the highest growth rate (P < 0.001, Table S2) at both locations; thus, the results indicate that coral growth varied significantly between sites and over time. 

			In IMNP, mean EV went from 46.60 cm3 to 164.53 cm3, resulting in a total increase of 117.93 cm3.yr-1 (253%). In Cuastecomate, the initial EV was 51.94 cm3, increasing to 343.33 cm3, resulting in a total EV increase of 291.4 cm3.yr-1 (561%; Table 1). The EV values showed significant differences at the site level (F = 50.63, p < 0.001) and at the time level (F = 261.88, p < 0.001; Table S1). A significant site x period interaction was also detected (F = 60.50, p < 0.001). The highest EV increments occurred between March and May at both locations (P < 0.001, Table S2).

			The survival rates do not show significant differences between Cuastecomate’s and IMNP coral nurseries. However, coral survival in IMNP was 96.6%, whereas at Cuastecomate’s nurseries it was 100% until the end-of-experiment mortality event (May 2025; Fig. 4). A minor mortality event (15%) occurred during the final phase of the experiment as a result of the collapse of one of the nursery structures in Cuastecomates. Consequently, several coral fragments became buried in the surrounding sand. This mortality was caused by an accidental structural failure rather than the experimental treatment itself. 

			After six months, the attachment rate showed that 67% of the coral fragments at Cuastecomate and 83% at IMNP were self-attached to the nursery structures. Specifically, in IMNP, the attachment process started after 3 months (September 2024) and was completed with 100% attachment by April 2025. In contrast, Cuastecomate’s coral fragments began the attachment process after 5 months (January 2025) and were fully fixed by May 2025.

			The environmental data show that the average annual seawater temperature (SWT) at Islas Marietas National Park was 27.70 ± 1.56 °C. The minimum values ranged from 23.89 ± 0.57 °C (January to April 2025) to 30.29 ± 1.42°C (July to September 2025). The average annual chlorophyll-a (chl-a) concentration was 2.87 ± 2.26 mg∙L-1, with a range from 0.87 ± 0.58 mg∙L-1 during September-November 2024 to 6.68 ± 3.12 mg∙L-1 from January to April 2025 (Fig.S1). In Cuastecomate, the seawater temperature averaged 28.1 ± 1.16°C, with the lowest values from January to March 2025 (26.86 ± 1.94°C) and the highest from August to October 2024 (30.33 ± 0.57 °C). The annual mean chlorophyll-a was 2.96 ± 1.51 mg∙L-1, with minimum values of 1.24 ± 0.78 mg∙L-1 during August to October 2024, and maximum values of 4.64 ± 3.30 mg∙L-1 in March-May 2025 (Fig. S1). Nonetheless, SWT and chl-a showed similar seasonal patterns at both locations. No differences were observed between sites, and no significant relationships were found between growth parameters and SWT or chlorophyll-a at either site (p > 0.05).

			DISCUSSION

			The Pocillopora fragments maintained in in situ nurseries exhibited growth rates of 2.02 ± 0.59 cm yr-¹ (IMNP) and 3.39 ± 0.70 cm.yr-¹ (Cuastecomate), These values are comparable to previously reported values from other reefs in the ETP region (2.94-3.94 cm.yr-¹; Medellín-Maldonado et al., 2016; Tortolero-Langarica et al., 2017; Tortolero-Langarica et al., 2025). Coral growth and performance are shaped by environmental drivers (e.g., light, water quality, carbonate chemistry), with temperature so far considered the most important, and its effects are non-linear and taxon-specific (Jones & Gilliam, 2024). In particular, the CMP has been considered non-optimal for coral reef development (Glynn & Ault, 2000). Due to its strong daily, annual and interannual environmental variability driven by internal waves, seasonal upwelling stratification cycles, shifting water masses, mesoscale features, and climate models such as ENSO and the Pacific Decadal Oscillation (Pérez de-Silva et al., 2023; Portela et al., 2016); which are particularly important as they may shift the CO2 exchange acting as a carbon source (De-Lourdes et al., 2022). At the site level, coral growth rates differed between locations, with Cuastecomate exhibiting values approximately 65-70% higher than those observed in IMNP. The differences in growth variability may be explained by the high thermal stress experienced by IMNP corals one year prior to the experiment, which may have prolonged energy allocation to physiological maintenance and tissue repair rather than skeletal growth (Rodríguez-Troncoso et al., 2016; Tortolero-Langarica et al., 2017). An alternative explanation is that coral growth may be influenced by differences in local environmental conditions (e.g., hydrodynamics, sedimentation, upwelling) at the nursery sites, which can affect growth performance response (Stambler, 2011). These results highlight the acclimatization capacity of Pocillopora species across a wide range of environmental conditions at the regional and local levels (Tortolero-Langarica et al., 2017). 

			Another consideration is the substrate, which can be considered a determinant of coral growth, not driven by the particular material or nature (natural vs. artificial substrate) but by the substrate-related properties such as stability, biofilm, and crustose coralline algae development, and material chemistry acting in synergy with site-specific environmental conditions (Lewis et al., 2021; Lewis et al., 2022). Artificial substrate can slow the self-attachment and coral growth as fragments need to overgrow the material (Lewis et al., 2025); however, this has been proven not to be a particular pattern, as Pocillopora may grow faster in artificial conditions, even when it is not self-attached (Tortolero-Langarica et al., 2014). Across the ETP, it has been shown to be an appropriate nursery site for Pocillopora growth, with results varying by substrate design, fragment size, season, and donor/ramet origin (Fabregat-Malé et al., 2024; Combillet et al., 2022; Gómez-Petersen et al., 2023). Nursery structures that minimize physical constraints on colony expansion, such as floating nurseries, A-frames, spider frames, and coral tables, may enhance coral growth. As a result, coral fragments maintained on these structures are likely to exhibit better overall performance and higher survival rate (Combillet et al., 2022; Fabregat-Malé et al., 2024; Muñoz-Jiménez & Cáceres-Martínez, 2026). However, coral growth is also influenced by factors beyond substrate characteristics, including the initial nubbin size and fragment health at deployment (e.g., the presence of boring sponges, bleaching, or partial tissue mortality (Combillet et al., 2022; Gómez-Petersen et al., 2023; Ishida-Castañeda et al., 2019; García-Medrano et al., 2023). While growth rates differed among nurseries established across the study sites, these structures consistently serve as suitable substrates for coral propagation, and the organisms respond to local environmental conditions (Fabregat-Malé et al., 2023; Muñoz-Jiménez & Cáceres-Martínez, 2026) rather than to the substrate itself.

			It is also important to note that during the study period, the Central Mexican Pacific was affected by a strong El Niño event (2023–2024), one of the most intense ocean-warming episodes on record, with global impacts on sea surface temperatures throughout 2023-2024 (Huang et al., 2024). In the Mexican Pacific specifically, sea surface temperatures exceeded 31 °C, anomalies were around +1.6 to ~2 °C, and DHW was about 3.7–5.6 (López-Pérez et al., 2024). Thermal stress causes physiological stress and, along the Mexican Pacific coast, has led to major coral mortality (López-Pérez et al., 2024; Nava et al., 2025). Previous reports have demonstrated that Pocillopora growth rates along the CMP are comparatively lower during neutral, non-ENSO periods than during the anomalously warm early stages of an ENSO event (Tortolero-Langarica et al., 2017). Despite these suboptimal conditions, Pocillopora fragments in both locations sustained measurable growth under elevated thermal conditions, indicating substantial physiological plasticity and acclimatization capacity in this genus (Tortolero-Langarica et al., 2025). This resilience may have been attributed to their life-history memory, whereby prior exposure to recurrent disturbance events has naturally selected organisms with increased tolerance thresholds to cope with subsequent thermal stress, a pattern already documented in ETP coral communities exposed to repeated ENSO events (Romero-Torres et al., 2020).

			The results demonstrate that both the nursery structures and the coral fragments have considerable potential to support coral restoration, offering a promising opportunity to scale up restoration initiatives in the region. This finding is particularly significant given the scarcity of in situ coral nursery structures currently established in the Mexican Pacific (Tortolero-Langarica et al., 2025), despite the demonstrated feasibility of the approach elsewhere in the wider ETP (Ishida-Castañeda et al., 2019; Combillet et al., 2022; García-Medrano et al., 2023). Restoration in this region has historically relied almost exclusively on direct transplantation, an approach that, while effective, provides a more controlled environment to promote initial growth and to cope with their vulnerable early stage before committing them to an already-stressed reef environment (Rodríguez-Troncoso et al., 2023). This is also demonstrated by the overall coral survivorship, which was high at both sites (82% in Cuastecomate and 97% in the Islas Marietas National Park, IMNP), exceeding the 60% threshold conventionally used as a benchmark for a successful first nursery phase in coral gardening protocols (sensu Edwards & Gomez, 2007; Boström-Einarsson et al., 2020). More importantly, these values are comparable to those reported for Pocillopora transplantation in the central Mexican Pacific (61–67%; Rodríguez-Troncoso et al., 2023; Tortolero-Langarica et al., 2019), suggesting that the nursery phase improved upon it at both an insular protected site and a coastal, non-protected site with contrasting environmental conditions. Therefore, the nursery period mitigates other stress drivers, including light limitation, sedimentation, interspecific competition, and predation, that could affect small, newly transplanted fragments (Edwards & Gomez, 2007; Boström-Einarsson et al., 2020). This evidence demonstrates the effectiveness of the protocol, which includes the structures and the holobiont, and that these will be repeatedly exposed to intensifying ENSO events in the near future.

			The nurseries were deployed at different depths at each site, which was not treated as a variable in the present study; depth only reflects the availability of suitable sandy substrates in close proximity to the coral communities at each site. Nevertheless, depth can affect light availability, which is important for coral growth (Jones & Gilliam, 2024) and may help explain differences among sites. Water transparency can also change markedly over short depth intervals during the year, not only due to annual oceanographic conditions (Pérez de-Silva et al., 2023) but also to continental inputs (Ríos-Jara et al., 2003) that affect different insular and coastal nursery sites. However, one limitation of this study is that light availability was not directly measured, but it is also known that Pocillopora in the ETP has shown no apparent growth response to specific light conditions, but rather to season, upwellings, and turbidity (Combillet et al., 2022; García-Medrano et al., 2023). Still, depth-driven differences are a plausible contributing factor to site-level growth differences and can be incorporated into future protocol design.

			Coral fragments in the nurseries also showed high attachment rates, reaching 67% in Cuastecomate and 85% in IMNP after six months. Although artificial structures generally lack the natural substrate characteristics that facilitate coral attachment, such as microbial biofilms and crustose coralline algae (CCA; Lewis et al., 2021; 2022), the metal-grid nurseries used in this study were rapidly colonized by these organisms. This colonization likely increased the structures’ similarity to natural hard substrates (Tortolero-Langarica et al., 2014), but excessive growth must be controlled, underscoring the importance of routine maintenance and cleaning. This pattern may also reflect local environmental conditions, as higher attachment rates at IMNP may be associated with elevated productivity at this insular site, where higher chlorophyll-a concentrations could enhance CCA cover and accelerate biofilm-mediated settlement. However, it is important to recognize the structural limitations of the nursery tables again during prolonged deployment, as evidence indicates that their use should be restricted to approximately 8 months, beyond which the risk of structural failure, coral breakage, and burial-related mortality increases.

			Based on the overall performance of Pocillopora fragments across coral growth, three-dimensional development, survival, and attachment, both study sites are suitable for nursery-based restoration and for progressing to the second coral gardening phase, transplantation onto degraded reef areas. We also recommend long-term assessments of the ecological effects of assisted restoration on reef communities, ecosystem functioning, and organismal responses to persistent stressors. Such evaluations are critical for improving the effectiveness and adaptability of conservation strategies aimed at sustaining coral reef ecosystems under current and future environmental change.
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			Fig. 1. Location of the study areas in the central Mexican Pacific. The upper map represents Islas Marietas National Park (IMNP), and the lower map indicates Cuastecomate. Blue stars denote reef sites where nurseries were deployed.
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			Fig. 2. Installation of table coral nurseries made with stainless-steel mesh. (A) Initial size of Pocillopora corals at the start of the experiment. (B) Coral fragments after 3 months (≈90 days) post-installation. (C) after 6 months (≈180 days) of growth. (D) Final coral fragment size after one year of nursery rearing.
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					Fig. 3. Bimonthly coral growth rate (cm ± SD) of Pocillopora fragments over a one-year nursery period in (A) Islas Marietas National Park and (B) Cuastecomate. Data show coral growth rates in height, width, and length across environmental parameters (green dots represent chl-a and red dots represent °C).

				

			

		

		
			Table 1

			Bimonthly means accumulated growth rate and percentage increase (±SD) in height (H), length (L), width (W), and ecological volume (EV) per site.

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Period 

							(months)

						
							
							Period (days)

						
							
							Accumulated Growth Parameter

						
					

					
							
							H (cm)

						
							
							H (%)

						
							
							L (cm)

						
							
							L (%)

						
							
							W (cm)

						
							
							W (%)

						
							
							EV (cm³)

						
					

					
							
							Islas Marietas National Park

						
					

					
							
							Jul-Sep 2024

						
							
							73

						
							
							0.27±٠.١٠

						
							
							104.9

						
							
							0.31±0.36

						
							
							108.7

						
							
							0.29±0.19

						
							
							116.5

						
							
							10.80±7.64

						
					

					
							
							Sep-Nov 2024

						
							
							133

						
							
							0.57±٠.٢٠

						
							
							110.3

						
							
							0.57±0.41

						
							
							115.6

						
							
							0.56±0.23

						
							
							131.7

						
							
							22.60±11.35

						
					

					
							
							Nov-Jan 2024/25

						
							
							217

						
							
							0.96±٠.٢٨

						
							
							117.5

						
							
							0.91±0.48

						
							
							125.0

						
							
							0.91±.27

						
							
							165.0

						
							
							40.83±17.05

						
					

					
							
							Jan-Apr 2025

						
							
							267

						
							
							1.27±0.39

						
							
							123.1

						
							
							1.12±0.54

						
							
							130.8

						
							
							1.11±0.32

						
							
							165.2

						
							
							52.97±18.15

						
					

					
							
							Apr-Jun 2025

						
							
							344

						
							
							2.02±0.59

						
							
							134.6

						
							
							1.76±0.77

						
							
							146.2

						
							
							1.63±0.63

						
							
							197.0

						
							
							97.31±36.76

						
					

					
							
							Cuastecomate

						
					

					
							
							Jun-Aug 2024

						
							
							56

						
							
							0.27±0.16

						
							
							104.69

						
							
							0.24±0.13

						
							
							108.28

						
							
							0.19±0.11

						
							
							145.14

						
							
							7.25±5.13

						
					

					
							
							Aug-Oct 2024

						
							
							119

						
							
							0.89±0.29

						
							
							116.13

						
							
							0.75±0.26

						
							
							127.91

						
							
							0.71±0.25

						
							
							145.14

						
							
							28.28±15.73

						
					

					
							
							Oct-Jan 2024/25

						
							
							196

						
							
							1.51±0.32

						
							
							127.47

						
							
							1.25±0.38

						
							
							145.01

						
							
							1.24±0.37

						
							
							176.76

						
							
							55.37±25.10

						
					

					
							
							Jan-Mar 2025

						
							
							260

						
							
							2.11±0.45

						
							
							138.44

						
							
							1.82±0.46

						
							
							164.11

						
							
							1.77±0.54

						
							
							213.04

						
							
							93.27±36.57

						
					

					
							
							Mar-May 2025

						
							
							335

						
							
							3.39±0.70

						
							
							153.26

						
							
							2.98±0.60

						
							
							193.45

						
							
							2.83±0.65

						
							
							265.79

						
							
							197.86±82.70
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			Fig. 4. Coral fragments’ survival during the nursery phase between Cuastecomate (green line) and Islas Marietas National Park (blue line) reefs.
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ABSTRACT
Introduction: Coral gardening has been widely used as a coral restoration strategy to improve the survival and
performance of coral fragments prior to transplantation. However, the effectiveness of in sifu coral nurseries
based on biological and ecological traits remains underexplored in many regions. In recent years, coral restora-
tion efforts have increased across the Eastern Tropical Pacific (ETP), highlighting the need to develop and assess
a broader range of standardized protocols adaptable to different environmental conditions.
Objective: This one-year study determined the effectiveness of coral nurseries through the assessment of coral
growth, survival, and resulting EV of Pocillopora spp. fragments i sifu nurseries deployed in two reef locations,
Cuastecomate, a coastal non-protected coralline area, and in Islas Marietas National Park (IMNP), an insular
protected area.
Methods: A total of 131 fragments of opportunity were attached to coral nurseries of metal-grid structures at reef
bottom at Cuastecomate reef (n=72) and IMNP (n=59). Coral growth, survival, and attachment were evaluated
bi-monthly, and the Ecological Volume (EV) was determined by the end of the year. Monthly sea surface temper-
ature data were measured to assess the effect of sea surface temperature and chl-a on coral fragment performance.
Results: Pocillopora fragments from Cuastecomate exhibited a higher monthly height growth rate (0.68 + 0.38
cmmo?) compared to those from IMNP (0.41 + 0.20 cm-mo2), throughout the experiment. Growth peaks
at both sites occurred when temperatures reached 28 + 2.08 °C. After six months, 67% of the fragments in
Cuastecomate and 83% in IMNP had self-attached to the structure, reaching 100% after one year, with a survival
rate of 281%. Environmental data showed no differences among sites and did not affect coral performance (p
> 0.05). The increase in the three-dimensionality of the fragments resulted in 291.4 cm® of EV accumulated in
Cuastecomate and 117.93 cm”® in IMNP.
Conclusions: Pocillopora fragments can successfully survive and grow in nurseries and may provide an in situ
condition, reducing predation and creating a stabilized substrate that can accelerate growth and enhance survival
before outplanting. Additionally, nurseries can serve as natural laboratories for testing biological and ecological





