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Contrasts in spawning time between in situ and ex situ colonies of the pillar coral Dendrogyra cylindrus were assessed by comparing 8 years of in situ spawning observations with 3 years of observations on ex situ corals held in outdoor flow-through tanks. In situ colonies exhibited a 3-day spawning window, with peak spawning occurring three nights after the full moon and 90 (males) – 96 (females) min after sunset. The ex situ spawning window extended across 7 days, with a peak on nights 4–5 after the full moon; females continued to spawn through night 8. Ex situ spawning occurred ∼50 min later than in situ spawning, and the spawning window for ex situ females was significantly greater than for in situ colonies. Fragments held ex situ for as few as 10 days experienced delayed spawning times, but corals held for greater than one lunar year exhibited significantly later spawning than those held less than one lunar year. Early and late full moons resulted in earlier male spawn time and asynchronous gamete release between males and females. Comparing spawn times throughout the Caribbean identified distance from lighted shorelines as a strong correlate with spawn time in minutes after sunset; proximity to artificial light resulted in delayed spawn times. We propose that artificial lights are red-shifting the twilight spectrum and affecting corals’ perception of lighting cues that trigger spawning. Coral colonies held at outdoor ex situ facilities, which are subject to even higher levels of artificial light, exhibit even further asynchrony in spawning time as well as spawning night. The effects of widespread and increasing light pollution on spawning synchrony may represent a potential stressor that could inhibit natural reef recovery.
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INTRODUCTION

Scleractinian corals are the building blocks of coral reefs, providing the habitat and ecological services that enable the persistence of the ecosystem and its diverse community. Slow-growing and long-lived, coral colonies can reproduce asexually through fragmentation (Highsmith, 1982) and also sexually through egg fertilization (Harrison and Wallace, 1990). Sexual reproduction is the only mechanism for corals to create the new genetic recombinations that sustain genotypic diversity and provide resiliency under current and future environmental conditions. In most stony coral species, this opportunity for sexual reproduction occurs only once a year.

The majority of reef-building Caribbean coral species rely on spawning to allow sperm and eggs to meet in the surrounding waters (Szmant, 1986). This synchronized release of gametes is governed by a suite of environmental cues that are known but not fully understood. These cues may include water temperature (Harrison et al., 1984), solar insolation (van Woesik et al., 2006), wind (van Woesik, 2010), lunar cycles (Richmond and Jokiel, 1984), and diel cycles (Brady et al., 2009). Genetic variability (Levitan et al., 2011) and chemical cues such as pheromones (Atkinson and Atkinson, 1992; Twan et al., 2003) also may play a role. Within Florida, spawning of most coral species can be relatively well predicted based on the month (July–September), date (nights after the full moon), and time (minutes before or after sunset).

Dendrogyra cylindrus is an uncommon but conspicuous stony coral species found on reefs throughout the Caribbean. In Florida, juveniles have not been observed (Miller, 2000), and the large distances between adults may prohibit fertilization, leaving the population reproductively extinct. As a result, efforts since 2012 have identified spawning times while collecting gametes for assisted fertilization and laboratory rearing. Day and time of D. cylindrus spawning were first identified and reported on in Florida (Neely et al., 2013, 2018) and Curacao (Marhaver et al., 2015). Subsequent events have been recorded in other regions of the Caribbean.

As a result of rapidly declining D. cylindrus populations in Florida, a genetic rescue project was initiated in 2015 to collect colony fragments and store them in onshore facilities for protection from thermal stress and disease. From 2015 to 2019, nearly 300 fragments representing 94 genotypes were collected and stored in outdoor raceways exposed to natural temperature and light cycles. Gametogenesis was considered to be possible, and these fragments were observed for spawning over multiple years.

This paper uses 8 years of in situ spawning observations to refine spawning times and assess causes of interannual variation. It also utilizes the significant differences in spawning times between in situ and ex situ colonies to suggest specific spawning cues for this species and identify barriers to synchronized gamete release in both in situ and ex situ populations.



MATERIALS AND METHODS


In situ Observations

For 8 years (2012–2019), divers recorded Dendrogyra cylindrus spawning at sites throughout the Florida Keys National Marine Sanctuary and Dry Tortugas National Park (Figure 1). Though spawning of D. cylindrus can occur from late July to October (Jordan, 2018), Florida efforts were conducted following the late July – mid August full moons. Sites ranged in depth from 4.3 to 10.4 m. The number of colonies monitored varied by site, year, and sometimes by night during each year and at each site. We observed in situ spawning from 26 different genotypes [as identified by genetic sampling (Chan et al., 2019)]. For 10 of these genotypes, we observed gamete release during at least two different years. For 7 of the genotypes, we observed multiple ramets (clonal colonies produced by asexual fragmentation) spawning; the number of ramets varied between 2 and 100.
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FIGURE 1. Locations of 26 in situ Dendrogyra cylindrus genotypes observed spawning between 2012 and 2019 on the Florida Reef Tract.


We identified colonies using tags and/or photographs that allowed us to monitor known colonies over multiple nights or years. Each data record included: spawning start time, spawning end time, gender (release of eggs or sperm), and the percentage of the colony that spawned. The number of nights that we conducted observations varied by year and location (Table 1). Divers began observing colonies by 60 min after sunset (average: 45 min) and concluded observations by 115 min after sunset if spawning was not observed. One exception was 2013 when divers did not begin observations until 85 min after sunset. In situ observations from the Dominican Republic, St. Croix, and Curacao were provided by local researchers.


TABLE 1. Percentage of observed in situ Dendrogyra cylindrus colonies that spawned during each night after the full moon.
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Ex situ Observations

We monitored ex situ D. cylindrus fragments for spawning during 2016, 2017, and 2018. These fragments were collected between 25 January 2016 and 1 August 2018 as part of a genetic rescue project. The fragments observed to spawn represented 24 different genotypes and had been housed in land-based aquaria for 10–587 days before gamete release. Fragments were held and observed in raceways at two different facilities: Keys Marine Laboratory (KML) in the Middle Florida Keys and Mote Marine Laboratory (Mote) in the Lower Florida Keys.

At KML, corals were held in a flow-through seawater system drawn from a 10.7 m well. Water was passed through an air-stripping (degassing) tower to remove residual hydrogen sulfide and aerate the water. Degassed water was recirculated through a heater/chiller system to maintain seasonal reef temperatures (winter: 25°C ± 1°; summer: 28°C ± 1°) before distribution to coral raceways. Between January and August, controlled temperatures were gradually increased from 25°C ± 1° to 28°C ± 1° to mimic ambient seasonal changes. Raceways were 40 cm deep. Corals were exposed to natural light cycles, but held under an 80% shade cloth to replicate light intensities consistent with 5–10 m reef depths.

At Mote, colonies were housed in a flow-through seawater mixture of 75% well water and 25% canal water. Well water was drawn from a 10.7 m well, filtered, and degassed. Air stones in each tank provided aeration and raised the pH of the water. Well water temperature was not manipulated and remained constant, but differences in air temperatures and the addition of seasonally changing canal water resulted in winter temperatures of 22.8–25.1°C and summer temperatures of 25.1–27.8°C. Raceways were 40–100 cm deep. Corals were exposed to natural light cycles, but held under a 70% shade cloth, with an additional 70% shade cloth added from 1200 to 0800.

We observed ex situ corals during the potential spawning window of 2–8 nights after the full moons (NAFM) of July/August during 2016, 2017, and 2018. Due to the availability of fragments and observers, the number of nights of observation varied by year and facility. The number of observed fragments also varied by year, facility, and to a lesser extent, night within a spawning window. For a few observation nights, observers did not record the total number of observed fragments; the number is estimated based on the number recorded on previous and subsequent nights. All spawning fragments were identified to genotype based on identification tags. For some genotypes, multiple fragments were observed. For each spawning event, observers recorded fragment genotype, date, time of spawning, and gender.



Statistical Analyses

We referenced the spawning times of ex situ, Florida in situ, and Caribbean in situ colonies to solar and lunar cycles. We identified spawning time as the number of minutes after local sunset. We identified spawning date using the number of nights after the full moon (NAFM). We defined the night of the full moon as the period of darkness closest to the local time of maximum lunar fullness. For example, a full moon at 0900 on 2 August would be attributed to 1 August; a spawning event occurring on the night of 4 August would thus be identified as occurring 3 NAFM.

To identify proximity to artificial light sources, we input GPS points from each spawning site (including ex situ fragments) into Google Earth and measured the distance to the nearest lighted building or road with streetlamps.

We compared spawning times in minutes after sunset between genders, years, and locations (in situ vs ex situ). When equal variance and Shapiro-Wilk normality tests passed, we analyzed comparisons with a Student’s t-test (two-sample) or Kruskal-Wallis one-way ANOVAs. Dunn’s method pairwise comparisons were used to identify differences. When equal variance or normality failed, we used Mann-Whitney Rank Sum tests. We compared variance of spawning times (how dispersed spawning times were within the spawning windows) using Brown-Forsythe equal variance tests. For all tests, α = 0.05 was used as the threshold for significance.



RESULTS


In situ Spawning Times

In situ D. cylindrus colonies were observed spawning 2, 3, and 4 nights after the full moon (NAFM). Spawning was never observed on NAFM 1 or 5 (N = 1 observed genotype, but multiple ramets). Many colonies spawned over multiple nights. On NAFM 2 and 4, 43 and 38% of observed genotypes spawned, respectively; the proportion of clonal ramets observed spawning on NAFM 2 and 4 ranged from 10 to 89%. On NAFM 3, 85% of observed genotypes spawned, with the percentage of ramets spawning ranging from 30 to 100% (Table 1).

Across all years, in situ spawning occurred between 55 and 115 min after sunset (Figure 2). Average male spawn time (90 min after sunset) was significantly earlier than average female spawn time (96 min after sunset) (Mann-Whitney Rank Sum Test; p < 0.01). The variance in release times between males and females was not significantly different (Brown-Forsythe equal variance test).
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FIGURE 2. Initial spawn time in minutes after sunset of in situ and ex situ Dendrogyra cylindrus colonies separated by year and by gender. Box plot metrics include: mean (black line), 25th–75th percentile (box), 10th–90th percentile (whiskers), and outliers (dots). In 2015 (*), in situ males spawned significantly earlier than in 2014 and 2016. In 2018 (**), in situ males spawned significantly earlier than in 2014, 2016, 2017, and 2019. There were no significant differences in female spawn time among years. Among ex situ fragments, males and females spawned significantly later in 2017 (*) than in 2016 and 2018.


Spawn times of males and females were compared between years. Shapiro-Wilk normality failed, and so Kruskal-Wallis one-way ANOVA on ranks followed by Dunn’s Method pairwise comparisons were used to identify differences. Male spawn time in 2015 was significantly earlier than in 2014 and 2016 (p < 0.01). Male spawn time in 2018 was significantly earlier than in 2014, 2016, 2017, and 2019 (p < 0.05). In 2018, the average male spawn time (64 min after sunset) occurred 32 min earlier than the average female spawn time (96 min after sunset). The average difference in spawn time between males and females across all other years was only 4 min. Female spawn time did not vary significantly across years.



Ex situ Spawning Times

Ex situ D. cylindrus spawned on NAFM 2 thru 8. The percentage of spawning colonies peaked on NAFM 5 at Mote in 2016 and 2017 (27 and 32%, respectively) and on NAFM 4 at KML in 2017, July 2018, and August 2018 (10, 19, and 22%, respectively) (Table 2). At both facilities, females spawned over more nights than males, with only females spawning on NAFM 7 and 8 (Figure 3).


TABLE 2. Percentage of observed ex situ Dendrogyra cylindrus fragments that spawned on each night after the full moon (NAFM).
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FIGURE 3. Number of ex situ Dendrogyra cylindrus fragments spawning on each night after the full moon (NAFM). Numbers are summed across two facilities and all years of observation. Male spawning peaked on NAFM 4 and decreased to zero by NAFM 7. Female spawning continued through NAFM 8.


Time of ex situ spawning ranged from 87 to 211 min after sunset. Male spawning was significantly earlier (139 min after sunset) than female spawning (148 min after sunset) (Mann-Whitney Rank Sum Test; p = 0.01). In 2017, both male and female ex situ average spawn times were significantly later than spawn times in 2016 and 2018 (one-way ANOVA with Holm-Sidak pairwise comparisons, p < 0.001) (Figure 2).



In situ vs ex situ Spawning

Compared to in situ colonies, ex situ spawning: (1) exhibited a delay in peak spawning night, (2) ranged over a greater number of spawning nights, (3) occurred later in the evening, and (4) spanned a greater time period in females (Figure 4).
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FIGURE 4. Spawn times in minutes after sunset of in situ and ex situ Dendrogyra cylindrus separated by night of spawning. Box plot metrics include: mean (black line), 25th–75th percentile (box), 10th–90th percentile (whiskers), and outliers (dots). Ex situ corals released later in the evening and on a greater number of nights than in situ corals.


Spawning peaked on NAFM 3 for in situ colonies and on NAFM 4 and 5 for ex situ fragments. Spawning was not observed after NAFM 4 in situ, but occurred as late as NAFM 8 in ex situ fragments, though only by females during NAFM 7 and 8.

Ex situ corals spawned on average 52 min (female) and 49 min (male) later than in situ colonies. These differences were significant for both sexes (Females: Mann-Whitney Rank Sum Test; p < 0.001. Males: t-test; p < 0.001).

The range of spawning times was not the same when compared between genders or in situ/ex situ status. Standard deviation of male spawn time was the same in both ex situ and in situ colonies (13 min). In situ female spawn time had a similar standard deviation (12 min), even with the inclusion of one anomalous egg release on NAFM 4 in 2019 that occurred 28 min earlier than any other female spawn. However, ex situ females released over a longer timeframe (standard deviation: 23 min). Tests of equal variance determined that variance was not significantly different between in situ males, in situ females, and ex situ males. However, ex situ females did have significantly greater variance than in situ females and in situ males (Brown-Forsythe test; p < 0.05).

The spawn times of ex situ colonies were compared with the length of time that fragments had been in onshore systems. Because collections occurred over many years as part of a genetic rescue project, spawning corals lived in onshore raceways from 10 to 561 days before spawning. Even corals that had been collected as few as 10–15 days before spawning released gametes 23–48 min later than the average in situ time (Figure 5). Increased holding time in onshore raceways correlated with later spawn times for both males and females (Linear Regression. Females: R2 = 0.19, p < 0.001. Males: R2 = 0.36, p < 0.001). For females, individuals that spawned after being onshore for more than one lunar year released eggs an average of 17 min later than those held less than one lunar year (Mann-Whitney Rank Sum Test; p = 0.002). For males, average spawn time of fragments held longer than one lunar year was 14 min later than those held less than one lunar year (t-test; p = 0.007).
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FIGURE 5. Spawning time (minutes after sunset) of ex situ Dendrogyra cylindrus fragments compared to number of days held ex situ (logarithmic scale). Female spawn times are pink circles; male spawn times are blue triangles. Pink and blue horizontal lines indicate the average spawn time of in situ colonies from 2012 to 2018. The yellow vertical bar on the left indicates one lunar month (29.5 days); the yellow vertical bar on the right indicates one lunar year (354 days).


Ten different genotypes were observed spawning both ex situ and in situ (within the same year and also across years). Ex situ fragments of these genotypes had been held between 20 and 387 days. Eight of the genotypes were observed spawning within the first year of holding. Four of the genotypes (including two observed spawning during year one), spawned after being held onshore for longer than a year. Two of these (West of Looe 5, West of Looe 2) were first observed spawning during their second year of holding, and their egg releases were among the latest of any fragments. The other two (Looe B9, Looe 3) were observed spawning over 2 years. Both genotypes spawned later during the second year than the first, but the differences were not significant (Mann-Whitney Rank Sun Test). One genotype (Sombrero 2-3) was observed spawning ex situ in both July and August 2018. Spawn time in August was earlier, but was male while the July release was female. Across all genotypes, ex situ spawning occurred later than in situ spawning (Figure 6). For the five genotypes in which multiple observations allowed for statistical analyses, these ex situ versus in situ differences were significant (t-test; p < 0.05).
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FIGURE 6. Spawning times (minutes after sunset) of Dendrogyra cylindrus genotypes observed both in situ (solid gray) and ex situ (hashed). The number of days held ex situ and the gender (M/F) are indicated beneath the ex situ box plots. For three genotypes, multiple ex situ spawning events were observed and separated by shading. Genotype Sombrero 2-3 spawned during two consecutive months and switched genders. Genotypes Looe 3 and Looe 2 spawned in both 2017 and 2018. For all three of these, the second spawning event (2) is indicated by the lighter crosshatch.




Hermaphroditism

Past reports of D. cylindrus hermaphroditism include simultaneous egg and sperm release from different pillars of a single colony and also switches in colony gender between years (Neely et al., 2013). Observations here expanded these observations of hermaphrodism to include additional genets. Of the 29 genets observed over multiple nights, years, or environments (in situ vs ex situ), 11 (38%) exhibited at least one form of hermaphroditism. Of these 11 genotypes, 1 simultaneously spawned both eggs and sperm for three consecutive years, 7 spawned as different genders on different nights during the same year, and 8 spawned as different genders between years. Intra-year and inter-year hermaphroditism occurred in situ as well as ex situ. Of those that switched gender between years, four switched from males to hermaphrodites, three switched from females to males, and one switched from hermaphrodite to male.



DISCUSSION


In situ Spawning

Spawning time of in situ Florida Keys D. cylindrus colonies is highly predictable, exhibiting a narrow range by date (2-4 NAFM) and by time of night (55–115 min after sunset). This contrasts with other well studied Caribbean corals that have a much greater range in spawning times. As examples, Caribbean acroporids have an in situ spawning window of up to 14 nights (Fogarty et al., 2012). Orbicella faveolata and Montastraea cavernosa spawn within a small window of nights, but the nightly window spans up to 4 h (Jordan, 2018).

Despite their concentrated spawning window, the time of night that D. cylindrus colonies spawn varies throughout the Caribbean, even when standardized to local sunset time. Spawning times of Florida Keys colonies were compared with those from Curaçao (2012–2016), Dominican Republic (2017–2019), and St. Croix (2019) (Figure 7). Within all regions, the interval between male and female spawn times averaged 6.5–13 min. However, the region of earliest spawn time (Florida) averaged 32 min (males) and 37 min (females) earlier than the region with the latest spawn time (Curaçao Sea Aquarium).
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FIGURE 7. Spawn times (minutes after sunset) of Dendrogyra cylindrus at different sites. Sexes are represented by color (males: blue, females: pink). Error bars show standard deviation. Yellow triangles represent the minimum distance of spawning sites from the nearest onshore building (note logarithmic scale). The difference in spawning time between males and females is constant across sites, but proximity to artificial lights shifts spawning times later in the night (R2 > 0.9, p < 0.005).


Across all years, female spawn time in Florida remained constant. However, male spawn time varied significantly across years, and variations correlated with the date of the full moon. The dates of the full moons that triggered spawning from 2012 to 2019 were averaged to identify August 8 as the mean full moon date. Each year’s full moon date was then compared against this mean and plotted against D. cylindrus spawn time (Figure 8). The years with significantly earlier male spawn times (2015 and 2018) were also the years with notably early full moons (9 nights and 12 nights before the mean). In 2013, the full moon was notably later (12 nights) than the mean date. Correspondingly, male spawn time in 2013 was also earlier than the average spawn time, although these values are excluded from formal analyses because sperm release was already underway when divers entered the water. In summary, male spawn times during years when the full moon varied from −7 to +10 days from the average were nearly synchronous. At dates before or after that, male spawning occurred earlier.
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FIGURE 8. Spawn time (minutes after sunset) of Dendrogyra cylindrus plotted against the relative date of the full moon in comparison with the 8-year average (2012–2019). Pink circles represent average female spawn times, blue squares are average male spawn times, and error bars show standard deviations. The datapoint for male spawn time in 2013 indicates the earliest confirmed observation, but many males had already spawned at an unknown interval before this. Spawn times between males and females closely align near the lunar average, but male spawn time is earlier as the full moon deviates from the average.


The same pattern of deviation in male spawn time occurred within the Dominican Republic. Female spawn times were consistent from 2017 to 2019. But male spawn time was significantly earlier in 2018 (95 min after sunset) than in 2017 (114 min) and 2019 (119 min) (ANOVA with Holm-Sidak comparisons; p < 0.05). The consistent pattern of female synchrony and male asynchrony across years in both Florida and the Dominican Republic colonies indicates a physiological mechanism rather than a localized environmental or genotypic one. Gametogenesis of D. cylindrus begins in May for females and mid-June for males (Szmant, 1986). For sperm, this developmental window is less than 2 months. Shortening or lengthening that window by more than 7 days via an abnormally early or late full moon could lead to overdeveloped or, particularly, underdeveloped sperm that are unable to release at the proper time. While the rate of decline in sperm viability after spawning and the health status of sperm released over different years are unknown, both could negatively impact fertilization rates when the time between spawning and fertilization is increased.



Ex situ Spawning

Fragments from a range of sizes spawned ex situ, including several fragments with a maximum linear dimension of less than 6 cm. These small fragments were all formerly pieces of older larger colonies, though many were isolates that had been disconnected from other live tissue for multiple years. This indicated that the size required for gametogenesis, at least for fragments or isolates of older colonies, is quite small. It is unknown whether sexually produced juveniles would need to reach a larger minimum size to be reproductively mature.

Several fragments spawned after more than 1 year of being held ex situ. Thus, corals held in outdoor facilities, even without a supply of reef water, can continue to receive the appropriate environmental cues to initiate and complete gametogenesis.



Hermaphroditism

Known incidences of hermaphroditism in D. cylindrus continue to increase. Once thought to be a gonochoric species (Szmant, 1986), hermaphroditism has since been found within ramets of a single genet and also within single ramets (Neely et al., 2018). Histological studies have documented further instances of simultaneous hermaphroditism (Kabay, 2016). The observations presented here of numerous genotypes over space (ramets both in situ and ex situ) and time (observations over multiple nights and multiple years) expand the known incidence and spatial scale of that hermaphroditism. These data on Florida Keys colonies since 2012 show hermaphroditism to occur in at least 35% of the population’s genotypes. This is likely a conservative estimate as sequential hermaphroditism across years would require multiple annual observations, which occurred on only a subset of the in situ genotypes. No regular patterns relating to colony size, health condition, or environmental variables indicate what may drive gender switches within or between ramets.



In situ vs ex situ Spawning

Spawning times of ex situ D. cylindrus fragments at the two outdoor holding facilities were more varied and less predictable than in situ spawn times. Ex situ corals spawned significantly later (51–53 min) than in situ corals and over an extended number of nights. The variance in spawning time of ex situ females was also greater than that of in situ females. These patterns held even for genotypes that were observed spawning both in situ and ex situ. Potential hypotheses for this include: (1) differences in chemical cues between in situ and ex situ environments, and (2) differences in light cues between in situ and ex situ environments.

Chemical cues, particularly sex steroids, have been proposed as environmental triggers for coral mass spawning events (Twan et al., 2003). Specifically, intraspecific cues released during male spawning could trigger female spawning. However, both in situ and ex situ observations for D. cylindrus refute this hypothesis. During the 4 years in which the moon was between −2 and +10 days from its mean date, the interval between male and female spawn times averaged less than 2 min, and in some instances, females spawned before males. Further, in situ D. cylindrus female colonies spawning in Florida were on average 597 m (range: 2–4,300 m) away from the nearest male colony, a prohibitive distance for transmission of these cues over such time frames. Additionally, the earlier male spawn times in 2015 and 2018 were not accompanied by earlier female spawn times as would be expected if male pheromones were the spawning cue. In ex situ facilities, females spawning in buckets or tanks isolated from other individuals did so within the time range of females exposed to spawning males. These data all indicate that D. cylindrus female spawning is not dependent upon or cued by male spawning. Interspecific cues are more difficult to identify. However, in situ colony conditions varied widely in geography, habitat type, and surrounding species composition, but did not vary significantly in spawn times. Likewise, the two ex situ facilities had dissimilar water sources, algal communities, and maintenance snails in their tanks, but did not vary in their spawn times. Synchronized spawning of other coral species has been replicated in artificial seawater (Craggs et al., 2017), and in 2019 this was also achieved for D. cylindrus at Florida Aquarium’s Center for Conservation, Apollo Beach, FL (K. Oneil, personal communication). We thus conclude that chemical cues from intra- or interspecific reef organisms are not driving spawn times.

The alternate hypothesis is that light cues are the proximal trigger for spawning, and that the differences in light experienced by ex situ and in situ colonies result in delayed ex situ spawn time. The role of the full moon in cueing the night(s) of spawning is established across many coral species (Richmond and Jokiel, 1984; Babcock et al., 1994) and confirmed by consistent NAFM spawning patterns by D. cylindrus across years and regions. However, moonrise is not the cue for spawn time within a night. Moonrise occurs approximately 35 min later each subsequent night after the full moon, but spawn time is consistent across NAFM. For D. cylindrus, which spawn early in the night compared with many other coral species, their spawn time sometimes occurs before and sometimes after moonrise. For example, Dendrogyra cylindrus colonies that spawn at the Florida average of 89–98 min after sunset on NAFM 2 release gametes after moonrise (e.g., August 2018: moonrise was 63 minutes after sunset), but by NAFM 3 and on subsequent nights, spawning occurs before moonrise (e.g., August 2018: NAFM 3 and 4, moonrise was 98 and 132 minutes after sunset, respectively), but by NAFM 3 and on subsequent nights, moonrise occurs after spawning (August 2018: NAFM 3 = 98 min. NAFM 4 = 132 min).

The more predictive cue for spawn time within a night is time of sunset. In our study, fragments of D. cylindrus brought to ex situ facilities within 15 days of spawning released gametes 50 min later than those remaining in the wild. Similarly, experiments on another Caribbean coral species, Orbicella franksii, showed that experimentally manipulating sunset time affected spawn time even for corals collected within 12 h of spawning (Brady et al., 2009). These corals are not releasing gametes based on long-term circadian rhythms, but directly cueing on sunset time on the night of spawning.

The timing of male and female gamete release needs to be precise for a coral species to achieve successful fertilization (Oliver and Babcock, 1992). And yet perception of precise sunset time as a change in light intensity (lumens), particularly underwater, can be affected by numerous factors, including depth, turbidity, sea state, overcast skies, and clouds on the horizon. In spite of these factors, in situ D. cylindrus colonies spawned consistently regardless of depth, sea state, or weather conditions. While light intensity would be affected by these factors, the wavelengths would not. Sweeney et al. (2011) measured light spectra on nights surrounding the full moon; on nights before and including the full moon, illuminance from the moon results in a red-shifted spectrum following sunset. In subsequent nights when the moon rises later, the post-sunset spectrum is markedly more blue-shifted. Sweeney et al. also noted that, while light intensity was diminished in cloudy conditions, spectral composition remained relatively constant. As such, corals utilizing spectral cues rather than light intensity cues would consistently perceive lunar and solar patterns regardless of overcast skies or apparent differences in sunset time due to weather or water conditions. Work by Sweeney et al. predicted that corals that could detect spectral peaks at 434 and 546 nm would best discriminate these twilight spectra. They further propose a thresholding mechanism by which opponency between these two peaks could initiate spawning. Physiological work has identified photoreceptors in corals that can detect this spectral range (Gorbunov and Falkowski, 2002; Levy et al., 2007), with Gorbunov and Falkowski (2002) identifying maximum sensitivity at 480 nm and a spectral band halfwidth of 110 nm. Levy et al. (2007) also identified blue-light photoreceptors and further found that expression of cryptochrome genes increased on full moon nights as compared to new moon nights.

Corals using spectral changes during twilight as a spawning cue would be highly affected by the interference of artificial light. Johnsen et al. (2006) measured evening light spectra; they found that sunset and twilight spectra peaked at 450 nm, full-moon spectra were red-shifted to 500–700 nm, and artificial light spectra peaked at 590 nm. Artificial light spectra were further quantified; LED streetlights had bimodal peaks around 460 and 590 nm, ceramic metal halides had bi-modal peaks at 520 and 600 nm, and both low and high pressure sodium lights peaked around 590 nm (Tamir et al., 2017). These values indicate that artificial light after sunset mimics lunar spectra, which would prevent corals from identifying the blue spectra associated with the delayed moonrise on nights following the full moon.

Artificial light levels continue to increase with population and development. Tamir et al. (2017) measured anthropogenic light pollution (589 nm) across water depth and distance from shore; they found that irradiance filters out quickly with depth and eliminated by 20 m, but extends several kilometers from shore. Though some remote reefs may be spared this light pollution, reefs accessible by researchers for spawning work are generally close to populated and electrified infrastructure. However, even among regions where D. cylindrus spawning has been recorded, distance from artificial land-based structures (roads or buildings) varies greatly. All of the Florida observations occurred at least 6 km from shore; in contrast, the Curacao observations were less than 100 m from populated shorelines. The Dominican Republic and St. Croix observations were taken at intermediate distances. When spawn time (minutes after sunset) is compared with log distance from lighted structures from each site, correlations are highly significant for both males (R2 = 0.90. p = 0.004) and females (R2 = 0.95, p < 0.001) (Figure 7).

Florida’s ex situ D. cylindrus colonies experienced more artificial light pollution than even the most nearshore in situ Caribbean sites. In addition to close and regular proximity to lights on surrounding buildings, the shallow water depth of holding tanks filtered less red light than the deeper waters of in situ colonies. As a result, we propose that ex situ corals could not precisely detect the blue-shift in spectra associated with the time between sunset and moonrise. The reduced ability to perceive this cue limited the corals’ ability to discern which NAFM it was, and also to clearly identify the time of sunset. As a result, spawning was scattered over many more NAFM and also extended later in the night. Females may have different sensitivity to these cues than males. This was evidenced by their extended number of spawning nights, larger variance in release time, and increased variance and delay in spawning time as their holding time in the onshore systems increased. A physiological mechanism for this sensitivity is unknown, but worth further consideration. Such physiological studies could be compared with experimental manipulations of light wavelengths to better identify the wavelengths and potentially the intensities associated with altered spawning behaviors.

These results suggest that in addition to the other stressors coral reefs are experiencing, light pollution may impact their spawning abilities. Though Dendrogyra cylindrus colonies within each site spawned in synchrony with each other, any potential for fertilization of gametes between sites experiencing different light regimes (particularly inshore to offshore) would be diminished as a result of asynchronous spawn times. If, as in the case of ex situ corals, light pollution is severe enough to not only delay but to confuse the spawning cues, reproduction within a site could be asynchronous, expanding over additional NAFM and through larger post-sunset timeframes. Peak fertilization in other Caribbean coral species has been shown to associate with the mean spawning time; those spawning early or late had reduced fertilization success (Levitan et al., 2004). Increases in spawning variances will likely have negative repercussions for sexual reproduction and natural replenishment of threatened D. cylindrus in the Caribbean and other reef-building corals around the world.
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