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Sexual reproduction is a crucial process for reef building coral populations to maximize genetic diversity and recover from large scale disturbances. Mass spawning events by Acropora species represent critical opportunities for populations to persist, and a process that is increasingly exploited to actively restore degraded reefs. However, the timing and predictive capacity of coral spawning throughout the broad thermal and environmental regime of the Red Sea – a region also undergoing significant development and active reef restoration – remains patchy. We, therefore, conducted three parallel reef surveys in the central Red Sea (Al-Fahal Reef, Thuwal - Saudi Arabia) and the eastern (Shushah Island - Saudi Arabia) and western (Hurghada – Egypt) coast of the northern Red Sea. Surveys assessed the gravidity of gonads, spawning timing, alignment with the lunar cycle of 21 Acropora spp. (total n= 572 colonies) around the full moons of April and May 2023. Consistent with past observations, synchronous spawning was observed for Acropora spp. in both the central and northern Red Sea during April and May, respectively. Interestingly, corals spawned on the full moon in both Shushah and Thuwal sites. In contrast, corals in Hurghada were independent of the lunar cycle and spawned 7-9 nights before the full moon in May. By integrating our 2023 observations with the historical spawning events in Hurghada and Thuwal (2002-2022), we found that the deviation of spawning timing from the full moon day was correlated with absolute Sea Surface Temperature (SST) (earlier spawning before the full moon day, lower SST) and warming rate (earlier spawning, more rapid warming) in 6-weeks prior to spawning. As such, temperature pattern is likely one of the primary factors governing gamete release, among other factors, that likely influence spawning day within the lunar month. These correlations between SST metrics and spawning timing suggest a potential framework to predict future Acropora spp. spawning dates. Our observations demonstrate the importance of parallel efforts across borders to collect critical data needed to inform management strategies aimed at conserving and restoring coral reefs in this ecologically diverse region.
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Background

Reef building corals rely on sexual reproduction to recover from disturbances and maintain critical population sizes (Baums et al., 2019). Some coral taxa have evolved as “brooders” whereby fertilized eggs are nurtured internally to release fully formed coral larvae, whilst others are “broadcasters” by releasing millions of eggs and sperm into the water for external fertilization during synchronized spawning events. Reproductive synchronization allows cross-fertilization amongst coral colonies to enhance genetic diversity and gene flow within coral populations (Nakajima et al., 2010; van der Ven et al., 2022), which in turn maximizes the transmission of adaptive traits among coral conspecifics (Baums, 2008; Baums et al., 2013). Coral spawning hence plays a pivotal role in enhancing the adaptability and resilience of corals against environmental stressors (van Oppen et al., 2015, 2017). Effective reef management strategies, therefore, depend on understanding sexual reproduction processes, including spawning timing and magnitude (Baird and Guest, 2009) as well as gamete (or larval) connectivity (King et al., 2023). Recent acceleration of intervention-based management has particularly catalyzed global efforts to improve knowledge in coral reproduction (Randall et al., 2020) needed to select for improved coral adaptive properties (Voolstra et al., 2021), such as heat stress tolerance (Buerger et al., 2020; Howells et al., 2021), but also overcoming the risk of genetic bottlenecks from asexual-based coral propagation alone (Chan et al., 2018; Baums et al., 2019; Harrison et al., 2021).

Successful and synchronized coral spawning events can be governed by environmental cues, such as water temperature, wind and current speed, as well as lunar cycles and photoperiod (e.g (Van Woesik et al., 2006; Keith et al., 2016; Monfared et al., 2023). Timing of coral spawning is sensitive to water temperature, where changes or rapid fluctuations in seawater temperatures can stimulate early or delayed, and thus disrupting, spawning timing (Keith et al., 2016; Lin and Nozawa, 2023). Lunar cycle, specifically the full moon phase, is commonly associated with coral spawning whereby moonlight intensity and duration coordinate the release of gametes amongst different colonies, enhancing the chances of successful cross fertilization (Kaniewska et al., 2015; Lin et al., 2021). Consequently, anthropogenically driven environmental perturbations, such as altered thermal profiles under ocean warming (e.g., Levitan et al., 2014) as well as artificial lighting through urbanization (Davies et al., 2023) can disrupt this synchronization and thus, dilute gametes concentration and decrease the probability of their fertilization success. Databases that capture widespread patterns of observed reproductive timing in situ (e.g., Baird et al., 2021) have aided forecasting of spawning timings over space and time (Van Woesik et al., 2006; Keith et al., 2016), and, in turn, a means to deliberately tune spawning times in ex situ coral husbandry (Craggs et al., 2017). Even so, knowledge of spawning timing remains patchy and undefined for many species globally, particularly in places such as the Red Sea, where repeated observations over time are required to empirically track change and hence validate predictions (e.g., Levitan et al., 2014; Neely et al., 2020).

The Red Sea spans 18° in latitude and harbors unique and diverse coral reefs that live in contrasting thermal and environmental regimes along the latitudinal gradient (Osman et al., 2018; Berumen et al., 2019) and between west and east coasts (Eladawy et al., 2022). Such diverse environmental conditions drive large variability in spawning timing, based on periodic observations across a few key sites over the past few decades (summarized in Ziegler et al., 2019). For example, spawning of Acropora species was recorded in late April and early May on the Egyptian Red Sea coast (Hurghada and Marsa Alam Hanafy et al., 2010; Attalla, 2016). In contrast, Acropora species on the central east coast of the Red Sea have been recorded to spawn from early/mid-April (Thuwal and Jeddah; Bouwmeester et al., 2015). In general, multi-species spawning around the full moon seems to be a common event for different coral genera, including different Acropora species (Hanafy et al., 2010; Bouwmeester et al., 2015, 2015; Kotb et al., 2018). Whilst observations, to date, have not been conducted systematically, collective evidence indicate that spring-time spawning starts earlier at south toward north in later days/months as waters warm up (Ziegler et al., 2019), and thus spawning in Eilat, at the Gulf of Aqaba (northern Red Sea), is delayed until summer (Shlesinger and Loya, 1985; Bouwmeester et al., 2015). Spawning of Pocillopora verrucosa occurred during the day around the new moon during the daytime in May/June, with synchronization between the east and west coast of the central Red Sea (Saudi Arabia and Sudan - (Bouwmeester et al., 2011), and again later (June/July) in the Gulf of Aqaba (Shlesinger and Loya, 1985). Patterns in temperature-regulated spawning timing are indeed compelling (see also Keith et al., 2016), but for the Red Sea remains confounded by inter-annual patchiness of past observations, and variability of the full moon month within each calendar year (Ziegler et al., 2019). As such, the ability to predict finer scale variation in spawning timing within and between Red Sea regions remain limited without more consistent and collective observations for any given year.

Coral restoration activities – including development of large ex situ coral husbandry facilities and collection of spawning gametes, are expanding rapidly throughout the Red Sea, but with limited knowledge of reproductive timing. Such knowledge gaps further limit the accuracy of reef connectivity models of larval dispersal and successful population connectivity (Cowen and Sponaugle, 2009; Donahue et al., 2015), which is important for the long-term resilience of reefs throughout the region (Hock et al., 2017), particularly where coastal development continues to accelerate (Aguilera et al., 2020). This is indeed the case for the rapidly developing NEOM region in the north-east Red Sea, Saudi Arabia (north-eastern Red Sea - Figure 1), where spawning has not been previously documented (Ziegler et al., 2019). We therefore conducted a parallel effort among three research teams from two countries (Egypt and Saudi Arabia) to observe in situ spawning timings – targeted for species of Acropora – in 2023 across three sites that represent the central Red Sea as well as the east and west coasts of the northern Red Sea (Figure 1). We also aim to understand the role of temperature as a key factor that determines the date of spawning within the lunar cycle using remote sensing data during past in situ spawning events. We observed synchronous, yet distinct coral spawning timing patterns across the Red Sea. This study highlights the potential impact of ocean warming and coastal development on coral reproduction, emphasizing the value of collaborative monitoring for effective coral reef conservation and restoration in the region.




Figure 1 | Map shows the study site locations along the central and northern Red Sea with the coral reef distribution extracted from the Allen Coral Atlas (shown in light blue). The coral spawning surveys took place at three distinct sites along the Red Sea: (A) the north-western coast of Red Sea at the Egypt, where we conducted surveys at three reefs in Hurghada: Small Gifton, Fanadeer, and El Fanous, (B) Shushah Island in the north-eastern of the Red Sea (Saudi Arabia), where they share similar latitude with Hurghada, and (C) Al Fahal Reef at Thuwal, which situated in the central coast of Saudi Arabia.







Materials and methods




Study sites and general survey approach

Different Acropora species were sampled for in situ gametogenic analysis, periodically, prior to and after the full moon of April (4th-7th) and May (4th-5th) 2023, when broadcast spawning is expected for the central and northern Red Sea based on the existing literature (Hanafy et al., 2010; Bouwmeester et al., 2015; Attalla, 2016). In parallel, in situ spawning observations were conducted over 3-4 nights during the full moon phase, commencing pre-sunset (ca. 17:30) to 23:30 local time. Survey sites were Hurghada, encompassing Small Gifton Island (27.185895N, 33.983358E) and Fanadeer (27.299142N, 33.831940E), located in the north-western Red Sea (Egypt) (Figure 1A), Shushah Island (27.93799N, 34.912887E), located in the north-eastern Red Sea (NEOM, Saudi Arabia) (Figure 1B), and Al Fahal Reef, at the Coral Probiotics Village (22.305072N, 38.964480E), located in the central Red Sea (Thuwal, Saudi Arabia) (Figure 1C). All sites are located offshore (5-20km from the shoreline) and were selected to include diverse coral assemblages with high abundance and diversity of Acropora colonies.

SCUBA diving surveys for gametes status were conducted randomly at all three sites in both months, targeting colonies of different Acropora species occurring at 3-9m depth across reef areas of approximately 100m2. Most surveys were conducted during daytime, except for Al Fahal reef where surveys were conducted at night. Acropora colonies were randomly selected based on the availability in the surveyed site. They were first photographed for later species identification ensuring images would depict the colony growth form, and the radial and axial polyps shape and arrangement. Branches were selected towards the center of the colony and removed using pliers at the middle of the branch to maximize locations that are likely gravid (Wallace, 1985). Branches (3-5cm) were then carefully removed, and macro-photographs of the broken side for both branch and colony were taken (Olympus TG6 with Auto white balance setting, see Figure 2). Images were then used to classify gametogenesis (Figure 2). Oocyte bundle maturity status follows a distinct transition in egg size and coloration, where the most matured oocytes exhibit distinct red coloration (Vargas-Ángel et al., 2006; Chiu et al., 2020). We classified observations where gametes were denoted; i) “immature” when oocytes were white, ii) “mature or gravid” as pink or red, ii) “absent” when oocytes are absent or undetectable (Figure 2), to account for differences in oocyte coloration reports across research groups/sites. These data were then used to determine the percentage of colonies encountered that were gravid over time. Depth, date, and time for each sample were also documented. In addition, night-time SCUBA surveys for gamete bundle setting and release were similarly conducted haphazardly in the same areas as daytime surveys, except for Hurghada where additional sites were surveyed only at night (Fanadeer and El Fanous). Divers typically conducted repetitive surveys one hour after the sunset from 19:00-22:30 local time (sunset approximately at 18.00), to enable constant observation at sites using red filtered torches. Colonies observed with (a) gamete bundles at the polyp opening (“setting” and ready to release) or (b) gamete bundles release were photographed for later visual identification and the time of observation was noted.




Figure 2 | The panel presents in situ photographs illustrating various stages of gametogenesis and in situ spawning events in Acropora species observed during our surveys. Panel (I) provides a visual representation of different stages of gametogenesis (indicated by black arrow) and demonstrates the following; (A) gametes with a white coloration, indicating the presence of visible but immature oocytes, (B) development of gametes transitioning into a pink/red hue, as a sign of maturity, (C) gametes situated at the mouth of the coral polyp, showing their readiness for release gametes into water, (D) absence of visible gametes suggesting that all gametes have been released or lack of any oocyte development. Panel (II) exhibits setting and release of gametes from different mother Acropora species along the Red Sea, forming distinct gamete bundles. Photo credits: Eslam O. Osman, Alexander Stead.







Location-specific gametogenesis and spawning survey methodologies

According to literature, coral in the central Red Sea spawn during the full moon nights of early April, while spawning in the northern Red Sea occurs in late April or early May (Ziegler et al., 2019). Consequently, the surveys started earlier in Shushah Island due to the unknown spawning time and Thuwal, which typically starts earlier in April. General survey approaches were employed consistently across the three sites in May 2023. However, slightly different methods occurred between sites only in April, primarily due to location-specific operational conditions and site accessibility, using the procedures above. Differences resulting from this variation across sites are summarized as follows:

	Thuwal (Al-Fahal Reef) – Spawning timing had been previously documented in Thuwal for species of Acropora during April/May (Bouwmeester et al., 2015, 2016). Therefore, visual surveys were conducted in April (4th-7th) two nights before and one night after the full moon (6th April), with the aim of exclusively identifying setting colonies and/or gamete bundle release. No gametogenesis surveys were conducted in April. In contrast, gametogenesis surveys in May were conducted following the above methods and spanned two nights; one night before the full moon (4th May) and the full moon night (5th May).

	Shushah Island – Gametogenesis surveys were conducted at regular intervals throughout April to early June since spawning timing for this region was unknown. Surveys typically spanned 50-100 colonies of 10-15 different notional species of Acropora. Nighttime setting/release surveys were also conducted during the full moon nights in April (4th-7th) and May (4th-5th).

	Hurghada – Past field observations documented spawning of Acropora spp. in Hurghada typically occurs around the full moon in late April (after 20th) (Hanafy et al., 2010; Ibrahim et al., 2021) and/or early May (Attalla, 2016). Therefore, gametogenesis surveys were conducted on 19th April (i.e., 15 days before the May full moon) on various Acropora morphologies (2-3 colonies each) that have previously been documented to spawn (Kotb et al., 2018). Unfortunately, no photographs could be taken for those colonies, and thus no later identification could be performed (see “Discussion” below). However, most investigated colonies exhibited mature oocytes on 19th April, and hence, it was anticipated that spawning would occur around the next full moon nights, as previously documented. Therefore, a second survey was conducted the following full moon in May (4th and 5th) to evaluate gametogenesis, where nine (n=26 colonies) and eleven Acropora species (n=25 colonies) were examined at small Gifton and Fanadeer, respectively. Surveys for gamete setting and release were also conducted at Al-Fanous without gametogenesis check (Figure 1C).







Identification of Acropora colonies

Acropora identification is challenging due to a combination of high species diversity and morphological plasticity of the traditional diagnostic characters (Wallace, 1999; Wallace et al., 2012). In the Red Sea, the situation is even more complex due to a high endemism rate as corals may exhibit characteristics or morphs that lead to different species compared to their morphologically similar, but genetically distinct, Indo-Pacific counterparts (Arrigoni et al., 2016; Dibattista et al., 2016; Berumen et al., 2019). However, boundaries were solved recently for a set of Acropora species through a novel genomics approach (Ramírez-Portilla et al., 2022) that opened new research avenues to understand the genus diversity (Bridge et al., 2023). In this study, Acropora species boundaries detection and identification were based on colony growth form, axial and radial corallites shape, and their arrangement from in situ imaging following the currently available taxonomic nomenclature including type morphology (Wallace, 1999). For colonies with morphologies matching the description of taxa originally described from the Red Sea, the full identification was provided. For colonies closely resembling the morphology of presumably widespread species with type locality in the wider Indo-Pacific region, the non-taxonomic identifier cf. was used to acknowledge a level of uncertainty (Sigovini et al., 2016). Finally, in the case of distinct morphologies that not matching the morphological traits of any species currently considered valid, an open nomenclature qualifier was used followed by sensu and the published reference that previously reported the morphology.

At Shushah Island, a wide variety of species and color morphs were observed as a result of the extensive sampling of colonies. To streamline the taxonomy process, we therefore initially grouped notional species before taxonomic assessment using representative in situ photographs for each notional species. We further assigned color morphs after the taxonomy to ensure a cautious and precise taxonomic assignment for various morphospecies. Specifically, Acropora sp. 1 was a binned group with apparent growth variations (Figure S1), Acropora cf. humilis was a binned group of all apparent morphological variations for this form (Figure S2), Acropora cf. downingi was a binned group of tabular and complex branched morphologies (Figure S3). In addition, the three main color morphs of Acropora hemprichi (beige, brown and blue) were retained as separate groups to evaluate uniformity in spawning timing amongst the variations for this group.





Sea surface temperature variability and prior spawning observations

To investigate the potential impact of seawater temperature on maturation and/or spawning timing at each site, in situ seawater temperature was measured throughout the spawning period at Al Fahal and Shushah Island, but not at Hurghada. At Al-Fahal reef, a multiparameter CTD sensor (Ocean Seven 310, Idronaut, Italy) recorded seawater temperature at regular intervals of time (30 minutes). At Shushah Island, Onset® HOBO loggers (Pendant® UA-002-64) were deployed to measure seawater temperature at intervals of 2 minutes. Both temperature loggers were positioned at a depth of 7-10 meters during the months of February through June 2023. To ensure a comparable seawater temperature metric across all sites, where loggers varied in brands and were unavailable at Hurghada, we acquired weekly sea surface temperature (SST) data from the Aqua MODISA (The Moderate Resolution Imaging Spectroradiometer) satellite (4 microns at night, 4km resolution). This data covers the period from February to June 2023 and was obtained from Giovanni website (https://giovanni.gsfc.nasa.gov/giovanni/).

In addition, we searched the literature for previous spawning timing reports specific to the areas of interest for our current observations (e.g., those summarized in Ziegler et al., 2019). Our search was limited to the period between 2002 to the present (see Table S1). This time frame was chosen because remote sensing SST data was not accessible prior to 2002, and the period after 2000 exhibits a more distinct SST profile compared to the period before (Osman et al., 2018; Eladawy et al., 2022). We also extracted historical remote sensing SST data, as above, for these sites and periods corresponding to the observed in situ spawning. This data covered a period of 6-weeks for each recorded spawning event at Hurghada (n=6 spawning event observations) and Thuwal (n=4 spawning event observations – see Table S1). This represents an average timeframe which oocyte maturation occurs progressively, and spawning time can be influenced by environmental variables (Sakai et al., 2020).





Data analysis

Gravidity categories were conservatively assigned as “present” or “absent” to account for differences in photograph coloration due to inconsistent white balancing. Percentage of gravid colonies for each species and/or site were plotted as a heatmap. All sea surface temperature (SST) were derived from remote sensing to have a valid comparison among sites, while data obtained from loggers were used only to validate the remote sensing SST trends. Remote sensing SST in 2023 was extracted and subsequently tabulated and plotted against daily average of in situ temperature data. For historical SST data during previous spawning events, we employed two standardized metrics to evaluate the historical thermal profiles for each site: i) Absolute SST mean over a six-week period was calculated to examine the variations in the minimum temperature required to trigger spawning at each site, ii) Warming rate was calculated from a linear regression of SST and time for the 6-week period prior to each spawning event to test whether differences in average rate of heating corresponded with the timing of spawning. We tested whether the difference in SST metrics (absolute SST and warming rate) was significantly different between Hurghada and Thuwal using a generalized linear model (GLM) in “R” (R Developement Core Team, 2017). Further, the absolute differences between SST at the time of spawning and the SST recorded six weeks prior (ΔSST) were calculated. In addition, absolute SST and warming rates were plotted against deviation from full moon night of historical spawning events to understand the correlation (using “ggpmisc” package) and whether rapid changes in SST prior to spawning can predict spawning time. All data were plotted using “ggplot2” package in “R” language.






Results

Here, we describe the reproductive status of 572 colonies belonging to 21 Acropora morphological species across three sites located along the central Red Sea as well as the east and west coast of the northern Red Sea. Of these species, Acropora eurystoma (Klunzinger, 1879) and Acropora maryae (Veron, 2002) are considered endemic to the Red Sea, while four distinct Acropora morphs were not identified to species level because they do not match the typical morphology of any currently recognized nominal species. We surveyed 13 Acropora species each at Hurghada and Shushah Island, and 12 Acropora species at Thuwal. Only two species, Acropora hemprichii (Ehrenberg, 1834) and Acropora sp. 1 sensu Al Tawaha et al. (2019), were examined across all sites (see Figure 3), whereas other species were site-specific (Figure 3). The remaining 12 Acropora morphospecies showed oocyte maturity, but were not observed spawning (Table S2) and thus, spawning timings of these taxa are broadly estimated based on oocyte maturity ranking. Whilst several Acropora species were examined across sites, they showed differences in spawning time (Figure 4).




Figure 3 | Panel represents information about the number of species that were examined for gametogenesis at three studied sites across the central and northern Red Sea. Venn diagram (left) depicts the distribution of Acropora species at each site, where most of the species were found in common among sites, particularly Acropora hemprichii and Acropora sp. 1 that were found in all sites. However, there were also instances where certain Acropora species were exclusively observed in specific sites. Donut plot (right) illustrates the percentage of observed coral species that underwent in situ spawning compared to the species that were assessed for gametogenesis but were not observed during the spawning event.






Figure 4 | Schematic illustration shows the temporal pattern of Acropora spp. spawning timing across the three surveyed sites located along the central and northern (east and west) coasts of the Red Sea. The data reveals that the spawning event was initially observed in the central Red Sea (Thuwal on Al Fahal Reef) during the Full Moon nights of April. Some coral released few gametes in the night before the full moon (April 5th), but the main spawning event was observed during the full moon night (April 6th). In contrast, there was no coral spawning witnessed in the northern Red Sea during April. In situ spawning at Shushah Island was observed during the Full Moon of May 5th. However, there was no gametogenesis check during moon night of April at Hurghada, but it takes placed on 19th April where all investigated Acropora were mature and ready to release. Gametogenesis checks confirmed that corals at Hurghada had already completed spawning before the full moon in May, as no in situ spawning was observed at that location. This observation aligned with slick observations on the coast of Hurghada on April 28th, indicating that corals in Hurghada had released gametes 7-9 days before the full moon in May.






Gametogenesis and in situ observation of coral spawning




Thuwal (Al-Fahal Reef)

Spawning was first observed at Al-Fahal reef (Central Red Sea), during the full moon nights of April (5th and 6th). Six Acropora species (total n=16 colonies) were observed in situ “setting” and subsequently releasing gamete bundles between 22:30 to 23:30hrs: A. hemprichii, A. cf. hemprichii, A. cf. downingi, A. sp 1., A. sp. 2, and Acropora cf. sp1 (Figure S4, Table S2). The main spawning event occurred during the full moon night (6th April), with several colonies (A. hemprichii, A. cf. downingi, and A. sp. 1) “dribbling” some gamete bundles one night (5th April) before full moon (Figure 4). No spawning was observed on April 7th indicating that spawning at Al Fahal reef was predominantly synchronized across multiple species. Gametogenesis surveys were initiated during the full moon nights of May. Observations from 37 colonies belonging to 11 Acropora species (5th-6th May) demonstrated that 75% of the investigated colonies (n=28) were not gravid with undetected oocytes, confirming they had already fully spawned. Notably, A. cf. humilis (n=5 colonies) consistently exhibited white oocytes, consistent with lack of prior in situ spawning observations for this species in April. Furthermore, few colonies of A. hemprichii and A. sp. 2, (n=2 colonies each), two species that already had been observed to release gametes in April, exhibited pale pink gonads. As such, the primary spawning event for this site appears to have occurred in April for most species of Acropora species, but few colonies and species retained later spawning.





Shushah Island

Random gametogenesis surveys at Shushah Island (northeast Red Sea) demonstrated that several coral species exhibited a cumulative increase in gravidity extent (% of corals surveyed) throughout April-June (Figure 5). While spawning has not been observed in Shushah Island during April, in situ observations confirmed spawning on the full moon night of May (5th) and a complete absence of oocytes from subsequent gametogenesis surveys 14 days after May full moon (19th May) (Figures 4, 5, Table S2); specifically, A. eurystoma, A. cf. cytherea, and A. sp. 1. Colonies of A. cf. downingi also generally followed this pattern, but with a single positive observation for gravidity (of a single colony surveyed) on the 19th May likely skewing the perceived timings (see Table S3). Peak % gravidity extent was also observed pre full moon (3rd) and with spawning observed around full moon for A. hemprichii (beige), A. cf. humilis, and A. secale. However, subsequent gametogenesis surveys on May 19th indicated that some colonies were still gravid (i.e., A. cf. humilis, and A. secale) or could not confirm their gravidity status (no observations, A. hemprichii (beige)). Furthermore, gametogenesis surveys for these three species confirmed complete absence of oocytes by mid-June. Spawning was also observed around the full moon of May for species A. pharaonis, A. maryae, A. cf. secale, but gametogenesis surveys for these taxa were few and therefore May peak spawning could not be confirmed. In all of these cases, spawning was observed for multiple colonies only on the full moon (May 5th) (and not the day before) and at either 19:30 (A. eurystoma) or 23:00 onwards (all others) suggesting mass and synchronous multi-species spawning. Unfortunately, site restrictions beyond this time prevented us to further confirm if additional spawning for these species continued during this lunar period (Figure 5).




Figure 5 | Panel displays in situ photographs of Acropora species surveyed at Shushah Island, along with their respective gravidity statuses recorded at different time intervals. In situ photograph (Left) for each of the Acropora species (n=12 include three morphotypes for A. hemprichii) examined at Shushah Island, while heatmap (Right) illustrates time series of gravidity checks, with colors denoting the percentage of oocytes gravidity, over six time points. Notably, certain time points exhibited lack of observations for some species (indicated by the gray color), while in situ spawning for some colonies were not observed as indicated in the observation column. Species are: (A) A. secale, (B) A. cf. secale, (C) Acropora sp. 1, (D) A. cf. arabensis, (E) A. cf. humilis, (F) A. cf. cytherea, (G) A. hemprichii (beige), (H) A. eurystoma, (I) A. cf. downingi, (J), A. hemprichii (blue), (K) A. maryae, (L) A. hemprichii (brown), (M) A. pharaonis, (N) A. samoensis, (O) A. cf. hyacinthus.



Several species that were included in the gametogenesis surveys were not observed to spawn in May (i.e., A. cf. arabensis), despite it appeared gravid before the 6th of April full moon, or after full moon (Acropora cf. hyacinthus - see Figure 5). A. hemprichii (brown), A. hemprichii (blue) and A. samoensis were also not observed to spawn. In the case of A. hemprichii (brown, blue), this was likely confounded by patchy gametogenesis survey data; however, A. samoensis was observed to be highly gravid pre full moon (3rd May) and then entirely absent of ooctyes post May full moon (19th) suggesting this species – and potentially others – simply went unrecorded for setting or release on the 4th and 5th May. Finally, whilst A. cf. humilis was observed to spawn in May, these observations were few (2 colonies), and where A. cf. cytherea represents a likely cluster complex of different digitate species of Acropora. The remaining high gravidity (~50% from 19 colonies) on May 19th but absence of gravidity after the June full moon indicates that species likely spawned between May 19th but before the full moon in June.





Hurghada

Survey efforts at Hurghada (northwest Red Sea) did not observe any in situ spawning (i.e., egg setting or release) events during the full moon of May at any site (Small Gifton, Fanadeer, and Al Fanous). Gametogenesis surveys in mid-April (19th) at Small Gifton indicated that a majority of the investigated Acropora species (n=12 species, 2-3 colonies each) were gravid and ready to spawn. Notably, no photographs were captured for these species because of technical issues, and hence no standard taxonomic identification could be performed. These data were therefore not included in our formal analysis in terms of total number of investigated species, but site and local knowledge suggest these taxa were A. cf. gemmifera, A. cf. digitifera, A. cf. valida, A. cf. nasuta, A. cf. selago, A. cf. latistella, A. cf. cytherea, A. cf. clathrata, A. cf. squarrosa, A. cf. hemprichii, A. cf. formosa, A. cf. acuminata. All exhibited gravid oocytes and therefore ready for spawning. A subsequent survey that captured photographs and therefore taxonomy during the May full moon (5th and 6th) was achieved for 46 colonies belong to 13 species at two sites (21 in Small Gifton and 25 in Fanadeer – see Table S2), and revealed that none of them were gravid, thereby indicating that Acropora spp. had already released their eggs before the full moon, regardless the precise spawning day. This outcome was coincided with reported mass spawn slicks off the coast of Hurghada (see Figure S5) observed 7-10 nights (28th April) before the full moon of May (5th), which may have come from Acropora species that presumably spawned 1-2 days prior to the slicks being recorded (Figure 4). Thus, spawning at Hurghada did not appear to coincide with the full moon, in contrast to the spawning observations on the east coast site (Shushah Island) at the full moon.






Thermal profile across surveyed sites

As expected, sea surface temperatures generally increased from February to June, with the central Red Sea displaying higher temperatures compared to the northern Red Sea sites (Figure 6). Notably, in situ temperature data and remote sensing data exhibited remarkably similar patterns (Figure 6), indicating that remote sensing provided a reliable proxy to cross compare sites, where in situ temperature measurements were lacking for Hurghada (Figure 6). Based on remote sensing SST, mean (±SD) temperatures for April were 26.8 ± 0.9°C at Al Fahal reef versus 23.6 ± 0.4°C and 22.8 ± 0.3°C for Shushah Island and Hurghada, respectively. By May, mean SST increased to 28.3 ± 0.9°C at Al Fahal, 25.3 ± 0.7°C at Shushah Island, and 24.3 ± 0.6°C at Hurghada. The warming rate in 2023 for 6-weeks prior to the spawning date at Shushah Island (0.43°C per week, range= 22.8-25°C, ΔSST=2.2°C) was higher than Hurghada (0.24°C per week, range= 22.5-23.9°C, ΔSST=1.4°C). It should be noted that the linear regression model returned a stronger fit for Shushah (R2 = 0.99) compared to Hurghada (R2 = 0.7), suggesting SST increases at Shushah were more consistent over time over the 6-week period (Figure 6).




Figure 6 | Panel presents the profile of Sea Surface Temperature (SST) at the study sites. (A) SST were collected at each study site from February to July 2023, and data were obtained through; i) remote sensing using weekly data from the Aqua MODISA satellite, and ii) daily average in situ temperature measurements for Shushah Island (HOBO logger) and Thuwal (Multiparameter CTD sensor), but unfortunately, data was lacking for Hurghada. The data revealed that SST was higher in April in the central Red Sea (Thuwal) compared to the northern region (Shushah Island and Hurghada). Notably, Shushah Island exhibited higher temperatures than Hurghada, even though spawning in Hurghada commenced before the full moon in May, while Shushah Island initiated spawning during the full moon night (blue shade show the spawning range). This difference in spawning behavior at Hurghada coincided with a rapid increase in temperature, while Shushah Island showed a more gradual increase in sea surface temperature. (B) The boxplot illustrates historical remote sensing data (2002-2023) collected from the Thuwal, Shushah, and Hurghada regions include our observations in 2023, where frequent in situ spawning events have been observed. This data represents the mean temperature for the 6-weeks leading up to the observed spawning events. The historical data reveals that Thuwal tends to experience higher temperatures at the time of spawning compared to Hurghada, where coral spawning occurs at lower temperatures. (C) Boxplot illustrates the warming trends in the three sites over 6-weeks prior spawning observations that showed higher warming rates in Hurghada than Thuwal. (D) Point plots show the relationship between historical absolute SST and warming rates (E) versus deviation of spawning day from the full moon (+/-FM) for the historical spawning events along the Red Sea. Correlation points for Marsa Allam and Dahab were removed as the exact spawning day was not in situ observed.



Historical spawning records indicate that spawning in Hurghada typically occurs from late April (20th) to early May (8th), regardless of the full moon phase. Spawning timing for Hurghada have shown a deviation ranging from -3 to -18 days before the full moon night, based on four in situ observations (Table S1). In contrast, corals at Thuwal predominantly spawn in early April, with the latest recorded date being April 25th in 2013. The deviation from the full moon night for Thuwal spawning ranges from -2 to +4 days based on four in situ observations (see Table S1). Analysis of SST for 6-weeks prior to these historical spawning events confirmed that mean temperature was always significantly higher for Thuwal (25.7 ± 1°C, n=4) compared to Hurghada (22.6 ± 0.4°C, n=6 – GLM, df=1, F=54.6, p<0.001), aligning to our observations during 2023 (Figure 6). However, the warming rate for Hurghada (0.3 ± 0.2°C per week) was significantly higher than for Thuwal (0.04 ± 0.1°C per week – GLM, df=1, F= 6.4, p<0.04). Our observations for warming rate versus spawning SST at Shushah Island in 2023 were more similar to the historical patterns for Hurghada (Figure 6). Thus, it appears spawning timings coincide with slower warming prior to a relatively high SST in the central Red Sea versus more rapid warming to a relatively lower spawning SST in the northern Red Sea. Indeed, a significant positive correlation was observed between absolute historical SST with the deviation from full moon night (Lm, adj. R2 = 0.55, F=10.8, p=0.01), while a markedly negative correlation between the warming rate and deviation from full moon night, although this latter trend was not significant (Lm, adj. R2 = 0.15, F=2.4, p=0.2, see Figure 6).






Discussion

Coral sexual reproduction events and notably mass multi-species synchronized spawning events are essential processes for maintaining the health and recovery of coral reef ecosystems (Baums, 2008; Baums et al., 2019). Such “mass” spawning fosters genetic diversity (Nakajima et al., 2010) and can aid active recovery of degraded reef areas (Randall et al., 2020; Humanes et al., 2021) to overcome population bottlenecks. Whilst this process is often synchronized with lunar cycles, other environmental cues fine tune the exact spawning timing, particularly for corals that thrive across large thermal regimes, such as western Australia (Gilmour et al., 2016), the Great Barrier Reef (Sakai et al., 2020), and presumably the Red Sea. Past spawning observations of Red Sea corals have been restricted to few sites and time points, thereby constraining understanding of spawn time variability – a factor increasingly critical to aid restoration efforts (Craggs et al., 2017; Randall et al., 2020) and wider reef management strategies (Romero-Torres et al., 2017; Doropoulos et al., 2019). Our study combined parallel observations in the same year from the central, as well as east and west northern Red Sea for the first time, covering over 572 colonies belonging to 21 Acropora species to investigate gametogenesis and spawning patterns along the Red Sea. Our 2023 data confirmed temporal variation in spawning timing between the central and northern regions of the Red Sea, with events occurring during the full moon nights of April in Thuwal (central), and in May for Shushah Island (East-North); however, the spawning in Hurghada (West-North) was 7-9 days before full moon of May (potentially reflecting more variable SST 6-weeks prior compared to the other sites). Integration of our 2023 data with historical observations identified that earlier spawning timing across the central and northern Red Sea correlates with cooler absolute SSTs that have experienced more rapid warming 6-weeks prior. However, the variation in spawning time we observed in our study highlights dynamic coral spawning timings for this region, and most likely through several governing factors at play.

Our 2023 data showed that spawning was later in the northern Red Sea than for central Red Sea (Table S1), a pattern consistent with past observations (reviewed in Ziegler et al., 2019). Factors governing synchronization of coral spawning can operate across different timeframes (hours versus days or months). Most notably, seawater temperature plays a significant role in governing gamete maturation for corals and many other reef organisms (Hue et al., 2020), thereby determining the spawning month (Harrison et al., 1984; Babcock et al., 1986). High or low seawater temperatures can expedite or delay oocyte maturation, affecting the month and/or day of spawning. Consequently, different coral morphospecies and locations possess distinct temperature thresholds crucial for promoting oocyte maturation and spawning (Lin and Nozawa, 2023). Such a notion presumably explains general differences in earlier spawning timings observed for the warmer central versus cooler northern Red Sea regions both in our 2023 dataset and historically (Figure 6). Also, this general role of absolute SST in governing spawning month is consistent with previous in situ spawning records from other locations in the Red Sea (Bouwmeester et al., 2015, 2015; Kotb et al., 2018), where some species exhibit spawning patterns in April/May (e.g., A. lamarcki, A. parapharaonis, A. plantaginea) versus A. humilis in May/June (Bouwmeester et al., 2015; Ziegler et al., 2019), as per our 2023 dataset from Shushah Island and Thuwal. In our study, immature eggs of A. humilis were documented in May, combined with lack of spawning observations during our in situ surveys, indicate that they consistently spawn after other Acropora taxa in later month(s). Thus, A. humilis may require higher temperatures for gonad maturation, and hence, late spawning in the upcoming month(s). Thus, increases of SST as expected for the Red Sea under climate change scenarios (Eladawy et al., 2022) may be expected to shift these current reproductive cycle/timings and influence larval dispersion pattern. In fact, dispersion of coral larvae relies on water movement and circulation that can vary among months. As such, shifting the timing of coral spawning may affect coral connectivity, population recovery, and shift community composition. This highlights the importance of continued and coordinated temporal monitoring to coral spawning time and synchrony. In addition, this will require further improvements in taxonomic identification that allow comparability and data integration to ensure detailed understanding for reproduction patterns of coral conspecifics along the Red Sea latitudinal gradient.

Interestingly, corals at both Thuwal and Shushah Island locations spawned on the night of full moon (April and May, respectively). Spawning observations during and/or around the full moon nights seems a relatively common phenomenon that has been documented in various bioregions (Baird et al., 2021), including the Red Sea (Bouwmeester et al., 2015). Moonlight serves as a natural signal to coordinate among coral colonies to synchronize the release of their gametes. For example, genomic analysis showed the moonlight induce and upregulate genes related to Circadian clock genes in A. millepora, that may play a role in regulating and synchronizing spawn timing (Brady et al., 2016). Lin et al. (2021) showed that shaded corals around full moon delayed spawning suggesting that moon light is a key factor triggering coral spawning in Dipsastraea speciosa. However, observations have revealed instances where spawning timing deviates from the night of full moon to several days before or after full moon. In these cases, the timing of gamete release remains highly specific to each coral species. For example, spawning of different coral species (e.g., A. humilis, Porites lutea, and Porites solida) in the Red Sea showed deviation from the full moon (Hanafy et al., 2010; Bouwmeester et al., 2015; Attalla, 2016). Similarly, coral spawning along the Great barrier Reef (GBR) have been consistently offset by 3-4 days after full moon, but the exact factors leading to this deviation are unclear. However, Sakai et al. (2020) observed that high SST (and low wind speed) for 1-2 month before spawning day is strongly correlated with deviation from full moon night in Acropora species. This aligns with our analysis where a significant correlation between absolute SST and deviation from night of full moon was observed in previous historical spawning events (see Figure 6). Indeed, Keith et al. (2016) suggested that rapid shift in SST was the primary cue for coral spawning across Indo-Pacific sites. This aligns with our findings where corals on west coast of the northern Red Sea (i.e., Hurghada) showed rapid shift in SST and spawned few days before the full moon, although the exact date of spawning was not observed.

By collectively examining 2023 and historical spawning events across our sites, variation of spawning time relative to the full moon can be explained by differences in SST dynamics (absolute versus prior warming rates). Such trends provide an intriguing hypothesis to further validate – and means to potentially predict – spawning timing for other sites throughout the Red Sea. However, we noted that substantial residual variation was evident, in particular for the correlation between warming rate and spawning timing (Figure 6). It is possible such variation still reflects challenges in integrating data sets across sites and investigators over time. However, factors other than SST also can affect the timing of spawning, e.g., onset of darkness (Babcock et al., 1986), the duration of regionally calm weather (Van Woesik, 2010), food availability (Fadlallah, 1983), twilight chromaticity (Boch et al., 2011), and rainfall (Mendes and Woodley, 2002), that may introduce inter-annual (or inter-site) variance. Clearly, our dataset is currently unable to tease apart such factors, but regardless, it would suggest that several factors, primarily temperature, displayed a distinct trend for north versus south Red Sea, but to a lesser extent east versus west.

Temporal variation of spawning between west and east northern Red Sea (Hurghada vs Shushah Island) was an unexpected result, particularly they have the same latitude. Spawning at Hurghada in the northwest Red Sea for 2023 occurred approximately 7-9 days prior to full moon, however in situ spawning has not been observed at Hurghada. It is important to acknowledge that the observed slicks along Hurghada coast are assumed to originate from Acropora, and may potentially include gametes from other coral species, however the identification of the spawned coral species from slicks poses a limitation. Despite this, our gametogenesis surveys revealed that Acropora species released their eggs before the full moon, despite not knowing the exact spawning dates. This observation previously reported in 2009, 2012, and 2013 where spawning was documented 3-5 before the full moon (Hanafy et al., 2010; Attalla, 2016 – see Table S1), and in contrast to spawning on full moon at Shushah in the northeast in 2023. Similarly, anecdotal observations in 2022 further confirmed that spawning slicks were seen after the full moon (16th April) by 14 days (April 29th), which is the new moon (Ahmed Ghallab, personal observation). Such earlier spawning of corals at Hurghada compared to Shushah Island could be attributed to two potential factors. Firstly, the fluctuation and rapid changes in seawater temperature in Hurghada (see Figure 6) perhaps induced corals to release their gametes. Whilst Hurghada exhibited a lower warming rate (0.3°C per week) compared to Shushah Island (0.4°C per week) 6-weeks prior to the 2023 spawning, this warming rate was less consistent over time for Hurghada compared to Shushah (in terms of explaining warming rate by a linear regression). Intriguingly, differences in SST (ΔSST) in 3-weeks prior to spawning were similar between sites (1.3°C vs 1.4°C Shushah vs Hurghada), highlighting higher rapid warming the last few weeks before spawning (Figures 4, 6). Keith et al. (2016) demonstrated that a rapid increase in SST is a central feature in explaining spawning timing, where elevated SST expedites gamete development (Harrison et al., 1984; Babcock et al., 1986). Presumably retaining oocytes until the full moon nights under increasing SST would have imposed higher metabolic cost, and perhaps prompting coral hosts to release their gametes earlier to mitigate this demand (Leinbach et al., 2021). Our historical data suggests a correlation between warming rates and spawning timing (Figure 6), but with the current limited dataset was not significant.

In our 2023 dataset spawning timings curiously appeared to reflect a trade off in absolute temperature and prior warming rate, specifically, slower warming but higher absolute temperatures in the central Red Sea (Thuwal) versus faster warming but lower absolute temperatures (Hurghada and Shushah Island). Constant, but variable, historical high warming data in Hurghada (since 2008) may likely adjust the biological rhythm of spawning that govern cellular processes to promote spawning, however lack of repeated in situ spawning observation at Hurghada is a limitation and this is yet to be resolved in coming years. Overall, our observations align with previous research findings, where spawning day appear correlated to SST (Lin and Nozawa, 2023). Similarly, colonies of the same coral species at similar latitudes in the Great Barrier Reef, but separated by 60 km, exhibit different spawning days because of earlier SST warming (Willis et al., 1985).

Secondly, we posit that artificial light present in Hurghada (northwest Red Sea), as a result of intensive urban development, could have disrupted the natural spawning timing of corals, as compared to Shushah Island (northeast Red Sea) where such pollution is currently absent. Hurghada is a well-developed city known for experiencing significant light pollution along its coastline (Davies et al., 2023), and light pollution has been observed to disrupt gametogenesis in several Acropora species in the Indo-Pacific Ocean (Ayalon et al., 2021). Although all our survey sites were located approximately 5-15 km from the shoreline, it is possible that proximity of the Hurghada sites closer to a well-developed city with light pollution might impact the offshore reefs. Such a hypothesis warrants further investigation, especially with the accelerated development of the NEOM coastline. Coastal fringing reefs could be more susceptible to the effects of this light interference than offshore reefs. However, we do not possess in situ records of coral spawning in fringing reefs versus offshore areas to understand whether light pollution influences coral spawning, and therefore, it is a logical point for future assessments of spawning timings.

In conclusion, timing of coral spawning in the Red Sea is clearly complex and influenced by various factors that differ across its geographical span, including temperature, lunar cycles, and potentially the presence of light pollution, amongst others. Our parallel observations in 2023 of spawning behavior of Acropora corals in the central and northern Red Sea suggests distinct temporal patterns, with each site (and species) having specific temperature thresholds for oocyte maturation. These variations in temperature thresholds likely result in variations in Acropora (including multi-species) mass spawning times amongst Red Sea locations, and thus the reproductive season in the Red Sea spans from April to June for various coral species. Despite the importance of lunar cycles and moonlight in coral spawning, observations have shown that some corals (e.g., Hurghada) are likely independent of the lunar cycle and do not strictly spawn during full moon night(s). Our data suggests that such temporal and spatial patterns of coral spawning appear highly governed by SST, thereby providing a potentially useful means to predict (and model) future spawning timing for Acropora species. However, such trends similarly raise questions as to how future ocean warming might impact this timing and in turn larval dispersal pattern and connectivity of coral populations throughout the Red Sea. Effective reef management – through both preservation of source versus sink reefs as well as intervention activities that look to boost coral abundance through exploiting the sexual reproduction process – rests on resolving factors that fine tune spawning timings. Thus, continued understanding the dynamics of coral spawning throughout the region is urgent. Notably, along the Red Sea coastline where ongoing development persists, and climate change continuously influences the dynamics and temperatures of the sea surface over time.
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