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Here, we provide the first reports of spawning activity by Acropora palmata colonies outplanted to reefs in Florida, USA. In 2020, we observed light spawning from A. palmata colonies five years after they had been outplanted on two Florida reefs. In 2021 and 2022, we observed outplanted A. palmata colonies spawning synchronously with other nearby (<3 m) outplants and wild colonies more than 100 m away. During the 2022 spawning event, some colonies spawned in as few as four years after they had been outplanted. Among all spawning seasons, gametes collected from the outplanted colonies yielded high fertilization rates and viable larvae. These observations are promising for A. palmata restoration as they indicate fragments of A. palmata can spawn four years after outplanting and that efforts to restore A. palmata may be close to achieving the first step towards self-sustaining populations that can produce viable larvae, resulting in an increase in the population’s genotypic diversity upon successful recruitment to the reef.
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1 Introduction

Acropora palmata (elkhorn coral) is a branching species of coral that, historically, built large monotypic thickets on Caribbean/Atlantic reefs. This species reproduces asexually through fragmentation and sexually by broadcasting eggs and sperm synchronously allowing fertilization between neighboring genotypes to occur at the surface. Populations of this once ubiquitous coral have declined rapidly over the past 40 years leading to its listing as Threatened under the U.S. Endangered Species Act (NMFS, 2006). The decline of A. palmata began as human impacts on coral reef ecosystems increased in the 1950s (Cramer et al., 2021) and accelerated dramatically in the 1980s due to an Acropora-specific disease outbreak that spread throughout the Atlantic basin (Porter and Meier, 1992; Green and Bruckner, 2000). These dramatic losses both contributed to and were further exacerbated by the general collapse of Caribbean/Atlantic reef ecosystems (Jackson et al., 2001). The declining population has become increasingly vulnerable to depensatory factors, which are compromising this species’ ability to reproduce both asexually and sexually. As A. palmata thickets become less dense, storm-generated fragments are not retained on the reef, and the increasingly sparse colonies are too far apart to allow for gametes to fertilize during spawning (Williams et al., 2014; Miller et al., 2016). Alongside the decreasing abundance, the genotypic diversity of the present-day wild A. palmata population on Florida reefs has dramatically declined in the past 15 years (Williams et al., 2020) greatly reducing the chances of successful fertilization during spawning events. Compounding the loss of abundance and genotypic diversity, the timing of spawning can vary among A. palmata genotypes, resulting in even fewer genotypes that spawn synchronously (Miller et al., 2016). Additionally, genotypes that do spawn synchronously may have incompatible gametes (Miller et al., 2018), further hampering the potential for reproductive success.

Outplanting nursery-propagated A. palmata is increasingly implemented (Bostrom-Einarsson et al., 2020) as a tool to recover diminished populations on Atlantic/Caribbean reefs. Ultimately, the goal of these efforts is to restore genotypically diverse coral populations containing reproductively mature colonies that contribute to self-sustaining populations via the production of offspring that successfully recruit into the population. While outplanting coral colonies helps to restore live coral abundance on degraded reefs, outplanted colonies in Florida are mostly produced via asexual fragmentation, which does not increase the genotypic diversity of a population. Augmenting genotypic diversity is particularly important for species like A. palmata, with an estimated <150 unique genotypes remaining in the entire Florida population (D. Williams unpubl data). Consequently, successful recruitment of offspring from reproductive events is paramount for threatened species like A. palmata.

To date, published observations of spawning in outplanted Atlantic acroporid species have only been reported in the Caribbean (Carne et al., 2016; Chamberland et al., 2016; Calle-Triviño et al., 2018). However, there have been no reports in Florida of spawning activity by outplanted A. palmata. Here, we report spawning observations of A. palmata colonies outplanted as part of coral restoration and research efforts at two reef sites in the Upper Florida Keys, USA. The corals were outplanted in 2015, 2016, and 2018, and monitored for spawning activity during the predicted spawning windows from 2019 to 2022. In 2020, 2021, and 2022, we observed spawning activity among the outplanted colonies of A. palmata. These are the first reported observations of spawning activity by A. palmata outplanted to reefs in Florida, an important milestone for efforts to restore populations of this ESA-listed coral species.




2 Materials and methods

Outplanting of Acropora palmata fragments was conducted during three different years as part of three unrelated projects at two reefs in the Upper Florida Keys, USA: North Dry Rocks Reef (NDR; 25.13°, -80.29°) and Elbow Reef (EL; 25.14°, -80.26°). Both EL and NDR reefs are characterized as high-relief spur-and-groove habitats with extant colonies of A. palmata (henceforth “wild” colonies) present at the time of coral outplanting. All outplants monitored for spawning were generated from fragments of A. palmata propagated by the Coral Restoration Foundation in their off-shore nursery in Tavernier, Florida. In 2015 and 2016, corals were outplanted jointly by the Coral Research and Assessment Lab at NOAA’s Southeast Fisheries Science Center and the Coral Restoration Foundation, and in March 2018, additional corals were outplanted by the Coral Restoration Foundation. For all three sets of outplants, the fragments were 7–10 cm in diameter at the time of outplanting and were attached to the reef using two-part marine epoxy.

In May 2015 at NDR, we outplanted 120 A. palmata fragments of four genotypes. Fragments were outplanted into 30 clusters of four fragments approximately 50 cm apart, with one fragment of each genotype present in each cluster. In June 2016 at EL, we outplanted fragments in twelve 3 m x 2 m plots, with 24 fragments outplanted in each plot. Fragments within the plots were spaced 30 cm apart in various arrangements of two or eight genotypes (Figure 1). In 2018 at NDR, 50 genotypes of A. palmata were outplanted in 150 clusters of seven fragments within a plot ~50 cm diameter in size along a single reef spur. All fragments within a cluster were the same genotype. Fragments for outplanting were propagated as putative genotypes (Tables 1, 2) that were later identified using SNP genotyping (Kitchen et al., 2020). SNP genotyping was also used to genotype the wild A. palmata colonies found within ~100m of the outplanted colonies at both sites (Tables 1, 2).




Figure 1 | Outplant plot (3 m x 2 m) at Elbow Reef in the Florida Keys at the time of outplanting in (A) May 2016 and 5 years later in (B) July 2021. This plot includes eight interspersed nursery-raised genotypes, five of which were observed to spawn in July 2021.




Table 1 | Acropora palmata spawning observations for known genotypes during the predicted spawning windows (Nights 1-5 after the July and August full moon [AFM]) from 2019 to 2021 at Elbow and North Dry Rocks reefs.




Table 2 | Acropora palmata spawning observations for known genotypes at North Dry Rocks reef during the predicted spawning windows (Nights 2-3 after the July and August full moon [AFM]) in 2022.



The expected A. palmata spawning window is two to five nights after the July or August full moon based on more than ten years of observations on the upper Florida Keys Reef Tract (Miller et al., 2016). Using methods described by Miller et al. (2016), four to six divers monitored for spawning activity between 21:45 and 23:00 local time during the expected windows from 2019 to 2022 as shown in Tables 1, 2.

In 2019, we monitored wild and 2015 A. palmata outplants at NDR on nights 1–5 after the full moon (AFM) in August and nights 1–2 AFM in September, and wild colonies at EL on nights 3–4 AFM in August. In August 2020, we monitored wild and 2015 A. palmata outplants at NDR on night 2 AFM and wild colonies at EL on nights 3–5 AFM (Table 1). We did not monitor the 2016 A. palmata outplants at EL in 2020. In July 2021, we monitored wild and 2015 A. palmata outplants at NDR on night 2 AFM, and wild and 2016 A. palmata outplants at EL on nights 3–5 AFM. In July 2022, we monitored wild and 2015 A. palmata outplants at NDR on nights 3–4 AFM. In August 2022, we monitored the same wild and 2015 A. palmata outplants on nights 2-3 AFM along with 31 of the 50 genotypes of the 2018 A. palmata outplants.

During monitoring events, when bundle setting was observed (Miller et al., 2016), the divers placed collector nets (Miller et al., 2018) on corals and collected the gametes in 50 ml centrifuge tubes. Gametes were combined on the boat and transported to the lab in Miami, Florida, USA. Fertilization rates were determined by counting the number of embryos and unfertilized eggs (Miller et al., 2018) ~8 hours after the gametes were mixed.




3 Results

In 2019, no Acropora palmata spawning activity was observed at either NDR or EL in the monitoring window (Table 1). In July 2020, at NDR on night 2 AFM, we observed light spawning from two outplanted A. palmata colonies belonging to two genotypes (CN1 and CN3; Table 1). At EL, we observed spawning activity by five of the seven monitored wild genets on night 3 AFM, and we observed spawning by one genet on night 4 AFM. Gametes from the two NDR outplanted genotypes were combined and yielded 90% fertilization, and the resulting larvae survived and settled in the lab.

In July 2021, at NDR on night 2 AFM, spawning activity was observed in one wild genet and multiple colonies of the same two 2015 outplant genotypes that were observed in 2020 (CN1 and CN3; Table 1). Gametes from wild and outplanted genotypes (n=3) were combined. At EL on night 5 AFM, we observed synchronous spawning activity from five of eight A. palmata genotypes outplanted in 2016 (Figure 1) along with eight of the nine known wild genets. Gametes from the EL wild and outplanted genotypes (n=12) were combined. Batches of gametes from both sites yielded fertilization rates > 90%, and the resulting larvae survived and settled in the lab.

In July 2022, no spawning activity was observed. In August 2022, spawning activity was observed in 17 of the 31 genotypes monitored at NDR on night 2 and/or 3 AFM (Figure 2; Table 2). Two of the three wild genets monitored at NDR, Ap1 and Ap35, were also represented among the 31 outplanted genotypes that were monitored. Of those two genotypes, we observed both wild and outplanted colonies of only Ap1 spawn on nights 2 and 3 AFM. The timing of spawning by Ap1 colonies was synchronous between outplanted and wild colonies of this single genet and with colonies of other genotypes. No spawning was observed in the wild or outplanted colonies of Ap35 on either night (Table 2). Gametes collected from NDR 2018 outplants were combined in three separate batches that included 5–6 parent genotypes each. All three batches yielded fertilization rates > 90%, and the resulting larvae survived and settled in the lab.




Figure 2 | Acropora palmata outplanted in 2015 at North Dry Rocks in the Florida Keys releasing gamete bundles in August 2022. Small gamete collection nets are used to collect the bundles to create larval cultures on shore.






4 Discussion

Here, we provide the first reports of spawning by outplanted Acropora palmata colonies outplanted to reefs in Florida, USA. Spawning activity was first observed five years and two months (62 months) after the corals were outplanted, in the summer of 2020. In 2022, we observed spawning activity among A. palmata colonies outplanted in March 2018, indicating that nursery-raised fragments outplanted to Florida reefs can become reproductively mature in as little as four years and four months (52 months) after outplanting. This is consistent with the observation of A. palmata outplants spawning ~ 60 months post outplanting in Belize (Carne et al., 2016) and four-year-old (48 months) sexual recruits of A. palmata being reproductively mature in Curaçao (Chamberland et al., 2016) and other species of acroporids spawning at 4-5 years old (Calle-Triviño et al., 2018; Ligson and Cabaitan, 2021).

Gamete compatibility can vary widely among parent combinations of A. palmata, including combinations that are incompatible or have low fertilization rates (Baums et al., 2013; Miller et al., 2018). The successful development of larvae from batch cultures indicates reproductive compatibility among multiple A. palmata genets that spawned synchronously at each reef site. The spawning observed in 2021 included 12 genotypes sourced from five different Upper Florida Keys reefs, while the spawning observed in 2022 included 17 genotypes sourced from 12 reefs spanning 200 km of the Florida Reef Tract.

On many Florida reefs, Allee effects (Gascoigne and Lipcius, 2004) likely inhibit sexual reproduction because many stands consist of a single A. palmata genotype that is of reproductive size (Williams et al., 2020), and the distance between stands often makes it unlikely that fertilization will occur. The 2016 outplants at EL included eight genotypes, five of which spawned, effectively representing greater genotypic diversity within a single patch than can be found on present-day Florida reefs (Williams et al., 2020). Moreover, the presence of 13–15 spawning genotypes among the 2018 outplants is two- to three-fold higher than the genotypic diversity that was found on a single spur, even in 2006, which is the earliest analysis of genotypic diversity of A. palmata on Florida reefs (Williams et al., 2014). Thus, the spawning observed for A. palmata in two consecutive years and at two reef sites represents a substantial increase in the number of individual genotypes contributing to a reproductive event. These observations indicate that restoration via outplanting is a viable strategy to enhance reproductive events in ESA-listed coral populations on small (i.e. reef; 10–100m) scales.



4.1 Conclusions

These spawning observations coupled with successful fertilization, larval development, and settlement in the lab constitute an important milestone in efforts to restore populations of the ESA-listed coral species Acropora palmata. Synchronous spawning among colonies of A. palmata outplanted for restoration alongside wild colonies on reefs in Florida suggests that restoration efforts focused on this species are closer to the longer-term goal of restoring reproductively mature colonies capable of producing viable larvae and contributing to self-sustaining populations.

However, there has been no evidence of successful sexual recruitment of A. palmata to reefs in the Florida Keys in recent decades (Williams et al., 2008; Williams et al., 2014). This could result from poor recruitment success due to numerous factors (Ritson-Williams et al., 2009), including a hostile recruitment environment or insufficient reproductively mature colonies to produce the necessary threshold of viable larvae. With current trends of decreasing coral cover and increasing reef stressors, genotypically diverse populations are necessary to ensure the future success of a threatened population. Continued restoration efforts that result in reproductively mature individuals that contribute to the gene pool are an imperative first step to promote the likelihood of successful sexual recruitment to the reef.
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