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The decline of coral reefs has increased interest in ecological restoration. Due to the scarcity of coral gardening projects in the Eastern Tropical Pacific, improving our understanding of such techniques is key. We report the results of coral gardening using the branching Pocillopora spp. and massive coral species (Pavona gigantea, Pavona clavus and Porites lobata) in an upwelling area in Costa Rica. We examined whether nursery type influenced Pocillopora spp. survival and growth, and how environmental conditions shaped restoration. We monitored the survival and growth of Pocillopora spp. fragments (n = 334) and microfragments of massive species (P. gigantea [n = 148], P. clavus [n = 37], P. lobata [n = 66]) over 11 months. Survival at the end of the gardening period was 51% for Pocillopora spp., 59% for P. clavus, 55% for P. gigantea, and 17% for P. lobata, with a decline after a cease in maintenance caused by the COVID-19 lockdown. Pocillopora spp. fragments in the floating nurseries exhibited higher growth (7.52 ± 1.98 and 6.64 ± 2.91 cm yr-1) than in the A-frame (4.16 ± 2.35 cm yr-1), which suggests the benefits of suspending fragments. For massive microfragments coral growth was 1.92-4.66 cm2 yr-1 and were affected by pigmentation loss, causing partial tissue loss and mortality. Our results point towards acclimation to local conditions, and show the need to develop site-specific cost-efficient gardening techniques for massive species, allowing for a multi-species approach to ensure long-term ecosystem recovery.
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1 Introduction

Coral reefs are facing a wide array of local and global threats (Hoegh-Guldberg et al., 2007; Glynn et al., 2017; Hughes et al., 2017) that put them at risk (Dixon et al., 2022). Since traditional conservation efforts (e.g., marine protected areas) have not always ensured meeting conservation goals (Possingham et al., 2015; Pendleton et al., 2018), and the ability of corals to acclimatize to changing conditions rapidly enough is highly dubious (Torda et al., 2017), there is an increasing interest in active conservation approaches, such as coral gardening and ecological restoration (Rinkevich, 2014).

Several approaches are used for coral reef restoration. Asexual methods, such as the direct transplantation of coral fragments or coral gardening, are the most widespread (Bayraktarov et al., 2019). Coral gardening incorporates an initial-phase during which coral fragments grow in ex situ or in situ nurseries, protected from sedimentation, predation and competition; where coral growth and survival increases (Shafir and Rinkevich, 2010; Lirman et al., 2014; Rinkevich, 2014; Afiq-Rosli et al., 2017). Different types of structures can serve as in situ coral nurseries, such as mid-water floating structures (e.g., coral trees, rope nurseries, platforms) or fixed on the seafloor (e.g., tables, coral spiders, A-frames) (Rinkevich, 2014). The type of nursery used will depend on the local oceanographic conditions and coral growth strategies form (Young et al., 2012), and it has been seen to influence coral performance (Hernández-Delgado et al., 2014; O’Donnell et al., 2017; Kuffner et al., 2017; Schopmeyer et al., 2017). Therefore, it is vital to determine the adequate structures for each specific site and species.

Throughout the Eastern Tropical Pacific (ETP), the number of coral restoration projects is increasing, only few have use coral gardening approach (Bayraktarov et al., 2020; Ishida-Castañeda et al., 2020). The ETP is characterized by suboptimal conditions for reef development (Glynn and Ault, 2000): the region is affected by the El Niño-Southern Oscillation (ENSO), which can lead to coral bleaching and mortality (Glynn, 1984), presents low aragonite saturation (Rixen et al., 2012; Sánchez-Noguera et al., 2018b), and includes areas influenced by seasonal upwelling (Cortés, 1997). Reefs in the ETP are discontinuous, narrow, and composed by few coral species (Glynn et al., 2017). As most reef sites in the ETP present high abundance and dominance of the branching Pocillopora corals, restoration efforts mainly focus on this genus (Liñán-Cabello et al., 2011; Tortolero-Langarica et al., 2014; Ishida-Castañeda et al., 2020; Combillet et al., 2022), and limited work exists on the so-far challenging massive species (Tortolero-Langarica et al., 2020; Vargas-Ugalde et al., 2020). Furthermore, the influence of nursery design, microfragmentation, life history of donor colonies, and local environmental variables on the variation of coral fragment growth remain poorly studied (Schopmeyer et al., 2017; Knapp et al., 2022).

Bahía Culebra, located in the seasonal upwelling North Pacific of Costa Rica, historically harbored some of the most extensive coral reefs in the area, built mainly by the genera Pocillopora (Jiménez, 2001; Cortés and Jiménez, 2003). Mean live coral cover has drastically collapsed in the last two decades, from 44.0 ± 0.3% (>90% in some sites) in the 1990s (Jiménez, 2001) to 1-4% in 2011, due to several disturbances (Sánchez-Noguera et al., 2018a), such as ENSO, anthropic eutrophication, harmful algal blooms, the proliferation of the macroalgae Caulerpa sertularioides, and a population outbreak of the sea urchin Diadema mexicanum (Alvarado et al., 2012; Fernández-García et al., 2012). This resulted in widespread coral bleaching and mortality (Sánchez-Noguera, 2012), and as consequence, coral framework rapidly weakened (Alvarado et al., 2012, 2016), and some reefs completely depleted (Sánchez-Noguera, 2012; Arias-Godínez et al., 2019).

Despite these adverse circumstances, reefs in Bahía Culebra are still of socioeconomic importance (Sánchez-Noguera, 2012). Therefore, efforts to restore them are needed to ensure their long-term maintenance, ecological functionality, and integrity. The semi-enclosed nature of the bay, protected from strong wave action (Sánchez-Noguera, 2012), makes it a uniquely suitable site for the establishment of coral nurseries and the development of a coral gardening project. Given the conditions that seasonal upwelling brings (Rixen et al., 2012; Stuhldreier et al., 2015), the lack of previous restoration experiences, it is necessary to improve our understanding of coral gardening techniques and their potential to determine the most effective approach for these conditions.

This study represents the assessment of the first restoration project in the area, in order to evaluate the success of different coral gardening techniques. The goals of this study are to (1) monitor the health and survival of fragments of the branching Pocillopora spp. and massive Pavona gigantea, Pavona clavus and Porites lobata corals during nursery stage, (2) quantify the growth rate of arranged coral species, and (3) determine the effect of nursery type and environmental conditions on coral fragment growth and survival.




2 Materials and methods



2.1 Study area

Bahía Culebra (10°37’N, 85°39’W) is a semi-enclosed bay in the Gulf of Papagayo (Figure 1), which extends for more than 20 km2 and reaches 42 m in depth (Rodríguez-Sáenz and Rodríguez-Fonseca, 2004). It is in one of the three seasonal upwelling areas in the ETP, which affects the region from December to April (Jiménez et al., 2010; Alfaro and Cortés, 2011), and bring up more acidic (pH 7.8) and nutrient-rich waters (Rixen et al., 2012; Stuhldreier et al., 2015; Sánchez-Noguera et al., 2018b).




Figure 1 | Location of nursery site () and donor colonies sites () in Bahía Culebra, Costa Rica.






2.2 Experimental design

Three structures types were used as in situ coral nurseries, which differ in terms of their position in the water column, design, and materials. Coral trees (Figure 2A) consist of a central PVC column and fiberglass rods, in which coral fragments are hung using monofilament lines. Rope line nurseries (Figure 2B) are constructed with a series of ropes attached to two PVC tubes at each end, and the small coral fragments are inserted into the coils of the ropes. While these two nurseries are suspended in the water column, A-frames (Figure 2C) are benthic-attached structures built out of electro-welded wire mesh bent to form an “A” shape, with coral fragments attached using plastic cable ties. All coral nurseries were placed at a depth of 5 m.




Figure 2 | Nurseries used for cultivation of Pocillopora spp. fragments in Playa Jícaro, Costa Rica. (A) Coral tree, (B) rope line nursery, (C) A-frame structure.



Coral fragments (n = 585) from four species (Pocillopora spp., n = 334; P. gigantea, n = 148; P. clavus, n = 37; and P. lobata, n = 66) were obtained from donor colonies on eight different reefs and coral communities around Bahía Culebra (Figure 1). Donor colonies were randomly selected at depths between 2-7 m, growing at least 5 m from each other to maximize the chance of sampling distinct genets. Five fragments of 2-5 cm were extracted from each donor colony in the case of Pocillopora spp. colonies. In this study P. damicornis and P. elegans are grouped as “Pocillopora spp.” This categorization is employed due to the inherent difficulty in discriminating between individual species in the field based solely on their morphology (Pinzón et al., 2013). For massive species microfragments 1.5-2 cm2 were obtained from donor colonies, using a diamond band saw (Gryphon®, Model C-40), and then were glued to a ceramic disk (Figure 3). Fragments were tagged individually and placed only in coral trees nurseries at Playa Jícaro (10°37’11.388”N, 85°40’32.916”W) (Figures 2, 3A), whereas Pocillopora spp. fragments were arrayed in the three different nurseries: coral tree (n = 72), rope line nursery (n = 150), and A-frame (n = 112).




Figure 3 | Microfragments of massive species cultivated in the coral tree nursery (A), and growth of the same Pavona gigantea microfragment at the start of the nursery stage in September 2019 (B) and by the end of its cultivation, in August 2020 (C), in the nursery site in Playa Jícaro, Costa Rica.



The experiment was conducted between September 2019 and August 2020, over a period of 330 days for mid-water floating nurseries. For A-frames, the experiment extended from August 2020 to August 2021, covering a period of 365 days. Maintenance, carried out twice a month when conditions allowed, involved using brushes to remove fouling organisms from all nursery structures.

In addition, costs (in USD) of nursery building and installation, and fragment production were calculated, excluding indirect expenses (i.e., travel, accommodation, scuba gear, maintenance, and monitoring). For each nursery, we calculated the cost per fragment considering their capacity and the final cost per fragment obtained, considering final survivorship by the end of their nursery stage (Supplementary Table S1).




2.3 Data collection

To evaluated coral growth, in situ photographs of each fragment were taken monthly, which were later analyzed using ImageJ software to measure the length (cm), and area (cm2) for Pocillopora spp. fragments and the area (cm2) of each massive microfragment. As for Pocillopora spp., despite their branching growth, there is a greater vertical extension upwards, which we aimed to measure using the length of each fragment. Photographs were taken from the same angle and direction, with a plastic caliper as reference, using an Olympus Tough TG-6 underwater camera. The survival and health condition of each individual coral fragment (alive, pale/bleached, tissue lost, dead or lost) was recorded. Lost fragment and those with <10% of live tissue were considered as dead, as probability of recovery was considered extremely low. No data were obtained during March 2020 due to the COVID-19 pandemic national lockdown.

To characterize environmental conditions, water samples were collected each month to determine salinity (PSU) and nutrient concentration (NO3-, NO2-, PO43-, NH4+, and SiO4), using a continuous flow autoanalyzer (QuikChem 8500, Lachat Instruments). Because of the COVID-19 pandemic national lockdown, water samples for nutrient concentration and salinity were not collected between March and June 2020. Seawater temperature was recorded every 30 min using in situ HOBO® data loggers.




2.4 Data analysis

Kaplan-Meier tests were used to determine whether the survival curves of Pocillopora spp. fragments differed significantly between nursery types and donor colony sites. Only donor colony sites that were shared between the A-frame, rope line, and coral tree nurseries were included in the comparison between nursery types. Comparisons between donor colony sites were evaluated separately for each nursery type. A Kaplan-Meier test was also used to determine whether the survival curves of microfragments of P. clavus, P. gigantea, and P. lobata differed significantly. Mean annual coral growth in length (cm yr-1) and area (cm2 yr-1) were estimated. Only those fragments that had survived throughout the experimental period were considered for calculation of growth rates. For Pocillopora spp., the length and area growth of each fragment were subtracted from the measurement of the following month, whereas the growth rate of massive microfragments was only calculated in terms of area increase. Data were tested for normality and equality of variances using the Shapiro-Wilk test and Bartlett test to ensure they met model assumptions. Differences in Pocillopora spp. fragment growth rates between nurseries were analyzed using a one-way ANOVA and post-hoc Tukey tests. Massive species growth rates were compared between species using a one-way ANOVA. All statistical analysis was performed in R (R Development Core Team, 2021).





3 Results



3.1 Coral fragment survival

After 10 months, 51% of Pocillopora spp. fragments had survived. The survival curves of Pocillopora spp. fragments differed between the nurseries (χ2 = 109, p < 0.001) (Figure 4A). Fragments in the A-frame and the coral tree had similar survival curves, while the survival was significantly lower in the rope line, where coral fragments suffered a marked decrease in their survival after five months (Figure 4A). After ten months, the probability of survival was about 26% lower in the rope line than in the A-frame or the coral tree. Paleness was observed in Pocillopora spp. fragments between June and August 2021, with a peak of 21% of the remaining live fragments affected in July.




Figure 4 | Kaplan-Meier survival curves of Pocillopora spp. fragments after ten months of growth in nurseries in Playa Jícaro (Bahía Culebra, Costa Rica). (A) Comparison between nurseries including only shared donor sites (Jícaro and Matapalo) (A-frames [n = 77 ], rope line [n = 42 ], and coral tree [n = 39 ]). Comparison between donor sites for the (B) A-frame, (C) rope line, and (D) coral tree nurseries. Error bars indicate the 95% confidence intervals. The p-value of the Kaplan-Meier test comparing the survival curves is shown in each panel. Asterisks (*) indicate significant differences (p < 0.05). Square brackets indicate a significant difference between two specific survival curves.



The survival curves of Pocillopora spp. fragments from different donor sites differed significantly for fragments growing in the A-frame (χ2 = 29.4, p < 0.001) and coral tree (χ2 = 26.8, p < 0.001) nurseries. In the case of the A-frame, the survival curves of corals from Jícaro differed from the other two sites, but no differences were detected between fragments from Matapalo and Marina, which had a higher survival than fragments from Jícaro (Figure 4B). Corals from Guiri growing in the coral tree nursery had significantly lower survival than corals from the other three sites (Figure 4D). The survival curves of corals from Jícaro and Esmeralda growing in the coral tree were also significantly different (Figure 4D). For the rope line, no significant differences were found in the survival curves of fragments from different donor sites (χ2 = 4, p = 0.6) (Figure 4C).

For massive species, final survival after nine months was 59% for P. clavus, 55% for P. gigantea, and 17% for P. lobata. Survival curves differed significantly between P. lobata and the two coral species (χ2 = 44.6, p < 0.001) (Figure 5). Microfragments experienced two episodes of bleaching/paleness in the nursery: the first, between December 2019 and February 2020 (affecting 90.4% of live fragments in January 2020) and the second, between June and August 2020. After the first event, 70.5% of microfragments recovered their pigmentation after two months. However, many fragments died or lost part of their live tissue following the second event, which was the most intense in terms of loss of pigmentation and affected 92.3% of live fragments at its peak in June 2020 (Figure 6). Fragments of massive colonies were the most susceptible to bleaching.




Figure 5 | Kaplan-Meier survival curves of microfragments of massive Pavona clavus (n = 37 ), Pavona gigantea (n = 148 ), and Porites lobata (n = 66 ) after nine months of growth in the nursery site in Playa Jícaro (Bahía Culebra, Costa Rica). Error bars indicate the 95% confidence intervals. The p-value of the Kaplan-Meier test comparing the survival curves is shown. Asterisks (*) indicate significant differences (p < 0.05). Square brackets indicate a significant difference between two specific survival curves.






Figure 6 | Proportion (% of fragments affected) of bleaching or paleness (bars), and partial tissue loss (lines) in microfragments of massive species (Pavona clavus , Pavona gigantea , and Porites lobata ) during nursery stage (September 2019-August 2020) in Playa Jícaro (Bahía Culebra, Costa Rica). No data is available for March 2020 due to the COVID-19 pandemic national lockdown.






3.2 Coral fragment growth

Pocillopora spp. fragments placed in the nurseries were initially 3.99 ± 1.70 cm long and 6.67 ± 5.93 cm2 in area. The size of live Pocillopora spp. fragments increased to a mean of 9.04 ± 2.89 cm in length, and 45.21 ± 28.47 cm2 in area by the end of the nursery stage (t160 = -17.53, p < 0.005), which represent a 126.6% mean increase in length and a 577.8% in area from initial size. Mean growth rate of Pocillopora spp. fragments was 5.71 ± 2.88 cm yr-1 (45.03 ± 30.84 cm2 yr-1), and it was lower in A-frames than in the other two nurseries (F2,155 = 24.37, p < 0.005) (Table 1). Pocillopora spp. growth rate through time did not show any pattern, although significant differences were found among months (p < 0.05 in all cases).


Table 1 | Initial and final sizes (mean length ± SD), and mean growth rate (± SD) of Pocillopora spp. fragments cultivated in the different in situ coral nurseries in Playa Jícaro (Bahía Culebra, Costa Rica).



Pocillopora spp. annual growth rate also differed among donor sites. In the coral tree, Pocillopora spp. fragments from Esmeralda grew at a significantly higher rate than the other donor sites (F2,24 = 9.09, p < 0.005). For fragments in the rope line nursery, growth rates from Jícaro fragments were significantly lower from all other sites except for Palmitas (F5,55 = 4.27, p < 0.005). In the A-frames, fragments from Marina grew at a significantly lower rate than the site with the highest rate (F2,66 = 4.57, p < 0.05).

When comparing annual growth rates of shared donor sites between nurseries, fragments from Jícaro grew faster in coral trees (F2,22 = 16.07, p < 0.005), while fragments from Matapalo did so in the rope line nursery, statistically differing from fragments growing in the A-frame (F2,50 = 4.41, p < 0.05) (Figure 7).




Figure 7 | Box plot depicting the growth rate (cm yr-1) of Pocillopora spp. fragments from shared donor sites (Jícaro and Matapalo) between nurseries. Significance denoted by * indicates p < 0.05. Black inner lines represent mean values.



Massive species significantly increased their area from initial size 291.2% for P. gigantea fragments (R2= 0.58, F1,493 = 692.3, p < 0.005), 94.0% for P. clavus (R2 = 0.25, F1,198 = 67.57, p < 0.005), and 187.6% in P. lobata (R2 =0.54, F1,68 = 81.04, p < 0.005). Growth rates for massive species (Table 2) differed between P. gigantea and P. clavus (F2,69 = 20.98, p < 0.005), but not with P. lobata (p > 0.05).


Table 2 | Initial and final sizes (mean area ± SD), and mean growth rate (± SD) of microfragments of massive species cultivated in in situ coral nurseries in Playa Jícaro (Bahía Culebra, Costa Rica).



Mean seawater temperature in the nursery site was 27.47 ± 1.90°C, with a minimum of 18.53°C (March 2020) and a maximum of 31.08°C (May 2020) (Supplementary Figure S2). Significant differences in seawater temperature between upwelling (26.37 ± 1.89°C) and non-upwelling period (28.46 ± 1.27°C) were detected (t31584 = 126.14, p < 0.0005). Nonetheless, mean monthly Pocillopora spp. growth rates did not differ between seasons (coral tree: t77.998 = -0.399, p = 0.691; rope line: t263.99 = 1.531, p = 0.127; A-frame: t748.69 = 0.365, p = 0.715). For massive species, differences were only detected in P. gigantea, with a higher mean rate during the dry upwelling season (0.52 ± 0.48 cm2 mo-1) than in the rainy non-upwelling season (0.33 ± 0.50 cm2 mo-1) (t446.93 = -4.123, p < 0.005).

Mean seawater salinity was 33.37 ± 1.08 PSU and showed differences between dry upwelling (33.83 ± 0.99 PSU) and rainy non-upwelling season (32.85 ± 0.95 PSU) (t54.736 = -3.83, p < 0.0005). Nutrient concentration did not show any pattern and did not differ between seasons (p > 0.05 in all cases) (Supplementary Table S2).





4 Discussion

Coral reef restoration must optimize its techniques to be as efficient and practical as possible to ensure long-term feasibility and success. Thus, it is key that restoration efforts are adapted to regional and local conditions. We found that nursery type influences coral survival and growth, with fragments growing faster in mid-water floating nurseries. Furthermore, we found that branching species responded differently to coral gardening techniques and environmental conditions during their cultivation period, which aligns with the results found in other studies in the Philippines (Shaish et al., 2008), and different sites in the Caribbean, such as the Bahamas (Maurer et al., 2022), Florida (Goergen et al., 2018), and Puerto Rico (Aponte-Marcano et al., 2023). Fragment survival was 51% for Pocillopora spp. after 10 months and 59% for P. clavus, 55% for P. gigantea, and 17% for P. lobata after 9 months. The steep decline in survival after the fifth and sixth month in the nurseries could be partially explained by the proliferation of highly competitive and aggressive coral competitors such as algae, ascidians, barnacles, bivalves, and sponges caused by the temporary interruption (February to May 2020) in maintenance as a consequence of the COVID-19 pandemic national lockdown. This has been experienced in several projects worldwide, with some effect on coral cultivation success (Montano et al., 2022). Periodic maintenance is key to reduce competition (Edwards, 2010; Goergen et al., 2018), Montano et al., 2022), and even more so in the North Pacific of Costa Rica, where productivity is high and hence, so is competitor recruitment, particularly during upwelling season (Stuhldreier et al., 2015).

Survival is also affected by coral growth form and other species traits like colony size, as they influence the coral’s response to environmental stressors (Loya et al., 2001; Hoogenboom et al., 2017). Low survival is common for species with massive growth, which have proven to be challenging to work with in restoration efforts (Rivas et al., 2021; Knapp et al., 2022). In the Philippines, branched corals such as Pocillopora also had greater survival than massive corals (genus Porites) (Shaish et al., 2008). Microfragments of massive species underwent two bleaching/paleness episodes, the first one occurring between December 2019 and February 2020. During this period, Bahía Culebra was influenced by seasonal upwelling, with abrupt drops in seawater temperature down to 18.5°C. Even though low temperatures may elicit coral bleaching (Lirman et al., 2011), corals in the bay are periodically subject this thermal regime and are thus expected to be acclimated to these local conditions (Liñán-Cabello et al., 2011; Rodríguez-Troncoso et al., 2014). However, the process of microfragmentation may damage healthy tissue, and it drastically reduces their size; therefore, their vulnerability to stressors such as competition, particularly if it is as intense as in Bahía Culebra, increases (Ferrari et al., 2012; Forsman et al., 2015; Marín-Moraga et al., 2023), which may have resulted in the observed paleness, partial tissue loss, and mortality. This was the case in our massive coral nurseries, where algae, hydroids, barnacles, ascidians, and bivalves, rapidly and aggressively grew on the structure, as well as on and around the coral microfragments. Hence, given these particular conditions, we suggest minimizing the available surface for the potential recruitment and growth of coral competitors.

Although the first episode of loss of pigmentation affected over 90% of microfragments, most recovered their pigmentation in the following months; yet the second episode (June-August 2020) did cause widespread mortality on microfragments. The highest temperatures during nursery stages were recorded in May 2020, with maximums of 31.1°C and exceeding 30°C for 12 consecutive days, which could have caused the bleaching and paleness reported in the following month (Glynn and D’Croz, 1990). Pavonid corals have also shown little tolerance to repeated bleaching, as it reduces their resilience (Manzello, 2010). Thus, the coupled effects of a repeated loss of pigmentation episode and the simultaneous temporary cease in maintenance led to the reduced survival of massive species. This situation contrasts with the branching Pocillopora spp., in which no bleaching or loss of pigmentation was observed during upwelling season and with very limited prevalence in August 2021. This might indicate that Pocillopora, previously considered as a highly sensitive genus to natural stressors (Glynn and Ault, 2000), has a higher tolerance threshold than massive-growing corals like pavonids (Manzello, 2010; Cruz-García et al., 2020; Romero-Torres et al., 2020), and could be less vulnerable due to the larger size of the fragments (Lizcano-Sandoval et al., 2018).

Under nursery conditions, the initially small coral fragments of the fast-growing Pocillopora spp. grew to be colonies in less than a year. In contrast, massive slow-growing species required a much longer time to grow, as by the end of the monitoring period, not all microfragments covered the totality of the ceramic disk. Particularly, the massive species P. gigantea grew 866% slower than the branching Pocillopora spp. These differences are to be expected provided their differential growth form and growth strategies (Rinkevich, 2014; Lirman and Schopmeyer, 2016; Page et al., 2018), since massive species present higher calcium carbonate production and calcification rates; thus, their growth rates are lower than those of branching corals (Wellington, 2004; Tortolero-Langarica et al., 2022).

Nursery design influenced fragment growth, as Pocillopora spp. fragments grew significantly faster in the mid-water floating structures than in the A-frame (81% lower than the coral tree and 60% lower than the rope line nursery). Since all coral nurseries were within a few meters of each other and at the same depth, we expect environmental variables (temperature, salinity, and nutrient concentration) to be the same. Another study using benthic-attached structures (“spiders”) in our nursery site, carried out at the same time as the mid-water floating nurseries, recorded a growth rate of 4.12 ± 2.77 cm yr-1 (Combillet et al., 2022), much alike our results in the A-frame, which also aligns with the reported rates for Pocillopora spp. in the southern Mexican Pacific using similar structures (García-Medrano et al., 2023). Similarly, other studies have reported higher growth rates in mid-water floating nurseries than in benthic-attached structures (Kuffner et al., 2017; O’Donnell et al., 2017; Schopmeyer et al., 2017; Ruiz-Diaz et al., 2022). This could indicate the value of suspending fragments, as it may increase water flow around corals, which improves nutrition and oxygen supply, and reduces sedimentation and debris that might accumulate on the corals (Rinkevich, 2014). By being suspended, fragments can also grow in all directions, which increases their three-dimensional complexity (Ishida-Castañeda et al., 2020). Additionally, area for competitor recruitment directly around the coral is also limited compared to A-frames (pers. Obs.). It is possible that fragments growing closer to the substrate (i.e., in the benthic-attached A-frame) form sturdier and denser skeletons, as they might be exposed to stronger currents (Kuffner et al., 2017; O’Donnell et al., 2017). If proven, this could have potential advantages for restoration of higher-energy environments (Chindapol et al., 2013; Doszpot et al., 2019).

Even when being cultivated in the same nursery, and therefore, subject to the same conditions, survival and growth among fragments can vary according to intrinsic factors like genotype, symbionts, and life history (Lirman et al., 2014; van Oppen et al., 2015; Drury et al., 2017). Despite not possessing information on every individual genotype of the fragmented donor Pocillopora spp. colonies, we hypothesize that donor sites could here be used as a proxy for different environmental tolerances, especially since donor colonies were fragmented from small areas in each site (Ruiz-Diaz et al., 2022). We detected significant growth rate differences among donor sites in the same nursery, and differences in survival among some donor sites. The differential response when being subject to the same rearing conditions could be a result of their life history and acclimation to the conditions of the donor site (Baums et al., 2019), which might differ from one another in temperature, depths, currents, water turbidity, and upwelling intensity. For instance, fragments from Marina (86% survival) were extracted from shallow areas (<2 m), which exposed them to high irradiance and seawater temperatures, possibly originating more resistant and resilient corals (Putnam and Gates, 2015; Hughes et al., 2019; Romero-Torres et al., 2020). Nonetheless, these fragments also presented the lowest growth rates, which might suggest trade-offs between stress resilience and growth (Edmunds, 2017; Ladd et al., 2017). In addition, these differences did not remain consistent among nursery types, but varied between shared donor sites in all nurseries. This might indicate some degree of interaction between life history and form of cultivation. Therefore, it is vital to maintain diversity of donor sites in the different nurseries, as this will ensure diversity of physiological responses when facing disturbances (van Oppen et al., 2015; Drury et al., 2017; Baums et al., 2019).

Through their time in the nurseries, growth rates of each individual fragment may vary as a result of its size or changes in environmental variables (Edmunds and Putnam, 2020; Foo and Asner, 2020; 2021). The presence of upwelling did not affect growth of coral fragments, with the exception of P. gigantea. The demonstrated ability of these fragments to maintain physiological processes like growth under upwelling conditions indicates an acclimation response (Rodríguez-Troncoso et al., 2010, 2014, 2016). Thus, it is likely that the higher growth rates experienced by P. gigantea in the first two months and during upwelling season could be a result of the microfragmentation process, as it has been found to stimulate radial extension of tissue in the short-term (Page and Vaughan, 2014; Forsman et al., 2015). The similar and lower growth of P. clavus and P. lobata through time could be explained by their quick initial loss of pigmentation and partial tissue loss, indicating stress (Manzello, 2010). During the nursery period, mean nutrient concentrations –except phosphates– were higher than those previously reported in Bahía Culebra (Fernández, 2007; Sánchez-Noguera, 2012), which could indicate some degree of eutrophication in the bay’s waters, a known stressor to corals as it promotes algal overgrowth and competition (Fabricius, 2005).

Even though economic costs of restoration are decreasing as new low-cost, low-tech techniques are developed (Bayraktarov et al., 2019; Rinkevich, 2019), they are still a limitation for many projects (Hesley et al., 2017), which in turn hinders their potential effect on ecosystem recovery. Thus, for coral reef restoration to reach meaningful scales, costs need to be optimized (Shaish et al., 2008; Hernández-Delgado et al., 2014; Maurer et al., 2022). We found that the efficiency of monitoring and maintenance were affected by nursery design. Frequent (at least twice a month) and labor-intensive maintenance is needed in Bahía Culebra’s nurseries, due to the high productivity of its waters (Stuhldreier et al., 2015) that promotes the proliferation of highly aggressive coral competitors and fouling organisms. For the coral nurseries used for Pocillopora spp., 10-30 min of two divers were required, while the massive microfragment nursery required extended maintenance (>1.5 h of two divers), as a result of the technique and nursery design. Since labor and maintenance are generally the highest costs of restoration, the type of nursery used and the duration of the nursery stage need to be considered (Knapp et al., 2022; Maurer et al., 2022).

Microfragments of massive species were the least cost-efficient form of cultivation, with each final microfragment costing US$12.76. Due to their slow growth, massive species tend to require prolonged nursery periods (Levy et al., 2010; Shaish et al., 2010), which increases costs. We therefore propose reducing nursery time and producing larger fragments (>15 cm2), which would also be less vulnerable to stressors (Raymundo and Maypa, 2004; Forsman et al., 2015; Marín-Moraga et al., 2023) and would reduce empty space on the ceramic disk, limiting recruitment of coral competitors and increasing fragment survival. Identifying the optimal fragment size that reduces nursery time, ensures high survival, and optimizes growth is an essential next step for improving time-effectiveness and cost-efficiency to scale up efforts with slow-growing massive species (Forsman et al., 2021; Knapp et al., 2022). Alternatively, the direct transplantation of fragments has proven to be an effective low-cost approach for massive species not only in the ETP (Tortolero-Langarica et al., 2020) but also in other regions like the Caribbean (Forrester et al., 2019) and the Indo-Pacific (dela Cruz et al., 2015), bypassing the need and costs of nursery cultivation (Tortolero-Langarica et al., 2020).

The lower installation and labor costs, and higher survival (62.5%) in the A-frame were somewhat offset by their lower growth rates. These differences could be surpassed by identifying which donor sites yield the highest coral growth, and which reef sites in the bay allow for higher growth rates (Alvarado et al. in prep.). Beyond higher survival and less maintenance, A-frames provide practical advantages when several divers are collecting data and cleaning the structures. Furthermore, benthic-attached structures like the A-frames have proven to enhance structural complexity (Yanovski and Abelson, 2019), acting as an aggregation site for many species (Loke et al., 2015; Levy et al., 2022), and as a substrate on which to permanently attach fragments when no natural substrate is available for outplanting (Combillet et al., 2022). This is particularly relevant due to the rapid degradation of the reef framework and loss of structural complexity experienced in Bahía Culebra in the last two decades, which resulted in habitat loss for many species and caused shifts in reef fish communities (Alvarado et al., 2012; Arias-Godínez et al., 2019). Hence, areas where the reef framework has been destroyed, like blast fishing sites in the Indo-Pacific (Williams et al., 2018; Fox et al., 2005) or sites affected by hurricanes in the Caribbean (Hughes, 1994), could greatly benefit from this restoration technique. It is important to consider that these structures also tend to be more durable in strong current sites (Maurer et al., 2022), and are less susceptible to recruitment of fast-growing organisms (pers. obs.). Therefore, as different coral nurseries yield different results and advantages, which could be site-specific, maintaining the diversity of structures used as nurseries could potentially improve restoration benefits.




5 Conclusions

Altogether, our results might indicate that coral gardening is a feasible technique for branching Pocillopora spp. corals, as it promoted their growth before being outplanted. The importance of considering multiple factors during the cultivation of coral fragments is also highlighted. To ensure long-term ecological restoration, the growth rate of nursery-reared corals should not be the focal point of nursery propagation, as it is a poor predictor of performance and trade-offs with survival, resistance, and reproductive capacity may exist (Cunning et al., 2014; Shaw et al., 2016; Edmunds, 2017; Ladd et al., 2017), and it might not consistent over time and across restoration sites and regions (Goergen et al., 2018). Although previous studies in the ETP have used the gardening approach (Ishida-Castañeda et al., 2020; Robles-Payán et al., 2021; García-Medrano et al., 2023), this study is the first to evaluate differences in coral growth and survival using different types of in situ nurseries (mid-water floating vs. benthic-attached). Despite the overall low survivorship and slower growth of massive corals, these species may have advantageous characteristics, such as higher calcification rates and calcium carbonate production (Tortolero-Langarica et al., 2022), and a higher resistance to physical impacts (Loya et al., 2001; Rivas et al., 2021) and changing environmental conditions (Schlöder and D’Croz, 2004). Therefore, it is necessary to improve our understanding of cultivation techniques for massive species. Considering response diversity in the face of disturbance, restoration efforts should shift the focus from the cultivation of fast-growing genera like Pocillopora to a multi-species approach (Lirman et al., 2011; dela Cruz et al., 2015; Baums et al., 2019). This would promote functional diversity and ecosystem resilience (Nyström, 2006; Baskett et al., 2014), and thus increase the chances for the long-term existence of coral reefs at a time when it is urgently needed.
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