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			ABSTRACT

			Introduction: Coral reefs are facing a worldwide crisis. To promote public participation in restoration efforts, we established a citizen science program in Ocotal Bay, North Pacific of Costa Rica— aimed to restore and monitor the degraded reef. 

			Objective: This study evaluates the effectiveness of a citizen science approach, using biological parameters as well as volunteers’ social insight as indicators, during the first two years of implementation. 

			Methods: Artificial structures filled with Pocillopora spp. fragments were placed on top of the degraded coral framework of Ocotal’s Bay reef. Volunteers and academics monitored the substrate composition and fish community. Structured surveys were conducted to profile the volunteers’ social values. 

			Results: In two years, 63 activities were carried out. Volunteers reported seven substrates, with significant differences in the substrate composition, compared to the nine substrate types identified by the academic evaluations. They recorded 12 out of 20 fish species documented throughout the study period in the restoration area. Healthy coral cover almost duplicated its area throughout the study, despite the bleaching event caused by the increase in the sea surface temperature. Regarding the social aspects of this initiative, volunteers are mainly motivated by idealistic incentives and cultural ecosystem services provided by coral reefs. Volunteers’ knowledge was positively correlated with marine sports experience and commitment to the project. All of this may have contributed to a proper understanding of the concepts of coral restoration and citizen science.

			Conclusions: The review of protocols and ongoing participation appear to be influencing the efficiency of monitoring, making long-term sustainability essential. Better trained and more experienced volunteers find it easier to learn and correctly apply the protocols. Involving communities in coral reef conservation efforts is necessary to contribute to resilient reefs that can withstand current and future conditions.

			Key words: community science; ENSO 2023-2024; participatory process; Latin-America; socio-ecosystems.

			RESUMEN

			Ciencia ciudadana: primeros pasos de una iniciativa de restauración de arrecifes de coral 

			en la bahía de Ocotal, Pacífico Norte costarricense

			Introducción: Los arrecifes coralinos están afrontando una crisis mundial. Para promover la participación pública en los esfuerzos de restauración, establecimos un programa de ciencia ciudadana en Bahía Ocotal, en el Pacífico Norte de Costa Rica, con el objetivo de restaurar y monitorear el arrecife degradado. 

			Objetivo: Este estudio evalúa la efectividad de un enfoque de ciencia ciudadana, utilizando parámetros biológicos y la comprensión social de los voluntarios como indicadores, durante los dos primeros años de implementación. 

			Métodos: Se instalaron estructuras artificiales con fragmentos de Pocillopora spp. sobre el basamento coralino del arrecife degradado de Bahía Ocotal. Voluntarios y académicos monitorearon la composición del sustrato y la comunidad de peces. Para perfilar los valores sociales de los voluntarios, se llevaron a cabo encuestas estructuradas. 

			Resultados: En dos años se llevaron a cabo 63 actividades. Los voluntarios reportaron siete sustratos, con diferencias significativas en la composición del sustrato, en relación a los nueve tipos de sustratos identificados por las evaluaciones académicas. Registraron 12 de las 20 especies de peces documentadas durante el periodo de muestreo en el área de restauración. La cobertura coralina sana duplicó su área a lo largo del estudio, a pesar del blanqueamiento causado por el aumento de la temperatura superficial del océano. Relacionado a los aspectos sociales de esta iniciativa, los voluntarios están principalmente motivados por incentivos idealistas y los servicios ecosistémicos culturales que proveen los arrecifes de coral. El conocimiento de los voluntarios estuvo positivamente correlacionado con la experiencia en deportes marinos y el compromiso con el proyecto. Todo esto puede haber contribuido a la comprensión adecuada de los conceptos de restauración coralina y ciencia ciudadana. 

			Conclusiones: El repaso de protocolos y la participación continua parecen estar influenciando la eficiencia del monitoreo, por lo que garantizar la sostenibilidad a largo plazo es indispensable. Voluntarios mejor capacitados y con mayor experiencia tienen más facilidad de aprender y de aplicar correctamente los protocolos. Involucrar a las comunidades en los esfuerzos de conservación de arrecifes coralinos es necesario para contribuir con arrecifes resilientes que son capaces de sobrellevar las condiciones actuales y futuras.

			Palabras clave: ciencia comunitaria; ENSO 2023-2024; procesos participativos; Latinoamérica; socioecosistemas.
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			INTRODUCTION

			Coral reefs are highly threatened ecosystems that are affected by local and global human-related stressors, such as over-fishing (Edwards et al., 2014; Pandolfi et al., 2003), unmanaged tourism (Musa & Dimmock, 2015; Poonian et al., 2010), un-adequate resource management (Moberg & Folke, 1999), climate change and extreme thermal events (Obura & Grimsditch, 2009; Reimer et al., 2024). Stress events not only modify the associated community (Arias-Godínez et al., 2021; Seraphim et al., 2019; Stella et al., 2011), but also diminish ecosystem services they provide (Eddy et al., 2021; Woodhead et al., 2019). Currently, 75 % of coral reefs worldwide are threatened and projections point to a further decline (Pandolfi et al., 2003).

			This current scenario requires adaptable management actions that engage multiple stakeholders involved in ecosystem rehabilitation (Hein et al., 2019; Ng et al., 2023). Citizen science (CS) is a process that promotes the involvement of non-scientists in different steps of academic research (Becken et al., 2019; Cigliano et al., 2015; Cvitanovic et al., 2018), facilitating data creation and greater environmental compromise (Thiel et al., 2014). This approach complements and diversifies traditional research methods (Graba-Landry et al., 2023), increasing the spatio-temporal scope (Weinstein et al., 2014), reducing the operational cost (Becken et al., 2019; Toh et al., 2017), even allowing data collection during worldwide lockdowns (Licuanan & Mordeno, 2021), in transboundary spaces (Marshall et al., 2023), reducing the carbon footprint (Paradinas et al., 2021), and promoting scientific literacy and democratization of scientific knowledge (Alabri & Hunter, 2010; Crall et al., 2013; Forrester et al., 2015).

			For coral reefs, CS has promoted involvement and training of local people in long-term monitoring (Branchini et al., 2015; Forrester et al., 2015; Roelfsema et al., 2016) and is becoming an alert system even during bleaching events (Gudka et al., 2020). It has also allowed to record new data of spatial distribution (Armstrong et al., 2019; McCann et al., 2021), reproductive patterns (Clapis-Garla et al., 2022; Requilme et al., 2021), response to stressors (Osgood et al., 2021), and population structure (Gotama et al., 2023; Magson et al., 2022) of species that inhabit these ecosystems. Under an adaptive management perspective, data raised by CS projects have allowed a quick response to emergent situations (Dumas et al., 2020), have been used as input in resource management of areas of interest (Beeden et al., 2014; Lau et al., 2019) and led to policy development (Ambrose et al., 2019; Crabbe, 2012; Grason et al., 2018).

			Coral reef restoration is a management tool that has been applied in response to the degradation and loss of these ecosystems (Hein et al., 2019; Omori, 2019; Seraphim et al., 2019), leading to the development of social networks that could increase the resilience of these ecosystems (Hein et al., 2019; Lamont et al., 2022). Citizen scientists have been part of these efforts collaborating with maintenance of restoration sites and testing new protocols (Hernández-Delgado et al., 2014; Hesley et al., 2017; Smith et al., 2022; Toh et al., 2017; Unsworth et al., 2021). The high human capital involved also addresses one of the main issues in coral reef restoration, that is long-term ecological monitoring (Boström-Einarsson et al., 2020; Goergen et al., 2020).

			Latin-American countries have joined the global effort to restore coral reefs, engaging local communities as a path to provide environmental education and livelihood opportunities (Bayraktarov et al., 2020). In Costa Rica, reef restoration initiatives have been carried out for over a decade (Alvarado, Evans et al., 2025). On those, it has been highlighted the importance of partnership networks that can strengthen the compliance of the established objectives (Palou-Zúñiga et al., 2023), and recently, the local communities’ perceptions towards these ecosystems have been studied (Villalobos-Cubero et al., 2023). Exploring the implementation of alternatives like CS as a route to scale up restoration efforts but also encouraging the public participation in coral restoration governance, should be considered. 

			CS projects harbor valuable opportunities to incorporate socio-ecological dimensions in coral reefs rehabilitation, encouraging community participation (Bellwood et al., 2004; Hari et al., 2021; Hein et al., 2019; Lamont et al., 2022). This is particularly relevant in the North Pacific of Costa Rica, where social indicators such as, access to public areas and economic conditions are complex (Navarro-Cerdas, 2013; Orias-Arguedas, 2015) and there is significant dependence on coastal resources (Sánchez-Noguera, 2012; Sánchez-Noguera et al., 2018). This research evaluates the effectiveness of a citizen science approach in a coral restoration project conducted on the degraded reef of Ocotal Bay, in the North Pacific of Costa Rica, using changes in the biological community and in volunteers’ social perceptions as parameters, during the first two years of implementation. Our hypothesis is that trained volunteers can generate useful ecological monitoring data and improve their understanding of coral reef restoration through their participation in a community citizen science initiative. This effort represents the first documented assessment done in Costa Rica that involves volunteers as monitors of coral reef restoration sites.

			MATERIALS AND METHODS

			Study site: This study is conducted in the Ocotal Bay coral reef, located in the North Pacific of Costa Rica (10°32’49’’N, 85°43’33’ W, Fig. 1). Depth ranges between 2.5 to 4 m, depending on the tide. The substrate is composed of a dead coral framework with scattered living coral colonies of Pocillopora spp., Pavona spp. and Psammocora stellata, and sand patches (Appendix 1). At this site, few investigations have been carried out, as the impact of the invasive algae Caulerpa serturialoides (Fernández-García, 2007; Fernández-García et al., 2012), the fish community (Espinoza & Salas, 2005) and very recent descriptions of the substrate condition and associated community (Mena et al., 2025). This region, located in the Gulf of Papagayo, is seasonally influenced by an upwelling system, decreasing the sea surface temperature and increasing the dissolved nutrients and CO2 (Alfaro & Cortés, 2012; Alfaro et al., 2012; Jiménez, 2001; Jiménez & Cortés, 2003; Jiménez et al., 2010). This area used to harbor an important coral development in Costa Rica (Jiménez, 1997; Jiménez, 2001; Jiménez et al., 2010). However, in the last 20 years, local and global stressors worked in synergy to diminish these ecosystems (Bezy et al., 2006; Cortés, 2012; Fabregat-Malé & Alvarado, 2025; Morales-Ramírez et al., 2001; Sánchez-Noguera, 2012), caused a major decrease of up to 40 % of the living coral cover during the ‘90s (Jiménez, 1997; Jiménez, 2001; Jiménez et al., 2010), and with a drop of up to 1 % by mid 2010’s (Arias-Godínez et al., 2019), adding to the vulnerability of the ecosystem and making urgent the application of resource management protocols (Alvarado et al., 2018; Sánchez-Noguera et al., 2018).

			Restoration protocol: Due to the depletion of alive coral cover and absence of natural recuperation in the region, restoration efforts started in 2019 (Alvarado, Evans et al., 2025; Combillet et al., 2022; Fabregat-Malé et al., 2023; Fabregat-Malé et al., 2024). Following this previous experience, artificial hexagonal structures made of steel (modified from the ones used by Combillet et al., 2022), measured 33 cm in height and had a maximum extension of 89 cm (Fig 1C), were placed on top of the dead coral framework in an area of 20 x 15 m, using a distribution that would increase long-term structural complexity (Lamont et al., 2022; Fig. 1D). Since the spider structure supports are sometimes intertwined, this arrangement creates areas covered by coral, interrupted by empty patches of a few meters across.

			Corals were collected from opportunity fragments from nearby natural reefs or other nurseries (Fig. 1A, Appendix 2). Coral identification was kept at a genus level, since morphological-based Pocillopora species identification is challenging due to the phenotypical variability they can exhibit (Pinzon & LaJeunesse, 2010). An average of 20 fragments of Pocillopora spp. were attached using plastic zip-ties per structure. Fragment size ranges between 10-15 cm. Biweekly, the structures were cleaned; volunteers and academics removed turf, macroalgae or competitors (such as barnacles, ascidians, bryozoans and vermetids) that overgrew the steel structures. Dead colonies were removed from the structures. The intervention covered an approximate area of 300 m2 (20m x 15m).

			Citizen science approach: A joint effort with the local Non-Governmental Organization “Alianza Mar y Tierra” (AMT-CS) was carried out (see Alvarado, Evans et al., 2025). Informal mouth to mouth communication and social media were used to attract potential volunteers. To participate, interested participants had to contact either AMT or the first author (MJS) to express their willingness to contribute to the program. All the volunteers were required to be overage in Costa Rica (18 years old), have a scuba diving certification, at least 10 dives in the latest year, and fill a release of liability. All volunteers had to participate in a 25 minute pre-dive orientation that covered the outplanting and structure maintenance techniques. Those who showed interest in carrying out monitoring protocols, had to review the training materials (1.5 hours), and assist at least one in-person ex-situ training (1 hour) to cover both the monitoring protocols and species identification. In this case, they also had to sign an informed consent in order to use the data 16 volunteers were part of the monitoring and were recruited at the very beginning of the project. The initial group of recruited volunteers was composed of 18 participants and incrementing to 65 members (by mid-2025). 

			Different types of activities were conducted throughout this program (a full description of each activity is available in Appendix 2). To develop the abilities required for volunteers to perform biological monitoring, ex-situ and in-situ monitoring training workshops were conducted. Ex-situ training workshops took place in Playa Ocotal and lasted a maximum of 1.5 hours; immediately after that, in situ protocol application was carried out. By the end of the in situ experience, a review of the data sheets was carried out in order to prevent mistakes and answer questions that might have arisen during the surveys. Study materials were prepared and sent weeks or months prior to the training workshops. These materials included the methodology to-be applied as well as identification photos of the different specimens (Goodson, 1988; Appendix 3). Every time that the biological monitoring was conducted, a previous protocol refreshment was conducted, reviewing the methodology. Specific data sheets were designed and validated by the volunteers for data collection (Appendix 3). During the whole process of the monitoring data collection, in-situ support from the academics was provided, allowing a direct line of communication and a quick response of questions.

			Biological evaluations: The surveyed area was split into three sections: near the rocky reef, the restoration area (where the spider-like structures were placed), and the sandbank closer to the open bay (Appendix 4). To identify the effect in the biological community of the restoration effort, three different biological parameters (substrate composition, fish abundance and sea urchin density) were monitored using SCUBA by the volunteers and the academic team (group affiliation), following the same methodology. In all cases, a buddy-pair system was encouraged to improve the data quality and safety during the activity (Forrester et al., 2015; Fig 1D). Given that fish are highly mobile organisms, we conducted surveys in all three sections detailed in Appendix 4. The frequency of data-gathering monitoring surveys was determined by the availability of trained volunteers, but also logistical constraints (explained below) that happened.

			Substrate composition: Four 10-m permanent transects, spaced by at least 1 meter apart, were established to assess changes in the substrate within the restoration area. Using the Point Intercept Transect (PIT) method (Rogers et al., 2001), substrate type was recorded every 20 cm, for a total of 50 points per transect. (Appendix 4). Transect lines were laid on top of the spider-like structures and the surrounding sea floor (Fig. 1D, Fig. 1E). Volunteers were instructed to classify the substrate type located right beneath the measuring tape in different categories: Pocillopora (healthy, bleached, or recently dead), green algae (Caulerpa sertularioides or Halimeda discoidea), turf, sand, dead coral (rubble) or steel. Due to logistical issues—such as boat traffic, volunteers’ air consumption, or changing oceanographic conditions—data could not be obtained from all four transects during some monitoring sessions. Sessions where at least three transects were successfully completed were counted as data-gathering monitoring events; if this number of transects was not achieved, the session was classified as a training event.

			Fish abundance: Volunteers were trained to identify 31 fish species (Appendix 5); the selected species are conspicuous, have economic and ecological value, and are present in other restoration sites (Turicchia et al., 2021; personal observation MJS, 2022). Underwater visual censuses were carried out to determine the abundance of these species (Appendix 5), in 5 x 5 x 10 m belt transects, located in the three survey area sections previously indicated (Appendix 4).

			Mobile invertebrates presence: Only the long-spined sea urchins Diadema mexicanum and Astropyga pulvinata were considered; due to the impact in the coral framework erosion they have played in coral reefs of the region (Alvarado et al., 2016a; Alvarado et al., 2016b) and the abundance observed in other restoration points in the region (Alvarado et al., in prep). All individuals observed on five belt transects of 1x10 m located in the restoration area (Appendix 4) were counted, and the densities (ind m-2) were calculated.

			Coral status: During each visit to the site, photographs of the spiders were taken, and the coral cover area (cm2) was measured using the software Image J (Schneider et al., 2012), using one of the steel bars as a scale (36 cm, Fig 1B). The area was classified as alive, bleached, or dead. For each survey date, the mean area of each category was calculated across the analyzed spider-like structures. Only the corals that were attached to the structures were analyzed. This protocol was implemented solely by the academic team, due to the extensive amount of time required to carry out this type of photograph processing.

			Social surveys: To assess the influence of the CS program in the volunteers’ perceptions and motivations, a structured survey was conducted. Four open calls were made in different months to participate in the surveys applied to volunteers. The survey was applied only once per volunteer (Appendix 2). These volunteers were required to have completed at least one restoration activity to participate in the social surveys. All surveys were performed face-to-face in Spanish, with two exceptions (the translation of the survey questionnaire is available in Appendix 6). Questions were mainly yes/no, short, or Likert scale answers, and three open questions. Volunteers could refuse to answer any of the questions and consent for the use of their data if it was kept anonymous. Six interviews were previously conducted to validate the understanding of the survey questions. The survey was designed for this study; however, the literature was consulted to refine the clear wording of the questions.

			Volunteers were asked about demographic information: age, sex, nationality, place of residence (with locals considered as those living within 25 minutes from Ocotal Bay) and economic activities. They were also consulted about their perceived skills in marine sports. In addition, participants reported the activities (recreational, cultural, sports, research, among others) they performed in marine environments, their motivations to participate in restoration efforts, and ecosystem services they perceived from coral reefs. The number of responses on each category was averaged among the participants to provide a global understanding of the volunteers’ social profile. Motivations were later categorized under Bayraktarov et al. (2020) framework and the average value of each category was calculated. Finally, they were inquired about their participation in CS and coral restoration projects, as well as their understanding of these concepts.

			Data analysis: All numeric values are reported as mean ± standard error, unless indicated. Data analysis was done using the RStudio Software (R Core Team, 2023). For data transformation and visualization, the packages used were dplyr (Wickham et al., 2023), ggplot2 (Wickham, 2016), lubridate (Grolemund & Wickham, 2011), patchwork (Pedersen, 2024), tidyr (Wickham et al., 2024), and tidyverse (Wickham et al., 2019). 

			Biological monitoring: Due to the required training time, financial and on-field logistical (mainly sea conditions) constraints, only three survey dates (October 2023, May 2024, and July 2024) were compared for the substrate composition. To differentiate the substrate identification performed by AMT-CS and UCR-Academic, Two-way PERMANOVA, Non-metric multidimensional scaling (NMDS) and ANOSIM analysis were conducted using a Bray-Curtis dissimilarity matrix — implemented in the vegan package (Oksanen et al., 2024). Prior, the substrate count matrix was log10 (x+1) transformed. The two-way PERMANOVA test was applied to analyze overall differences in substrate composition identification among survey dates and affiliations. NMDS was employed to visualize patterns of similarity and dissimilarity among transects. Finally, ANOSIM test was applied to assess if the differences were mainly driven by the survey dates or affiliations. All assumptions were evaluated, when necessary, for the respective analysis.

			A qualitative approach was chosen for the fish and sea urchin community, comparing four survey dates (October 2023, March 2024, May 2024, and July 2024). Using data recorded by UCR-academic in six different months a dominance analysis based on the specific occurrence and relative average density was done to classify the fishes into: predominant, common, occasional, and rare (Alvarado et al., 2018). 

			Coral status: A linear mixed model was applied to identify differences in areas of coral health status (healthy, bleached, or dead) across survey dates. Pairwise comparisons of estimated marginal means (EMS) were performed post-hoc to identify differences (1) in each coral health status across survey dates and (2) in coral health status at each survey date. nlme (Pinheiro et al., 2025), and emmeans (Lenth, 2025) were used in these analyses. 

			Social surveys: A qualitative approach was applied for the social aspects. The declared motivations of the volunteers were classified based on Bayraktarov et al. (2020) framework. To understand possible relations between variables perceived by the volunteers, with the corrplot package (Taiyun & Viliam, 2024), a correlation matrix was done with the Likert scale results. Word-clouds were made to explore the conceptualization of the volunteers for the concepts of “coral restoration” and “citizen science”. The most common term was kept in cases where similar words appear (for example, citizen-citizens). For this section, tm (Feinerer et al., 2008), SnowballC (Bouchet-Valat, 2023), and wordcloud (Fellows, 2018) packages were used.

			RESULTS

			Coral restoration project: Between January 2023 and December 2024, 40 structure maintenance events, six coral outplants, eight monitoring trainings, three monitoring data intake, four social surveys and two one-hour community workshops took place (Appendix 2). A total of 66 steel spider-like structures filled with corals were placed between April and December 2023 in the Ocotal Bay reef (Appendix 7), for an approximate total of 1 320 fragments. The month with the greatest addition of structures was August 2023 (n = 21). During the months of October and November no new corals were placed in structures due to the ongoing bleaching event.

			Biological monitoring results:

			Substrate composition: Across surveyed months, the volunteers were able to identify seven substrate types; while the academic team also identified two others: recently dead Pocillopora in October 2023, and sponge in July 2024. AMT-CS and UCR-academic identification in healthy Pocillopora spp. and sand were similar across the three months. Categories like Caulerpa, turf, metal and dead coral were observed in the three survey dates, however, values differ in some cases (Caulerpa in October 2023). Bleached Pocillopora was identified by both affiliations in October 2023, but just by AMT-CS in May 2024 (Fig. 2, Appendix 8). 

			The PERMANOVA analyses showed significant effects of the survey date (strong effect, R2 = 0.518, p-value = 0.001), group affiliation (small effect, R2 = 0.090, p-value = 0.001), and their interaction (small effect, R2 = 0.189, p-value = 0.001) (Appendix 9). Suggesting that both temporal variation and affiliation influence the substrate identification. The NMDS ordination (stress = 0.165) visualized greater dispersion in May transects ([image: ]), indicative of higher variability in the substrate type identification; while in October 2023 ([image: ]) and July 2024 transects ([image: ]) clustered closely within each survey date, indicating a higher similarity in the substrate composition identification (Fig. 3). The ANOSIM provided a more focused perspective: it detected strong and significant differences among survey dates, but no significant evidence between affiliations (Appendix 9). Therefore, even if the PERMANOVA detected a minor contribution of the affiliation to the overall variability, temporal changes are explaining most of the substrate identification dissimilarities.

			Fish abundance: During the compared months (October 2023, March, May, and July 2024) a total of 22 species were observed in the three surveyed areas. In the rocky reef area (Fig. 4A), 13 fish species were reported. Both affiliations reported the presence of Arothron hispidus, Canthigaster punctatissima, Scarus spp., Sufflamen verres and Thalassoma lucasanum, and a maximum richness in May 2024 (n = 7). AMT-CS volunteers recorded their exclusively logged presence of Arothron meleagris, Fistularia commersonii, Mulloidichthys dentatus and Serranus psittacinus. On the other hand, UCR-academics uniquely documented Acanthurus xanthopterus, Haemulon spp., Halichoeres chierchiae and Stegastes acapulcoensis. 

			At the restoration area (Fig. 4B), 20 fish species were documented, with 8 species recorded by both affiliations. AMT-CS reported 12 species, reaching their highest richness per survey date in March 2024 (n = 8), and uniquely reported the presence of Diodon holocanthus, Halichoeres dispilus, S. psittacinus and S. verres. UCR-academics recorded 16 different species, with a peak richness in May and July 2024 (n = 9), and exclusively recording the presence of A.xanthopterus, A.meleagris, Chaetodon humeralis, Halichoeres spp. (Juveniles), Haemulon spp., Johnrandallia nigrirostris, Lutjanus guttatus and Zanclus cornutus.

			At the sandbank (Fig 4C), nine species were observed. Of those, just C.punctatissima and T.lucasanum were reported by both affiliations. AMT-CS and UCR-academics reported a maximum richness of four species in October 2023, and July 2024, respectively. AMT-CS exclusively reported the presence of F. commersonii, Halichoeres spp. (Juveniles) and Stegastes flavilatus; while UCR-academics recorded A.xanthopterus, A.hispidus, L.guttatus, and Scarus spp. It is relevant to highlight that due to boat traffic, May 2024 transects were not performed by both affiliations.

			The data recorded by volunteers is highly irregular, with no transects carried out at all (Rocky reef and Sandbank October 2023). Over and under-estimations were observed (Fig. 4). AMT-CS T.lucassanum reported abundance in May 2024 restoration transect was more than three times higher than UCR-academics (Fig 4B). In July 2024 sandbank transects, volunteers only reported T.lucasanum in low abundances, when other species were also present.

			With data exclusively recorded by the UCR-academic team, before the intervention of the restoration site (January 2023) the reported richness was of 9 species. The maximum reported richness per survey date was on May 2024 (n = 12). By the last survey date (September 2024), a total of 25 species were documented in the restoration area. Of those, ten species were classified as rare, four as occasional, three as common, and eight predominant, being T. lucasanum the only species observed during all the censuses (Appendix 10-11).

			Mobile invertebrates presence: Although the transects were carried out (both by the academic and citizen scientist teams), no individuals were recorded in the five belt transects during monitoring events. It’s relevant to point out that in the nearby area, it was possible to observe individuals of D. mexicanum. 

			Coral status: We found differences in the coral areas based on the coral health status (F(2, 1556) = 504.6368, p =< .0001), the survey date (F(10, 1556) = 8.9022, p =< .0001), and the interaction of both variables (F(20, 1556) = 81.8128, p =< .0001). Coral cover increased from May and August 2023, with the total area composed of healthy tissue. Mean values rose from 469.74 ± 34.57 cm2 in May to 675.05 ± 62.77 cm2 in August (Fig. 5, Appendix 12). However, a decline in the healthy area from September to December 2023 was recorded, with the bleached area remaining similar due to a bleaching event (Fig. 5, Appendix 13–14). Bleached area coverage per spider-like structure peaked in October 2023, reaching 542.34 ± 51.95 cm2, corresponding to 87.29 ± 11.54 % of the total area (Fig. 5A; Appendix 12, 15). From February 2024 onward, the bleached area decreased, with percentages not exceeding 6.52 ± 1.38 % of the total area (in February 2024); while total and healthy cover had similar values (Fig. 5, Appendix 13, 15). Due to the bleaching event, the total area was reduced, from 679.45 ± 63.17 cm2 in August 2023 to 381.73 ± 28.46 cm2 in February 2024 (Appendix 12). This decrease is not visualized as an increase in the dead coral area, since the dead fragments were removed from the spider-like structures; therefore, no significant differences were observed in the dead coral area across the survey dates (Fig. 5B, Appendix 13). After this date, the total cover increased to a maximum value of 869.46 ± 46.57 cm2 in July 2024 with a 99.82 ± 7.57 % of healthy coral cover (Fig 5; Appendix 12, 15–16).

			Social data:

			Demographic general results: A total of 16 participants agreed to complete the survey. Of them, six identify as females and 10 as males. The mean age was 39.56 ± 9.13 years, with no difference in age among sexes (t = 0.58732, df = 14, p > 0.05). Most of the participants were Costa Ricans (n = 13), while the remaining were foreigners that reside in the area. Six were locals, while non-locals were the majority (n = 10). Only five of the participants were members of the AMT-CS. The majority (n = 14) of the volunteers’ highest educational level was university degree. Most of the participants describe themselves as active workers (n = 14), mainly in private enterprises (n = 4) or self-employed (n = 5), with working activities related to data collection (n = 8) and a low economic dependency of marine ecosystems. On average, the volunteers had been part of the project for 7.56 ± 0.45 months and had participated in 8.13 ± 0.82 activities (Appendix 17). Half of the volunteers had previous experience in coral restoration programs and only four declared to have experience in other CS projects (Appendix 17).

			Marine ecosystem appropriation: Volunteers declare to engage in 5.43 ± 0.54 different marine activities, with snorkeling, scuba diving and recreational use being the most frequently mentioned (Appendix 18). Participants mentioned an average of 10.63 ± 1.14 different motivations for participating in coral restoration projects. Among these, the idealistic motivation type is by far the most common incentive (Fig. 6A), although “reef conservation” (a biotic motivation), was the most constantly mentioned reason for engagement (Appendix 19). Additionally, participants perceived an average of 7.31 ± 0.85 different ecosystem services in their life, being cultural services the most mentioned (Fig. 6B, Appendix 20).

			Perceptions: It was possible to observe strong (> 0.50) positive correlations between the self-perceived knowledge after the involvement in the Ocotal coral restoration and CS project and different variables: perceived snorkeling skills (0.61), perceived diving skills (0.76) and the declared compromise with the Ocotal’s project (0.64). The latter also has a strong positive correlation with the perceived diving skills (0.56). No strong negative correlations were highlighted (Fig. 7). 

			Term conceptualization: For the coral reef concept, the most frequently mentioned words were “boost” (n = 10), “coral” (n = 11) and “recover” (n = 8). On the other hand, for the “citizen science” concept, they were: “citizen” (n = 9), “community” (n = 8) and “training” (n = 7) (Fig. 8, Appendix 21).

			DISCUSSION

			This CS project has successfully engaged a diversity of stakeholders involved in the restoration of coral reefs in the North Pacific of Costa Rica and represents the first documented assessment in the country that involves volunteers as active monitors. Furthermore, it contributes to the reduced social values´ knowledge in coral reef conservation (Villalobos-Cubero et al., 2023) by profiling the volunteers’ perception of these ecosystems and programs.

			To safely apply scientific diving protocols, it is required to invest hours in training (Dardeau et al., 2012), developing abilities that include the identification of the studied elements and equipment handling, but also acquiring competencies such as proper buoyancy control and navigation (Féral & Norro, 2023). Only a small proportion of the volunteers declared previous experience in CS programs and none of them had previously taken data under a citizen scientific diving platform (Appendix 17). The process of understanding and properly applying the described data intake protocol was time-consuming; until October 2023 volunteers were able to carry out most of the methodology by themselves. Another factor to consider is the fluctuation in the volunteers’ participation. Since the CS platform was created for this project, new recruits have joined during the study. This brought the necessity of constantly training them and refreshing the survey protocols for the oldest volunteers, highlighting the importance of investing time, effort, and resources in keeping the volunteers engaged in the project (Cottam et al., 2021; Lazic et al., 2022; Martin, 2013). In the future, once the volunteers are properly trained, alternatives such as involving them in the process of apprenticeship of new recruits could be considered (Martin & Studer, 2022).

			Simultaneous events were taking place while citizen scientific diving protocols were learned and implemented. Before and after the bleaching period, the ecosystem effect of the restoration process started with an increase in the healthy coral cover and changes in the fish community (Opel et al., 2017). On the other hand, the fourth global bleaching event was declared (Reimer et al., 2024), with its effects being perceived in the North Pacific reefs from August to December 2023 (Alvarado, Quesada-Perez et al., 2025), including the one of Ocotal Bay (Fig. 5, Appendix 12–16). These events led to re-evaluation and adaptation of the protocols applied, like the inclusion of new substrate types: bleached and recently dead Pocillopora spp. and the addition of fish species to the identification list. 

			This study presents a preliminary assessment of the restoration process using data taken by community members. Long-term monitoring is required to properly assess ecosystem changes (Boström-Einarsson et al., 2020). Although substrate composition observations differed between ATM-CS and UCR-academic (Fig. 2, Fig. 3, Appendix 8), volunteers were able to identify seven out of the nine substrate types observed. The remaining two other substrates (recently dead Pocillopora and sponge) were only observed in one monitoring event each; and were included in the training materials after they were observed. In the NMDS ordination, May 2024 transects were more dispersed, suggesting a higher variability in the substrate identification; whereas October 2023 and July 2024 results cluster closely among transects, indicating a greater consistency in the substrate type identification by both affiliations (Fig. 3). Both PERMANOVA and ANOSIM confirmed strong and significant differences among survey dates. On the other hand, regarding the effect of the affiliation, PERMANOVA detected a significant, yet minor contribution; and ANOSIM did not present enough evidence to support an effect of this variable in understanding the variability in the substrate composition identification (Appendix 9). Monitors involved in October 2023 substrate identification had been consistently part of training events carried out since April 2023 (Appendix 2), and those in July 2024 had been enrolled and have constantly contributed to the project since its beginning. Altogether, this pattern suggests that protocol refreshments, longevity, and constant participation in the data collection are key to ensure more reliable data, which aligns with other CS projects (Alabri & Hunter, 2010; Branchini et al., 2015; Chatzigeorgiou et al., 2016).

			When scrutinizing the fish community data, it is possible to observe overestimations (Fig. 4B, May 2024 Thalassoma lucasanum data) and underestimations (Fig. 4B, July 2024 data). Being highly mobile, identifying and quantifying fish species can be challenging while learning. Nevertheless, it should be acknowledged that between the training and monitoring events, the volunteers identified 19 out of the 25 species observed in the restoration area, including species that were not in the initial training material. 

			Among the factors that may have influenced the obtained results are the level of experience of the monitors; higher levels of specialization have been associated with better fin positioning, buoyancy control, outcomes in challenging situations (Musa et al., 2010; Ong & Musa, 2012) and fish identification skills (Williams et al., 2006). On the other hand, less experienced divers tend to have less control of their breathing; open circuit scuba diving equipment create vibrations, noise and visual disturbances that interferes with fish behavior (Kulbicki, 1998; Lindfield et al., 2014; Lopes et al., 2019). Another aspect to consider is the local visibility, currents, and sedimentation conditions, which are variable in the study area and affect the ability to successfully carry out the task. Our demographic group background should also be taken into account, since the majority were not people whose income was dependent on marine resources (Appendix 17), such as fishers (Bundone et al., 2023; Laporta et al., 2021; Morais & Teodosio, 2016; Pérez-Jiménez et al., 2022) and tour-operators (Osgood et al., 2021; Pavía et al., 2023; Valani et al., 2020). People in these jobs have historical knowledge of the presence of local species and are familiarized with their identification, especially since most of the fish species observed have fisheries and aquarism value (Appendix 5).

			The reef fish communities are dynamic and have quick and long-term responses to changes in the coral cover (Arias-Godínez et al., 2019; Arias-Godínez et al., 2021; Booth & Beretta, 2002; Garpe et al., 2006; Lamont et al., 2022; Mena et al., 2025; Opel et al., 2017). The restoration area seems to be influencing the fish community (Fig. 4B) and harboring greater richness and abundances than the two other survey areas (Fig. 4A, Fig. 4C). This could be attributed to the added tridimensionality obtained from the artificial structures and the coral colonies (Lamont et al., 2022; Opel et al., 2017); but also, due to the strict associations that exist between some fish species and living coral (Coker et al., 2014; Öhman & Rajasuriya, 1998). The fact that new species appear in all the survey dates and no clear pattern was observed from the dominance analysis, shows that no clear stabilization has yet been obtained (Appendix 10–11). In nearby restoration sites, a total of 91 fish species have been quantified (Alvarado et al., in prep), thus a greater richness could be expected in the Ocotal coral reef. 

			Among the citizen scientists who apply the monitoring protocols, fish monitoring was the most preferred protocol, followed by the substrate identification (Appendix 17). It is possible that fish census was the main preference because it has been seen that charismatic species (Weinstein et al., 2014) and ease of identification (Chin, 2014; Turicchia et al., 2021) are factors that contribute to these types of studies; the selected list of species had these characteristics. At the same time, the nature of the substrate composition allows more time for the identification and fewer categories are contemplated, which could be why it is the second most preferred. Unsurprisingly, the least preferred protocol was the mobile invertebrate census (Appendix 17). The reduced number of observations of the sea urchins contributed to the lack of interest among the volunteers. Nonetheless, it’s important to continue this monitoring due to the ecological implications of substrate erosion and herbivory (Alvarado et al., 2016a; Alvarado et al., 2016b). This information is relevant to designing and adapting the survey protocols in the future. CS protocols should be designed to be highly adaptable, contemplating the data quality improvement through time, an increase in the survey areas and methodologies, and the local demands (Aceves-Bueno et al., 2017; Machado et al., 2021). Once the established species are successfully monitored, an expansion to other groups like conspicuous and commercially relevant invertebrates, like lobsters, sea cucumbers and gastropods should be considered.

			In the present, more than ever, it’s crucial to work with communities to conserve and rehabilitate the coral reefs. CS is a methodology that should be considered to obtain data cost-effectively in situations when it is urgent to obtain data required for quick response to the coral crisis (Reimer et al., 2024). In the Gulf of Papagayo, sea surface temperatures were abnormally high between May and November 2023, in some cases exceeding 30 °C for weeks. These conditions led to widespread coral bleaching the region. In some reefs, coral mortality exceeded 90 % and shifts in the fish community assemblage were documented; that said, in others, a recovery after bleaching was observed (Alvarado, Quesada-Perez et al., 2025). In Ocotal Bay coral reef, after the bleaching event, the total coral cover of each spider-like structure was reduced from 609.11 ± 58.4 (EE) cm2 to 381.73 ± 28.46 (EE) cm2 (Appendix 12). The corals that did survive this massive bleaching event have the adaptations required to persist under the extreme temperature conditions that led to the complete or partial loss of reefs in the area (Alvarado, Quesada-Perez et al., 2025). Once the conditions were normalized, we are reporting a continued increase in healthy coral cover due to new outplants and growth (Fig. 5; Appendix 12–15). 

			The benefits of involving local communities in rehabilitation extend the biological parameters. Having local communities enrolled in environmental education platforms such as CS projects can improve their environmental compromise (Dean et al., 2018), increase the social resilience of the ecosystem (Cinner et al., 2009), help to unveil how the human activity impacts in marine ecosystems (Zhang et al., 2023), contribute to the policy development of policies for reef protection (Crabbe, 2012), improve the ecosystem services provided by coral reefs (Toh et al., 2017) and a reduction in the operative costs of coral restoration (Hesley et al., 2017).

			Although the AMT-CS volunteers in our project have not yet reached an academic level assessing biological parameters, the results show progress in that direction. For the future of this initiative we are strongly recommending the creation of knowledge evaluations to be applied periodically and also a certification system, ideally backed up by institutions such as universities or the National Learning Institute (INA, spanish acronym). Data reported in this study should be analyzed with care, since there are important gaps between survey dates, high turnover of data collectors, and an ongoing learning process. More training and the development of study materials based on ludic activities might reduce this gap (Skukan et al., 2020). 

			To ensure long-term engagement, it is essential to implement strategies that encourage citizen participation over time. Advocacy and socialization can support the engagement of citizen scientists toward this initiative, but sustaining their commitment remains a challenge. To address this, securing a long-term financial framework is critical. Funding restraints are common across CS and coral restoration projects (Bayraktarov et al., 2020; Hamburger et al., 2018; Ward et al., 2023), and were also present in ours, restricting our ability to carry out some activities. Providing monetary compensation, or at least securing per diems for the volunteers, could reduce the financial weight and encourage both new and old participants to remain committed to this initiative. Exploring the implementation of programs backed by legislation—such as payments for environmental services (Asamblea Legislativa de la República de Costa Rica, 1996)—could provide economic relief to initiatives like the one we are presenting. Additionally, delivering frequent updates of the project to those involved could serve as a strong motivation tool, giving tangible visualizations of their contribution in local coral restoration outcomes. Finally, recognizing the different roles that volunteers of AMT-CS played in this project, not only supporting on-field logistics, but also organizing events like environmental talks, beach and seafloor clean-ups is part of contributing to community-based conservation efforts.

			Volunteers engage in multiple activities in marine environments, are motivated to participate in this project by different factors, and perceived different benefits (Appendix 18–20). Being able to understand the volunteers’ willingness to participate is essential to properly approach CS (Cerrano et al., 2017; Lucrezi et al., 2018; Scyphers et al., 2015) and coral reef restoration (Bayraktarov et al., 2020). Motivations change across time and vary according to the volunteers’ knowledge and experiences (Blanco-Parra et al., 2022). The most commonly reported motivation in coral reef restoration projects is answering scientific questions –an experimental type motivation (Bayraktarov et al., 2019). However, our results differ from that, since the idealistic values are more frequently mentioned by our volunteers and our sample is by far smaller (Fig. 6A). While knowledge creation (experimental) appears in our data and was mentioned by most of the surveyed participants (Appendix 19), it doesn’t seem to be a key stimulus. These differences can be attributed to individual preferences instead of project objectives, which are meaningful to address in this context. Lucrezi et al. (2018) found strong motivations among divers related to personal well-being and socialization, which resembles what was observed for this study. Among the cultural ecosystem services associated with coral reefs, recreation and socialization were mentioned more frequently than any other category (Fig. 6B). The social interactions that occur in these spaces are mentioned as factors of maintaining engagement in volunteers (Eberhardt et al., 2022; Hari et al., 2021; Spicer et al., 2021). From an environmental education perspective, a greater effort should be made to design activities that encourage these social behaviors and enhance the community’s appropriation of the Ocotal Bay coral reef. Also, it should be appropriate to address the importance of other ecosystem services provided by coral reefs (Woodhead et al., 2019) to increase the pragmatic motivations among the volunteers. 

			Volunteers participated in several activities, lasting longer than a year (Appendix 17). To keep the engagement with this process, their self-perceptions should be considered while addressing this public participation scenario. It was observed that volunteers who feel more confident while being in the water are more likely to learn more (Fig. 7). This is likely because they already have the non-scientific skills and it is only required that they learn the scientific protocols (Dardeau et al., 2012). Another interesting finding was that people with better self-perceived diving skills are more involved with the project (Fig. 7). It has been seen that scuba divers with major diving experience are likely to be involved in CS programs (Lucrezi et al., 2018) and are more likely to preserve the ecosystem conditions (Dearden et al., 2006). Furthermore, it has been suggested that CS programs impact environmental knowledge, awareness, and attitude (Srisathan et al., 2024). Altogether, the experience and personal knowledge of each diver may explain why they are compelled to participate in this project.

			

			The way we understand conservation concepts is essential for the expected outcome (Callicott et al., 1999); word-clouds are tools that have been previously used to illustrate community conceptions of conservation issues (Do et al., 2020; Ostrovski et al., 2021; Ternes et al., 2023). An important aspect to highlight is that volunteers understood that both coral restoration and CS are processes (Fig. 8). This notion was constantly expressed through the different activities in order to recognize that these methods demand time, effort and commitment; but also to manage the expectations of the involved volunteers and avoid the loss of commitment if these were not achieved (Massarella et al., 2018). 

			When asked what they understood by coral restoration, the citizen scientist indicated that it’s an activity that requires human intervention to boost the recovery of corals and coral reefs (Fig. 8A). They’re capturing the essence of the objectives behind the active restoration activities, which is to promote self-sustaining ecosystems that can withstand future conditions (Hughes et al., 2023). It is also possible to observe that their conceptualization is guided by the methodology that was applied in this project, since the words “nurseries” and “gardening” (Fig. 8A) are also mentioned. 

			On the other hand, after inquiring about the concept “citizen science”, the volunteers highlighted fundamental aspects: the public participation nature, the collaboration between communities and researchers, and lastly, the demand of training for a proper data collection (Fig. 8B). This concept is being understood as a process in constant adaptation, involving the participation of the involved stakeholders. As before, the conceptualization obtained is modulated by the volunteers’ experience, since only “data collection” was mentioned, without including other tasks that can be executed by participants in citizen science (Cigliano et al., 2015).

			The main goal of this project was to encourage stakeholder participation in the local coral reef rehabilitation efforts. Including the local communities in the reef conservation is vital for promoting citizen engagement, advocating for the removal of local stressors contributing to their degradation (Hughes et al., 2023; Srisathan et al., 2024). The stakeholder involvement that resulted from the intervention at the Ocotal Bay coral reef made the implementation of another restoration area- the Punta Cacique coral reef, possible. Altogether these two areas have 112 artificial structures filled with coral fragments that carry the adaptations to survive extreme conditions. Even if the citizen scientist’ monitoring data has not yet reached an academic accuracy, volunteers with no previous knowledge are able to identify several reef species and are more aware of the threats that are facing coral reefs. Encouraging local participation and regularly re-evaluating protocols are key for adaptative programs that respond to current contextual demands. This strategy also responds to the global necessity of obtaining data in a more cost effective way. Knowledge of the volunteers’ motivations and perceived ecosystem services are key to properly adapting the CS and reef restoration programs. Acknowledging the role of communities within ecological systems might be the pathway to more resilient reefs.
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			Fig. 1. A. Study site (Ocotal bay) and surrounding areas, Gulf of Papagayo, North Pacific, Costa Rica. B. Aerial photograph of the Ocotal Islet (provided by Rolbin Garcia). C. Steel spider structures dimensions used to place Pocillopora spp. fragments (June 2024). D. Distribution of the spider structures placed on-top of the degraded coral framework of Ocotal reef (August 2023). E. AMT-CS volunteers applying the substrate monitoring protocol following the buddy-pair system (May 2024).
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			Fig. 2. Coverage percentages of nine substrate types in three survey monitoring events done by citizen scientist (AMT-CS) and the academic team (UCR-academic) in the restoration area of Ocotal Bay, North Pacific of Costa Rica.
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			Fig. 3. NMDS of the substrate composition of Point of Intercept Transects (PIT) done in the restoration area for three survey dates on Ocotal Bay, North Pacific of Costa Rica. A log10 (x+1) transformation was applied prior to the analysis, and the NMDS ordination was based on a Bray-Curtis dissimilarity matrix.
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			Fig. 4. Abundances of fish species recorded by volunteers (AMT-CS) and the academic team (UCR-academic) in three surveyed areas. Note: some survey dates lack data, due to on-field logistical difficulties.
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			Fig. 5. A. Mean coverage percentages and B. average area coverage (± standard error) of healthy, bleached, dead, and total areas of the Pocillopora spp. fragments attached to the 66 spider-like structures placed in the restoration site of Ocotal Bay, between May 2023 and July 2024. Two values are associated with December 2023 since there was an outplant as a quick response to the bleaching event.
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			Fig. 6. A. Motivations to participate in coral reef restoration programs and B. ecosystem services pointed by volunteers of the Ocotal coral restoration and CS project.
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			Fig. 7. Correlation matrix between self-perceived social features related to the Ocotal coral reef restoration CS project.
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			Fig. 8. Word-cloud obtained after asking the volunteers what they understood by the terms A. “Coral restoration” (n = 16) and B. “Citizen science” (n = 14). Minimal frequency = 2. 
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ABSTRACT
Introduction: Coral reefs are facing a worldwide crisis. To promote public participation in restoration efforts, we
established a citizen science program in Ocotal Bay, North Pacific of Costa Rica— aimed to restore and monitor
the degraded reef:
Objective: This study evaluates the effectiveness of a citizen science approach, using biological parameters as well
as volunteers’ social insight as indicators, during the first two years of implementation.
Methods: Artificial structures filled with Pocillopora spp. fragments were placed on top of the degraded coral
framework of Ocotal’s Bay reef. Volunteers and academics monitored the substrate composition and fish com-
‘munity. Structured surveys were conducted to profile the volunteers' social vales.
Results: In two years, 63 activities were carried out. Volunteers reported seven substrates, with significant differ-
ences in the substrate composition, compared to the nine substrate types identified by the academic evaluations.
‘They recorded 12 out of 20 fish species documented throughout the study period in the restoration area. Healthy
coral cover almost duplicated its area throughout the study, despite the bleaching event caused by the increase
in the sea surface temperature. Regarding the social aspects of this initiative, volunteers are mainly motivated by
idealistic incentives and cultural ecosystem services provided by coral reefs. Volunteers’ knowledge was positively
correlated with marine sports experience and commitment to the project. All of this may have contributed to a
proper understanding of the concepts of coral restoration and citizen science.
Conclusions: The review of protocols and ongoing participation appear to be influencing the efficiency of moni-
toring, making long-term sustainability essential. Better trained and more experienced volunteers find it easier





