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Observation of coral spawning times is valuable to detect spawning patterns and identify the potential mechanisms behind coral reproduction. Although large amount of data on global coral spawning records have become available over the past decades, information on coral spawning in the northern South China Sea remains scarce. In this study, we investigated the spawning patterns of scleractinian corals in Luhuitou fringing reef, Hainan Island, China, from 2009 to 2021 in relation to lunar cycles (month and day). The spawning times of 22 coral species from five genera (Acropora, Montipora, Platygyra, Dipsastraea, and Galaxea) within three families (Acroporidae, Merulinidae, and Euphylliidae) were recorded, with spawning occurring from lunar February to May 2009–2021. Recorded spawning events started at a period of increasing seawater temperature. Acropora, the most documented genus, spawned between lunar February and April, but primarily in lunar March. Importantly, the spawning time of Acropora was delayed for one lunar month in 2016 most likely due to a rapid decrease in monthly mean seawater temperature in lunar February. Spawning lunar days before, on or after full moon of corals in the Luhuitou Reef, including those of the Acropora species, were highly variable between years even for the same species. No predictable pattern of spawning times can thus be detected. Nonetheless, our results fill up an information gap on coral spawning patterns in the northern South China Sea that may be useful for further understanding of the reproductive biology of scleractinian corals throughout the Indo–West Pacific.
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Introduction

Coral sexual reproduction is critical for the maintenance of coral populations (Baird et al., 2009b; Harrison, 2011). Two basic patterns of coral propagule release are evident: brooding and broadcast spawning, with the latter being more common (Baird et al., 2009b; Harrison, 2011). Broadcast spawning in scleractinian corals is typically highly synchronized. This facilitates the production of high concentrations of male and female gametes thereby augmenting the reproductive success of these coral species (Baird et al., 2009b; Harrison, 2011).

Sexual reproduction of scleractinian corals has been widely investigated in the Indo-Pacific and the Caribbean (Baird et al., 2021b), particularly in terms of the timing of its occurrence. The timing and extent of spawning synchronicity vary among coral taxa and locations (Table 1). Although spawning patterns have been identified for many reefs, little is known of these patterns in areas north of the Coral Triangle (Baird et al., 2021b). Luhuitou in southern Hainan Island, Southern China, supports one of the most extensive reef systems in northern South China Sea. We have been documenting coral spawning in Luhuitou over the last 15 years. The main objective of this study was therefore to synthesize the data collected over these years in order to understand coral reproductive patterns in Luhuitou and to address the existing knowledge gaps on questions related to which coral species spawn at what time for this locality. We hypothesized that coral spawning patterns in Luhuitou fringing reef are likely to reflect its geographical location, being located midway between the subtropical and tropical Indo-West Pacific, and share similarities between corals in these two general biogeographical realms.


Table 1 | Timing of coral spawning events in different geographical locations.







Materials and methods




Coral spawning monitoring

Spawning activity was monitored on the Luhuitou fringing reef (18°12′ N, 109°28′ E) on southern Hainan Island in the northern region of the South China Sea. The reef is located within a protected outer shelf and has a hard coral cover of 21.58% (Sun et al., 2018) consisting of 69 species belonging to 24 genera and 13 families (Zhao et al., 2008). On the reef slope, Acropora is the dominant genus, followed by Porites as the second most dominant genus (Zhao et al., 2008). There are also other uncommon species, including Turbinaria peltata, Pavona decussata, and Astreopora myriophthalma. Generally, most corals are found between the depths of 1 m to 10 m below chart datum. The reef is periodically exposed to typhoons originated from the South China Sea or from the western Pacific. As coral spawning events are closely associated with phases of the moon, we monitored the timing of gametes released by corals at 2–5 m depth from 2009 to 2021 following the lunar cycles. We used the Gregorian names of each month to represent the equivalence of lunar month, e.g., lunar January to represent the first lunar month after the lunar new year, so forth and so on. The monitored records were collected every lunar month starting from 8–11 days before and up to15 days after each full moon in the period from lunar months off February to June over 2009–2021 (corresponding to around March to July in the Gregorian calendar), with the exception of 2012 and 2015. These periods were chosen because in 2009, Acropora robusta and A. millepora, were observed in a preliminary monitoring to carry immature and mature oocytes in lunar February and March respectively, suggesting that Acropora spawned during these lunar months (Huang, 2011; Huang et al., 2011). Thereafter, direct observations by SCUBA divers were conducted during the identified spawning periods from 20:00 to 22:00 hr. Two SCUBA divers would swim along a course routinely taken within the reef, carefully checking for signs of spawning and recording the spawning behaviors, times, and coral species using a digital camera (Tough TG-6, Olympus, Tokyo, Japan) with an underwater light (X8, Micolite, Yangjiang, China). Observations were not carried out under poor weather conditions.





Species identification

The spawning species were identified in situ using characteristics such as the colony growth form, polyp arrangement, and morphology. When necessary, coral fragments were sampled from uncommon or taxonomically challenging species. Coral species were identified based on Wallace (1999) and Veron (2000). Taxonomic names were checked against the World Register of Marine Species (WoRMS) and Huang et al. (2020) for recent taxonomic revisions of corals in China.





Environmental factors

From 2011 to 2020, seawater temperature was recorded at 30 min intervals using a HOBO temperature data logger (Onset Computer Corp., Bourne, MA, USA) deployed at 3 m depth in the monitoring area. Data on moon phases at the study location (Sanya City) were compiled from a time and date website (https://www.timeanddate.com).






Results




Spawning species

The number of spawned species recorded in each spawning day before, at or after full moon is provided in Table 2, and the general patterns summarized in Table 3. A total of 22 scleractinian coral species from five genera (Acropora, Montipora, Platygyra, Dipsastraea, and Galaxea) representing three families (Acroporidae, Merulinidae, and Euphylliidae) were observed to have spawned from 2009 to 2021. We recorded 14 species belonging to the genus Acropora, four belonging to Montipora (both Acroporidae), two belonging to Platygyra, one belonging to Dipsastraea (Merulinidae), and one belonging to Galaxea (Euphylliidae) (Table 3). Acroporidae was by far the largest recorded family, and Acropora, the most dominant genus with the highest number of species that were observed to spawn on the Luhuitou fringing reef. Spawning activities of six representative coral species are illustrated in Figure 1.


Table 2 | (A) Record of spawning of the coral species in Luhuitou Fringing reef and (B) Summary of spawning records of coral species in Luhuito Fringing Reef in Hainan Island, northern South China Sea showing the spawning events recorded number of days before (-) and after (+) full moon.





Table 3 | Observed in situ spawning days and times of 22 scleractinian corals species before or after full moon on the Luhuitou fringing reef from 2009–2021.






Figure 1 | Polyps ready to release egg-sperm bundles, with bundles visible beneath the oral disc. The color of bundles is red in (A-D, F) and light cyan in (E). The red arrowhead points to bundles (light cyan color) of Dipsastraea veroni. (A) Acropora gemmifera; (B) Acropora austera; (C) Acropora cf.nana; (D) Platygyra daedalea; (E) Dipsastraea veroni; and (F) Acropora millepora.







Spawning lunar months

Observed coral species released gametes between lunar February and May (spring to early summer) over the 13-year observation period. All Acropora spawned within a three-month window with 8, 13, and 5 spawning species observed, respectively, in lunar February, March and April (Table 3). An exception was observed in 2016 wherein all of the seven Acropora species (A. austera, A. digtifera, A. gemmifera, A. hyacinthus, A. intermedia, A millepora, and A. nana) spawned in lunar April and not in lunar March. Altogether, lunar March and April appeared to have the largest scale of multi-specific spawning events with 16 and 14 respectively of the 22 studied coral species recorded to have spawned (Table 3).

For some of the coral species, spawning was only recorded occasionally. More extensive spawning data were recorded for Acropora species, among these A. austera, A. digtifera, A. gemmifera, A. hyacinthus, A. intermedia, and A. muricata were recorded to spawn in consecutive years especially from 2016/2017 to 2021 (Table 2A). Except for A. gemmifera, these species were also recorded to spawn both during full moon and new moon (i.e., 15 days after full moon, which is already the new moon of the next lunar month) (Table 2B). These events, however, did not occur in the same year. Spawning of A. austera, A. digtifera, A. hyacinthus, A. intermedia, and A. muricata occurred during new moon of lunar April (2016), whereas A.austera, A. digtifera, A. muricata, and A. intermedia were recorded to spawn at the full moon of lunar March (2020) (Table 2B). At least 11 species Acropora, including A. digtifera, A. gemmifera, and A. intermedia also occasionally spawned before full moon (Table 2B); and except A. valida, all the other 13 Acropora species spawned after full moon.

Multispecies spawning in Luhuitou Reef occurred in 2016, 2018, 2019, and 2020, with at least three Acropora species spawning in the same night. More often, however, split spawning between species or between colonies of the same species occurred. For instance, A. gemmifera spawned at least twice in 2017, 2018 and 2020; same for A. intermedia, A. hyacinthus, and A. muricata in 2021. For non-Acropora species, split spawning events have also been recorded in 2014 and 2020, for example, in Platygyra daedalea.





Spawning lunar days

In contrast to what is conventionally assumed, the studied coral species released gametes over a wide range of period around full moon during the 13-year observations (Table 2). Different species of Acropora spawned 9–11, 7, and 1–3 days before full moon and 0–7, 9–11, and 15–16 days after full moon, with a maximum range covering 19 lunar days for A. hyacinthus and 20 lunar days for A. gemmifera. Interestingly, some gaps were noted with no Acropora spawning 4–6 days before full moon or 8 and 12–14 days after full moon during these 13 years of observations. Except for A. valida, most other Acropora species typically spawned more frequently after full moon (Table 2). Several Acropora species spawned more than once a year, suggesting that split spawning involving different coral colonies of the same species occurred. For example, A. gemmifera spawned 11 and 2 days before full moon in 2017; 7 days before full moon and 9 days after full moon in 2018; 7, 9, and 10 days before full moon but none after full moon in 2020. Acropora millepora spawned 9 and 8 days before full moon and 5 days after full moon in 2021; A. intermedia spawned only 5, 15, and 16 days after full moon but none before full moon in 2021.

Similar patterns were observed for the other four genera monitored. Montipora, Platygyra, Dipsastraea, and Galaxea spawned both before and after full moon. Montipora spawned 2 days before full moon and 1–2 and 10 days after full moon. Platygyra spawned 11 days before full moon and 3, 5, 7–10 days after full moon. In particular for Platygyra, spawning occurred in the last quarter moon. In D. veroni, spawning occurred 6 days after full moon. Galaxea fascicularis spawned successively over several nights around full moon, ranging between 3–9 days before full moon and 1, 3, 4, and 8 days after full moon. Other than Acropora spp., G. fascicularis is one other species that has a maximum range of spawning covering 18 days (Table 2A). Overall, although variability in the spawning time of the 22 coral species was high, there is a higher chance (61%) of spawning occurring after full moon. Considering that 15 days after full moon is actually new moon day, there were five cases of spawning occurring exactly on the full moon day, and eight cases of spawning during new moon.





Spawning hours

Despite high variability in the days of spawning, the spawning hours of Acropora, Montipora, and D. veroni were more consistent and predictable during the monitoring period (Table 3), beginning after 21:00 hr and continuing for approximately 1 hr. The spawning times of Platygyra species and G. fascicularis started at approximately 20:00 and 20:30 hr, respectively.





Temperature

The mean annual seawater temperature at 2–3 m depth in the Luhuitou fringing reef from 2011–2020 is approximately 27°C. The annual temperature data for 2009, 2010, and 2021 were incomplete and thus are not presented. Most of the 22 coral species spawned from lunar February to April with monthly mean (± SD) seawater temperature of 24.31 ± 1.39, 27.01 ± 1.44, and 29.05 ± 1.00°C respectively from 2011–2020 (Figure 2).




Figure 2 | Variation in (A) monthly mean (SD) seawater temperatures of each year from 2011–2020 recorded at 3 m depth in the Luhuitou fringing reef, and (B). mean (SD) monthly seawater temperature in the Luhuitou fringing reef for 2011–2020, and that for 2016 alone showing the exceptionally low temperature recorded in 2016.



The monthly mean seawater temperatures from lunar January to March 2016, especially that in lunar February 2016, were lower than those recorded in the same period in the other years of the study (Figure 2). The monthly mean (± SD) seawater temperatures at the same site in 2016 were 22.43 ± 0.70, 22.07 ± 0.61, and 26.04 ± 1.66°C in lunar January, February, and March, respectively, indicating that the mean seawater temperature decreased by 0.9°C, 2.24°C, and 0.97°C respectively in these months, compared with those in 2011–2020.






Discussion

Compared to other reef sites in the Indo–West Pacific, very little detailed research has been conducted on spawning patterns of scleractinian corals in the northern South China Sea. This study is the first systematic investigation of in situ scleractinian coral spawning patterns in the Luhuitou fringing reef at Hainan Island. Twenty-two species from five genera and three families of scleractinian corals spawned from lunar February to May over the 13 years of the study. One important observation, however, should be noted. Although monitoring for coral spawning throughout these 13 years was carried out within the same general area of the reef following an established route, the data cannot be completely exhaustive. It is often difficult to ascertain whether lack of a spawning record is result of lack of spawning or lack of observation. There is always a possibility that the absence of a spawning record for any particular species may simply be a result of lack of observation. In particular, for example, Porites spp. are second in dominance next only to Acropora spp. in Luhuitou Reef but no record of their spawning was made. It being dioecious, observation of its spawning is difficult. Furthermore, although only two species were observed to have spawned in 2009, eight were observed to spawn in the subsequent year of 2010. Thereafter, the number of species that spawned varied widely, with as few as three species in 2014 and up to 11 and 12 species in 2016 and 2021 respectively (Table 2A). This suggestions that variability in the sampling efforts and there was no clear pattern of increasing number of spawning species from 2009 to 2021.

More importantly, clear spawning patterns of these coral species were not evident, especially for Acropora species. This indicates that while a general spawning season is predictable, the exact spawning day remains elusive and highly unpredictable. Many studies (Harrison and Wallace, 1990; Mangubhai and Harrison, 2008; Lin and Nozawa, 2017) have been conducted to find the proximate clue that drives coral spawning pattern. To date, detection of the proximate cues remains difficult because of the many major uncertainties involved (Harrison and Wallace, 1990; Mangubhai and Harrison, 2008). Given the high irregularity in the spawning patterns observed in our present study, it is unlikely that a single cue is involved especially at the daily temporal scale. Nonetheless, a few general patterns may still be observed from our long-term spawning data.

The timing of coral spawning has often been examined with respect to the three principal determinants of reproduction time known for marine invertebrates: lunar cycles, the diurnal light cycle, and annual temperature variation (Korringa, 1947). More recently, the timing of coral spawning has mainly been assessed in relation to two features: the lunar cycles (Lin et al., 2021; Baird et al., 2021a) and seawater temperature (Nozawa, 2012; Keith et al., 2016; Lin and Nozawa, 2017). Previous studies have demonstrated that coral spawning timing was correlated with lunar cycles (Willis et al., 1985) so that phases of the moon, or days after full moon were used to predict the broadcast spawning night with some accuracy. However, reference to lunar month has not been widely applied in many coral spawning studies. In the present study, we found that lunar month instead of Gregorian (or common calendar) month was more suitable and precise in documenting coral spawning at the monthly level. For example, A. gemmifera spawned twice in lunar March (2017) and March (2018). If we use Gregorian month to describe this pattern, A. gemmifera would have been recorded to spawn in two consecutive calendar months of April and May in both 2017 and 2018. Furthermore, transcriptome analysis of A. gemmifera over an entire lunar month showed that genes associated with biological clocks and circadian processes (i.e. cry1, bzip1, and clock) change their diurnal cycles, indicating that lunar cycle controls transcriptional processes in corals (Oldach et al., 2017). Thus, corals are likely to respond to lunar signals directly and regulate their biological rhythms (Oldach et al., 2017). This finding provides the physiological basis to explain why many in situ corals usually spawn after full moon.

In the Great Barrier Reef, the mass spawning of corals took place between the full and last quarter moon in late spring (Babcock et al., 1986). Acropora and Montipora spawning occurred 1–11 days after full moon between 2010–2016 in Lyudao, Taiwan (Lin and Nozawa, 2017). Dipsastraea speciosa usually spawned 5 days after full moon, demonstrating that the period of darkness between sunset and moonrise triggered mass spawning in this species (Lin et al., 2021). However, the highly variable coral spawning patterns on the Luhuitou Reef showed that many corals also spawned before full moon, and the timing differed highly between years even for the same species. In Kochi, southern Japan, Acropora species spawned throughout most lunar phases, i.e. 0 - 3 days before full moon and 0–7, 13 days after full moon from 1989–1991 (Hayashibara et al., 1993), and 9–14 d and 0–2 days before the full moon and 1–15 days after full moon from 2002 to 2006 (Mezaki et al., 2007). The general asynchrony has also been documented in the Red Sea (Shlesinger and Loya, 2019). Although Luhuitou Reef in Hainan Island is located in the tropics in the northern South China Sea, it would appear that the coral spawning pattern in this reef is more similar to that of the subtropical sites like Kochi, than to other tropical sites like Lyudao and the Great Barrier Reef.

Seawater temperature has long been considered as a primary cue influencing coral spawning pattern because temperature affects the rate of gametogenesis, which in turn affects the timing of coral spawning (Harrison and Wallace, 1990; Keith et al., 2016). The timing of coral spawning events varies geographically, with spawning events reported in every month of the year at different locations around the world. Although spawning events at most geographical sites occur mainly during warmer seasons (Keith et al., 2016), higher or lower monthly mean seawater temperature during gametogenesis could lead to earlier or later spawning times respectively. As observed in the present study, Acropora species spawned in lunar April 2016 instead of lunar February and March as in other years. This delay in spawning corresponded to the lowest seawater temperatures recorded in lunar February and March in 2016 (Figure 2). This is consistent with previous findings in which a rapid decrease in seawater temperature during the late period of gametogenesis provided a dominant proximate cue for delayed spawning. In Lyudao, the spawning time of acroporids and merulinids in 2015 were delayed to May and June due to the very low temperatures in January and February (Lin and Nozawa, 2017). On Solitary Islands, Western Australia, the delay in the timing of coral spawning coincided with a delayed increase in sea temperature in the subtropics (Wilson and Harrison, 2003). Overall, these findings contribute to the growing concern that lower monthly mean seawater temperatures during gametogenesis before spawning could lead to earlier or delayed spawning and the implication of this on coral recruitment success.

Other than temperature, data on other physical parameters like rainfall, salinity change, tidal fluctuation, nutrients and other water quality indicators are not available to allow a more extensive investigation into the potential proximate clues affecting coral spawning patterns in Luhuitou Reef. Nonetheless, these 13 years of spawning observations fill a critical information gap on coral spawning in the northern South China Sea that may be useful for further understanding of coral spawning patterns and mechanisms in the Indo-West Pacific. Further work is needed to establish the generality of these spawning patterns by investigating other coral species, such as Porties and Montipora, and to identify plausible mechanism to explain these patterns in relation to the presence of environmental cues. Focus may also be extended to other months of the year as variant morphotypes of Acropora divaricate is Sesoko, Okinawa were found to spawn in August-September, in contrast to other colonies of the same species that normally spawn in May-June (Furukawa et al., 2020, 2024). Similar variants or cryptic species could potentially be present in Luhuitou Reef. Ability to more precisely predict the spawning pattern of coral species is critical if further works on understanding coral reproduction are to be undertaken. Moreover, reef restoration works using sexual recruits will ultimately have to depend on the ability to obtain sources of egg bundles during coral spawning for larval culture. All these will continue to present challenges to our understanding of coral reproductive patterns and the potential changes in these patterns due to environmental variability in the foreseeable future especially under the pressures of global climate change.
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