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Coral reefs are facing rapid deterioration, primarily due to a global rise in seawater temperature. In conjunction, the frequency and intensity of extreme high temperature events, known as marine heatwaves (MHWs), are increasing. The Gulf of Aqaba (GoA) in the northern Red Sea is home to corals known for their thermal resilience, yet concerns have been raised regarding the potential for MHWs to put this coral refuge at risk. In summer of 2021, the hottest MHW so far occurred in the GoA, with sea surface temperatures peaking at 31°C and persisting above the local summer maximum for 34 days. To assess the physiological response of the corals Stylophora pistillata and Pocillopora damicornis to this event, we analyzed the monthly content across a year of host and symbiont proteins, carbohydrates, and lipids, pre-, during, and post the MHW, as a proxy for metabolic stress. We found that the MHW was not fatal to either species and did not induce bleaching, based on algal densities and chlorophyll content. Species-specific responses were detected. In S. pistillata, host protein content decreased (33%) at the onset of the MHW (August) compared to pre-MHW levels (July). Algal symbionts of S. pistillata were unaffected by the MHW in their maximal photosynthetic efficiency (Fv/Fm) and exhibited higher carbohydrate levels (+34%) at the end of the MHW (September) compared to its onset. In contrast, no significant catabolic response was detected in P. damicornis host or symbionts, and the maximal relative electron transport rate (rETRmax) of symbionts was 37% higher during the MHW than the annual average. These results highlight the remarkable ability of common GoA corals to withstand extreme thermal anomalies, underscoring the global significance of this coral refuge.
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1 Introduction

Coral reefs are among the most productive and biodiverse ecosystems, which support more than half a billion people as a source of food, medicinal compounds, provide coastal protection, and income from tourism and fisheries (Hoegh-Guldberg, 2011). However, coral reefs are rapidly deteriorating due to anthropogenically induced, global, and local factors (Hoegh-Guldberg et al., 2007; Hughes et al., 2017; Eddy et al., 2021), which have a deleterious synergistic effect (Donovan et al., 2021). Rising seawater temperatures pose the most immediate threat to coral reefs worldwide (Hughes et al., 2018). Corals often bleach when exposed to 1-2˚C above the local summer maximum (LSM) temperature (Hoegh-Guldberg, 1999) and may die as a result of depletion in photosynthetic products and starvation (Szmant and Gassman, 1990; Grottoli et al., 2004).

In conjunction with the consistent long-term warming, there is an increase in the intensity and frequency of extreme temperature events known as marine heatwaves (MHWs; Hobday et al., 2016; Oliver et al., 2018). MHWs are periods of at least five days of temperature above the 90th percentile of the long-term observed values in a given location during the same time of the year (Hobday et al., 2016). MHWs are characterized by their intensity (Imax= Maximum temperature above the climatological mean), onset rate (Ronset= rate of heating from peak intensity to climatological mean), and duration (Icum= the sum of daily anomalies above the climatological mean; Hobday et al., 2016).

Although long-term seawater temperature rise and acute MHWs both result in coral bleaching and consequent mortality, Fordyce et al. (2019) demonstrated graver physiological outcomes in corals during MHWs. In comparison to long-term thermal anomalies (DHW>8), corals under MHWs suffer from widespread tissue necrosis (which often precedes bleaching), widespread mass mortality coupled with fewer chances of recovery, and slower planulae recruitment (Fordyce et al., 2019). Following a MHW at Heron Island (southern Great Barrier Reef, Australia) in March 2020, significant declines in hard coral cover were reported (Brown et al., 2023). In 2019, a severe MHW in Moorea (French Polynesia) resulted in widespread size-dependent coral mortality, as high-percentage mortality of the largest Pocillopora and Acropora colonies was recorded (Speare et al., 2022). The disproportional mortality of large colonies diminished the fecundity of Pocillopora and Acropora genera by more than 60% (Speare et al., 2022). During a MHW in Hawai’i (USA) in 2019, bleaching-resistant and bleaching-susceptible phenotypes of Montipora capitata and Pocillopora compressa significantly reduced their metabolic rate and photochemical capacity (Innis et al., 2021). The outcomes of the aforementioned events and others (Shlesinger and van Woesik, 2023) are troubling due to the projections that by 2100, MHWs will occur nearly everywhere, regardless of possible variations in emissions scenarios (Frölicher et al., 2018). Hence, it was suggested that the more frequent MHWs would push marine ecosystems beyond their resilience limits (Frölicher et al., 2018).

Corals of the Gulf of Aqaba (GoA), located in the northern Red Sea, are known for their thermal resilience (Fine et al., 2013; Bellworthy and Fine, 2017; Grottoli et al., 2017; Krueger et al., 2017; Osman et al., 2018; Kochman et al., 2021). No mass bleaching event was recorded in the northern Red Sea (Osman et al., 2018). Furthermore, common GoA coral species do not bleach when experimentally exposed to 1-2˚C above the LSM (27.5˚C; Bellworthy and Fine, 2017; Krueger et al., 2017; Kochman et al., 2021) and can withstand up to 32˚C, +5˚C above the LSM (Fine et al., 2013). In in-situ and experimental studies proposed that the GoA may serve as a potential coral refuge from climate change until the end of the century (Fine et al., 2013; Osman et al., 2018; Kleinhaus et al., 2020).

While northern Red Sea reefs show high thermal resistance (Fine et al., 2013), the predicted higher frequency of MHWs in the northern Red Sea raised concern as to its potential to serve as a coral refuge (Genevier et al., 2019). While there were no recordings of MHWs in the GoA until 2015 (Genevier et al., 2019), in July 2017, two consecutive MHWs with exceptionally high onset rates occurred. During the first event, thermally stressed fish belonging to dozen of species died (Genin et al., 2020). This was explained by the increased virulence of a pathogenic Streptococcus iniae, triggered by the rapid onset of the MHWs, rather than the peak temperature (Genin et al., 2020). No visible bleaching or coral mortality was seen in the reef during the same period (Israel National Monitoring Program of the Gulf of Eilat, 2017). In August 2021, the hottest MHW on record occurred in Eilat, with SST (sea surface temperature) reaching 31˚C (Israel National Monitoring Program of the Gulf of Eilat, 2021). The onset rate of the MHW was milder than in 2017, yet of higher intensity and duration. Nevertheless, no mass fish mortality or coral bleaching was reported during the MHW of 2021 (Israel National Monitoring Program of the Gulf of Eilat, 2021).

Although coral bleaching is the most distinct symptom of thermal stress, higher than optimum temperatures (in which an organism has the greatest synchronization of molecular, cellular, and systemic processes; Pörtner and Farrell, 2008) can trigger benign but life-preserving metabolic processes in the coral host, while the association of the host-algae remains intact (Rädecker et al., 2021). Innis et al. (2021) demonstrated pronounced metabolic depression even in bleaching-resistant corals during a MHW in Hawai’i (2021). While lowering metabolic rates allows short-term survival, it may have deleterious effects on the ecological success and energetic status of the coral holobiont in the long term (Pörtner and Farrell, 2008), and consequently reduced feeding (Ferrier-Pagès et al., 2010), calcification rates (Cantin and Lough, 2014), and reproduction output (Baird and Marshall, 2002).

While coral physiology under climate change scenarios in the GoA is well-studied (Fine et al., 2013; Bellworthy and Fine, 2017; Krueger et al., 2017; Kochman et al., 2021), as well as their response to short-term thermal anomalies (Evensen et al., 2021; Savary et al., 2021), an ecologically-relevant, in-situ assessment to the frequent and intensifying MHWs is lacking. Understanding how thermally resistant corals respond to a naturally occurring MHW will shed light on their capacity to endure future ocean conditions. In this study, we examined the monthly physiological response of two common, branching coral species across a year, encompassing a category II (strong) MHW (sensu Hobday et al., 2018), while focusing on changes in host and symbiont energy reserves as a proxy for metabolic stress.




2 Materials and methods



2.1 Environmental conditions

The maximal daily temperature (Figure 1A) was computed by extracting and averaging the maximal daily temperatures measured from 2-m depth, 50-m from the sampling site, from the website of the National Monitoring Program (NMP) of the Gulf of Eilat (Israel National Monitoring Program of the Gulf of Eilat, 2021). The long-term climatology data for the characterization of the MHW (sensu Hobday et al., 2018; Section 2.4) consisted of daily temperature from August 1st until September 5th of the last 33 years (1988-2021), since measurements began near the Inter-university Institute (IUI) for Marine Sciences in Eilat, Israel. These dates were chosen since they led to bleaching alert area 3 and 8- degrees heating weeks (NOAA, 2021).




Figure 1 | (A) Maximal daily temperature from February 2021 to January 2022 (Israel National Monitoring Program of the Gulf of Eilat, 2022). Horizonal line indicates the monthly mean maximum of Eilat (27.5˚C, NOAA). Sampling dates are specified above the vertical dashed lines. The shaded red area denotes the marine heatwave. (B) Averaged monthly temperature, based on NOAA coral reef watch for the Gulf of Aqaba (NOAA, 2021). The 30-year average of years 1991-2021 (in black), the 10-year average of years of 2011-2020 (gray), and the experimental period of 2021-2022 (in red). Error bars are standard deviations.



Averaged monthly seawater temperature during this study (2021-2022), the 10-year (2011-2021) and the 30-year average (1991-2021) are presented in Figure 1B. Daily temperature was extracted (NOAA, 2021) by averaging the daily max and min sea surface temperatures using satellite imagery, and the average monthly temperature was calculated.




2.2 An in-situ, monthly assessment of coral and symbiont physiology before, during and after a marine heatwave

Eight tagged Stylophora pistillata and Pocillopora damicornis parent colonies (23 ± 4 cm and 21 ± 2.5 cm radius, respectively) were sampled monthly (surface area of 4.5 ± 2.6 cm2) with a cutter into an individual ziplock bag from February 2021 until January 2022 (n=1 fragment per parent-colony) from the coral nursery of the IUI (29°30’N, 34°55’E). The sampled coral colonies were collected in different locations along Eilat’s coast. Therefore, it is unlikely that these colonies are genetically identical. All parent colonies were maintained at a depth of ~7 m. Overall, 192 coral nubbins were sampled. Given the large size of the parent colonies and the small fragment number and size, it was assumed that the repeated sampling did not cause significant stress to the colonies. Sampling dates were apart by 31 ± 9 days (Figure 1A).

The two examined branching coral species are of the family Pocilloporidae. Both have small polyps, are thermally resistant in the GoA (with P. damicornis considered more thermally resistant; Grottoli et al., 2017), and are mainly autotrophic (Alamaru et al., 2009; Tremblay et al., 2016; Dobson et al., 2021). S. pistillata shallower than 17 m hosts mainly Symbiodinium algal symbionts (Lampert-Karako et al., 2008; Byler et al., 2013), while P. damicornis harbors Cladocopium in the northern GoA (Karako-Lampert et al., 2004).



2.2.1 Pulse amplitude modulated fluorometry

Following 20-minute dark acclimation (Jones et al., 1998; Hoegh-Guldberg and Jones, 1999; Warner et al., 1999), the collected coral nubbins were exposed to rapid light curves (RLC; Ralph and Gademann, 2005) to assess the quantum yield of photosystem II (PSII) to increasing PAR (0 to 701 μmol photons m-2 s-1), using an Imaging-PAM (I-PAM, Walz, GmbH, Effeltrich, Germany). Maximal quantum yield (Fv/Fm) was computed by Fm-Fo/Fm, as Fm and F0 are the maximal and minimal fluorescence, respectively, following the dark acclimation. Relative electron transport rate (rETR) was calculated as Y(II)*PAR*0.5 (Ralph and Gademann, 2005). Maximal rETR (rETRmax) is the maximal rate for each nubbin. A curve of rETR by PAR was generated for each sample using R (version 3.6). Photosynthetic efficiency (alpha) was calculated as the slope of the curve in light-limiting irradiance. Saturating irradiance (iK) was computed by iK= rETRmax/alpha. Reduced Fv/Fm, rETRmax, alpha, and iK values suggest malfunctioning photosystem II.

Measurements for P. damicornis in December 2021 were not performed due to technical issues. Following chlorophyll fluorescence measurements, the nubbins were flash-frozen and kept at -80˚C until further processing.




2.2.2 Algal density and chlorophyll content

Tissue of the coral nubbins was blasted off using an airbrush into 5 ml of ice-cold PBS (pH 7.4, Sigma-Aldrich) and was then homogenized manually using a mortar and a pestle.

Algal density subsamples (96 μl) were fixed using 4% formaldehyde and then counted by a fluorescent cell counter (DeNovix CellDrop FL; Pi, 40μl, n=4/sample).

Chlorophyll subsamples (1 ml) were centrifuged (Sigma 4K15, 5000 rpm, 5 min, 4˚C), the supernatant discarded, and the chlorophyll in the pellet extracted (1 ml of 100% acetone, 24-h incubation in 4˚C). Extracts were loaded in triplicates in acetone-resistant plates, and their absorbance was read in a spectrophotometer (Biotek HT Synergy). Chlorophyll content was calculated based on Jeffrey and Humphrey (1975).

Algal density and host macromolecules (proteins, carbohydrates, lipids) were normalized by the surface area of the dry coral skeleton using the single wax dipping method (Veal et al., 2010). Chlorophyll and the macromolecules of the algal symbionts were normalized by the algal cell count.




2.2.3 Proteins, carbohydrates, lipids, and total energy

A subsample of tissue slurry was centrifuged (1 ml; 700 g, 10 min, 4˚C) to separate fractions of the coral host and algal symbiont. The supernatant was kept as a host fraction. The algal pellet was washed in PBS, centrifuged (700 g, 5 min, 4˚C), and resuspended in 1 ml PBS. Later, the symbiont fraction was sonicated (ultrasonic cleaner, DCG-120H, MRC, 10 min, 4˚C) to break the algal cells. The proteins, carbohydrates, and lipids content were determined for both host and symbiont fractions of every sample. Macromolecule assays were conducted as in Kochman et al. (2021). Briefly, proteins were quantified using the improved Bradford method (Zor and Selinger, 1996), as Bovine Serum Albumin served as a standard, and reading in a spectrophotometer (Biotek HT Synergy; 450 and 595 nm).

Carbohydrates were determined using the Sulphuric acid-phenol method, with glucose as the standard (Masuko et al., 2005) and reading in a spectrophotometer (Biotek HT Synergy; 490 nm).

Lipids content was determined by the sulphu-phospho-vanillin assay, with corn oil as standard (Cheng et al., 2011) and reading in a spectrophotometer (Biotek HT Synergy; 540 nm).

Total energy was calculated by multiplying the content of each macromolecule by its relative combustion enthalpy (Gnaiger and Bitterlich, 1984) and then summing them (Grottoli et al., 2017). Total energy includes structural and stored macromolecules, yet structural lipids can be used as reserves under stressful conditions in corals (Rodrigues et al., 2008; Imbs and Yakovleva, 2012). To improve accuracy, total energy consists of values not identified as outliers in any specific macromolecule.





2.3 Excursion of physiological parameters from seasonal range during the MHW

The effects of the MHW can be better interpreted for every parameter while considering the excursion from the seasonal range (anomaly; Tables 1, 2). The seasonal range includes the average monthly maximum and minimum values, excluding values in August- during the peak of the MHW. Therefore, if values in August are beyond the seasonal range, differ from the annual average, and are significantly different from the adjacent months, it may suggest a physiological effect induced by the MHW.


Table 1 | Seasonal variation (averaged maximum and minimum monthly values, excluding August), and averaged values during the MHW (August) ± STD in Stylophora pistillata.




Table 2 | Seasonal variation (averaged maximum and minimum values, excluding August), and averaged values during the MHW (August) ± STD in Pocillopora damicornis.






2.4 Simulated marine heatwave analysis

Thermal stress scenarios in Kochman et al., 2021 were categorized following Hobday et al., 2018 (see section 4). The 31-year climatology and its 90th percentile were calculated (Israel National Monitoring Program of the Gulf of Eilat, 2017). An average delta between the climatology and the 90th percentile of the climatology was computed. This delta (threshold) and its multiples (X2, X3, X4, X5) were plotted and were used to determine the maximum intensity of the simulated marine heatwaves, of 31˚C and 33˚C for 10 days, with an Ronset= +1˚C/day. The marine heatwave was categorized as more severe as it crossed a higher threshold.




2.5 Statistical analysis

Raw data was visualized to evaluate the distribution and examine potential outliers. Then, for each dependent variable in each species, a linear mixed effects model was performed (lmer, R package: {lme4}; Bates et al., 2014), with the fixed factor “month” and the random factor “parent colony”. Species were not tested as a fixed factor in the model, since the values between species were distinctly different in most parameters. P-values and F-statistics (Table 3) were achieved using the command “anova” (anova, R package: {stats}). The impacts of the fixed and random factors on the model fit were calculated using the r.squaredGLMM function (R package: {MuMIn}((Barton, 2020))). The proportion of variance explained by the fixed factors only is denoted by the marginal R2 value, while the proportion of variance described by random and fixed factors is the conditional R2 value, thus enabling the detection of colony effects. Equal variance and normal distribution of residuals were tested as model assumptions. If these were met and the results of the model were significant (p-value < 0.05), Tukey post-hoc was conducted to determine which of the months were significantly different (lsmeans, R package: {emmeans}, adj = ``tukey’’ (Lenth et al., 2018). PERMANOVA were performed if model assumptions were violated (adonis, R package: {vegan})(Oksanen, 2007)). All graphics and statistical tests (R package: {ggplot2}(Wickham, 2016)) were generated in Rstudio version 3.6 (https://www.r-project.org/; R Core Team, 2020).


Table 3 | Statistical analyses of differences in physiological parameters between months by species.







3 Results



3.1 Environmental conditions

In summer 2021, a category II MHW occurred in the reef of Eilat, GoA (Figure 1A) with an onset rate of 3.2˚C over five days (Maximum temperature above the climatological mean (Imax)=3.5˚C, mean temperature above climatological mean (Imean)=1.9 ˚C, the sum of daily anomalies above the climatological mean (Icum)=70, rates of heating and cooling from peak intensity to climatological mean (Ronset and Rdecline=0.3). Sea surface temperature (SST) peaked at 31˚C (+3.5˚C above the LSM of 27.5˚C; Israel National Monitoring Program of the Gulf of Eilat, 2021), making it the warmest MHW on record in the northern Gulf of Aqaba. This temperature anomaly (Figure 1B; Supplementary Figure 1) persisted for 34 days, reaching 8˚-heating weeks and bleaching alert level 2 (NOAA, 2021) with no signs of bleaching in the reef (Israel National Monitoring Program of the Gulf of Eilat, 2021).




3.2 Monthly in-situ assessment of coral and symbiont physiology before and after a marine heatwave



3.2.1 Algal density and chlorophyll content

Algal density of S. pistillata and P. damicornis (Figures 2A, C, respectively) remained similar across the MHW (pre, during, and post MHW; July-September) but overall had higher symbiont densities in winter (December, January-February) than summer (June-September; Table 3). Stylophora harbored on average 2-fold more symbionts per surface area than Pocillopora. Variation in symbiont densities among parent colonies in Stylophora was higher than that of Pocillopora (Table 3).




Figure 2 | Algal density and chlorophyll concentration of Stylophora pistillata (A, B) and in Pocillopora damicornis (C, D), from February 2021 to January 2022. n=8. Shaded red area denotes the marine heatwave. Boxes display the median line, the first and third quartiles (box outline) and whiskers are 1.5 times the interquartile range. Colored points denote coral parent-colony, consistent to all plots. Black points are outliers. Letters of upper and lower cases denote significant differences between months (Linear Mixed Effect Model and Tukey post-hoc test).



Chlorophyll-a concentrations (Figures 2B, D) in symbionts of both species did not vary significantly across the MHW (Table 3), but were lower during the MHW than the annual average by 4% (Stylophora), and by 2% in P. damicornis (Tables 1, 2). Variation in chlorophyll concentration among parent colonies in Pocillopora was higher than that of Stylophora (Table 3).




3.2.2 Pulse amplitude modulated fluorometry

Significantly higher maximum quantum yields of photosystem II (Fv/Fm) in S. pistillata (+6%; Figure 3A) and P. damicornis (+12%; Figure 3E) were detected during May-January, encompassing the MHW, compared to late winter-spring (February-April), before the MHW. Rapid light curves (Supplementary Figure S2; Table 3) indicated that the maximal relative electron transport rates (rETRmax; Figure 3B) in S. pistillata were 45% higher following the MHW (September-November) than before it began (July), and significantly higher than all other months. rETRmax in P. damicornis (Figure 3F) did not vary across the MHW but were overall higher (+40%) in late summer-fall (including the MHW period), compared with winter-spring, before the MHW. Stylophora and Pocillopora presented higher (24 and 37%, respectively) rETRmax values than the annual average during August (Tables 1, 2).




Figure 3 | Maximal quantum yield (Fv/Fm; A, E), maximal rETR (rETRmax; B, F), iK (C, G) and alpha (D, H) of Stylophora pistillata and Pocillopora damicornis symbionts, respectively, from February 2021 to January 2022. n=8. The shaded red area denotes the marine heatwave. Boxes display the median line, the first and third quartiles (box outline) and whiskers are 1.5 times the interquartile range. Colored points denote coral parent-colony, consistent to all plots. Black point are outliers. Letters of upper and lower cases denote significant differences between months (Linear Mixed Effect Model and Tukey post hoc test).



Following the MHW, the iK values (Figure 3C) in September were highest for S. pistillata, and 47 and 36% higher than in July and August, respectively. The photosynthetic efficiency under low irradiances, alpha (Figure 3D), was the highest across months at the onset of the MHW and significantly higher compared to July (14%) and September (12%; Table 3). Alpha values in Stylophora symbionts during August were substantially higher compared to values in winter (December, January, February), spring (March-May), and early summer (June).

The iK values of the symbionts of P. damicornis (Figure 3G) did not vary during the MHW. However, higher iK values were seen during summer-fall (July-November) relative to winter-spring. Alpha values of the P. damicornis symbionts (Figure 3H) were 11 and 13% higher in July and August, respectively, compared to September.

Taken together, all photosynthetic parameters in symbionts of both species were higher during the MHW compared with the annual average (Tables 1, 2).




3.2.3 Proteins, carbohydrates, lipids, and total energy

The two examined species demonstrated distinct responses to the MHW.

S. pistillata

During the MHW (August), the only, but significant catabolic response was a decline of 33% in host proteins (storage and structural) compared to July, before the MHW (Figure 4A; Table 3), and 24% lower than the annual average (Table 1). Recovery of host protein levels was recorded by January. Symbionts, however, had more proteins (12%) during the MHW relative to the annual average (Figure 4E). The parent colony identity may explain 26% of the variability of host proteins and 15% of the symbiont protein content.




Figure 4 | Stylophora pistillata host proteins (A), carbohydrates (B), lipids (C) and total energy reserves (D) and symbiont proteins (E), carbohydrates (F), lipids (G) and stored energy reserves (H), from February 2021 to January 2022. n=8. Shaded red area denotes the marine heatwave. Boxes display the median line, the first and third quartiles (box outline) and whiskers are 1.5 times the interquartile range. Colored points denote coral parent-colony, consistent to all plots. Black points are outliers. Letters of upper and lower cases denote significant differences between months (Linear Mixed Effect Model and Tukey post hoc test or PERMANOVA).



Host carbohydrates did not differ before and after the MHW, yet fewer carbohydrates were detected during summer months relative to the annual average (Figure 4B; Table 1), and significantly lower (50%) than in April, when carbohydrates were highest (Table 3). The symbiont carbohydrates increased by 33% from the onset (August) to the end of the MHW (September), with the lowest content measured in August and the highest in spring (Figure 4F). 22% of the variability in host carbohydrates, and 46% of the symbiont carbohydrates, may be explained by the parent-colony identity.

Host lipids were similar before, during, and after the MHW, with the lowest values seen during August (Figure 4C). Host lipids during the MHW were lower (40%) than the annual average (Table 1). In contrast, symbiont lipids increased by 41% compared to their seasonal average (Figure 4G; Table 1).

The total energy of the host was lowest at the onset of the MHW (Figure 4D), substantially lower than in late spring and early winter, and lower (34%) than the annual average (Table 1). In contrast, symbionts’ total energy presented the highest values across summer (Figure 4H), with higher values (9%) than the seasonal average (Table 1).

P. damicornis

Host proteins (storage and structural) did not alter significantly during the MHW (Figure 5A) yet were higher (7%) than the annual average (Table 2). The total proteins of symbionts did not differ significantly across seasons and through the MHW (Figure 5E). However, symbiont protein declined by 7% relative to the seasonal average during the MHW (Table 2). The parent-colony identity may explain 20% of the overall variability in host proteins and 13% in symbiont proteins (Table 3).




Figure 5 | Pocillopora damicornis host proteins (A), carbohydrates (B), lipids (C) and total energy reserves (D) and symbiont proteins (E), carbohydrates (F), lipids (G) and stored energy reserves (H), from February 2021 to January 2022. n=8. Shaded red area denotes the marine heatwave. Boxes display the median line, the first and third quartiles (box outline) and whiskers are 1.5 times the interquartile range. Colored points denote coral parent-colony, consistent to all plots. Black points are outliers. Letters of upper and lower cases denote significant differences between months (Linear Mixed Effect Model and Tukey post hoc test or PERMANOVA).



Host carbohydrates did not vary before and after the MHW, with the highest content measured in April-May (Figure 5B). Similarly, symbiont carbohydrates remained similar across the MHW, yet values at the onset of the MHW were considerably lower compared to values in spring (Figure 5F). Both host and symbiont carbohydrates declined during the MHW by 21 and 46%, respectively, than their annual average (Table 2). The parent colony identity may explain 8% of the overall variability of host carbohydrates and 20% of the symbiont carbohydrates (Table 3).

Host and symbiont lipids did not vary considerably throughout the MHW nor across months (Figures 5C, G, respectively). However, host lipids increased during the MHW by 24%, and symbiont lipids decreased by 2%, than their annual average (Table 2).

The total energy of P. damicornis host and symbionts (Figures 5D, H) did not differ before and after the MHW. However, substantially higher total energy of the host was recorded in August and spring compared to fall months (October and November). Total energy during the MHW in host and symbionts was higher (20%) and lower (11%), respectively, than their annual average (Table 2).






4 Discussion

In this study, we examined the response of common GoA corals, a potential coral refuge from climate change, to a naturally occurring MHW. The results highlight the remarkable resilience of GoA corals to MHWs with no mortality, bleaching, photosynthetic deficiency, and lethal catabolic effects. These results are different from the outcomes of MHWs reported from coral reefs in the Great Barrier Reef (Leggat et al., 2019; Brown et al., 2023), Andaman Sea (Krishnan et al., 2011), Western Australia (Depczynski et al., 2013), and Seychelles (Spencer et al., 2000), all resulting in mass coral bleaching and mortality (reviewed in Shlesinger and van Woesik, 2023).

A monthly in-situ physiological baseline for these species on this site is lacking. However, Pocillopora verrucossa sampled along a 12˚ latitudinal gradient, ranging from the GoA to the Farasan Islands in the southern Red Sea, had consistent protein values in summer (September) than in winter (March; Sawall et al., 2015), similar to P. damicornis in this study during the same months. However, P. verrucossa exhibited higher lipid content in summer (Sawall et al., 2015), whereas here P. damicornis had similar lipid values.

Species-specific physiological plasticity is the ability of different species to adjust their physiology in response to changing environmental conditions (Ziegler et al., 2014; Hoadley et al., 2015). During periods of food scarcity, such as under thermal stress when photosynthates are retained by the symbionts (Rädecker et al., 2021; Allen-Waller and Katie, 2023), corals reduce their metabolism to conserve energy (Innis et al., 2021), and some increase heterotrophy (Grottoli et al., 2006). Species that fail to sustain their energetic needs may perish, leading to rapid shifts in coral community composition or phase shifts to algal dominance (Loya et al., 2001; Fordyce et al., 2019).

In this study, the only significant change in coral physiology during the MHW was in Stylophora pistillata, which had significantly reduced protein levels compared to July, before the MHW. Proteins, the most functional macromolecule group, are crucial in repairing and stabilizing physiological processes impacted by elevated temperatures in corals (Gates and Edmunds, 1999). Proteins vary in abundance during thermal stress based on their function (Petrou et al., 2021); Calcium-binding, antioxidants, and heat shock proteins (HSPs) are induced during cellular damage and stress responses in corals (HSPs; Barshis et al., 2013; Petrou et al., 2021; Savary et al., 2021). However, their abundance can also be temporal, as HSP70, a well-known HSP in corals, may present varying levels under constant thermal stress, suggesting that rapid protein turnover provides flexibility and acclimatization potential (Gates and Edmunds, 1999). In addition, Stylophora significantly decreased feeding rates at 31°C (Ferrier-Pagès et al., 2010), potentially leading to scarcity of building blocks for protein synthesis. A study on RNA expression, the precursor to protein synthesis, revealed that S. pistillata from the GoA rapidly elevated its gene expression while demonstrating transcriptional resilience and recovery abilities up to 32°C (Savary et al., 2021). A high-resolution proteomic research approach could serve as a fruitful research field in GoA corals to better understand the functions of the coral host proteins under thermal stress and oxidative damage.

Although Pocillopora had considerably lower energy reserves baseline levels (proteins:-41%, carbohydrates:-45%, lipids:-34%) than Stylophora and harbored the relatively sensitive Cladocopium symbiont (Karako-Lampert et al., 2004), it maintained its energy reserves during the MHW. Therefore, P. damicornis may be more thermally-resilient than S. pistillata (this study; Sebastián et al., 2009; Grottoli et al., 2017).

The physiological responses of the two holobionts in the present study were to a category II (strong) MHW, with a maximal intensity (Imax) of 3.5˚C and an onset rate (Ronset) of 0.3 (Hobday et al., 2016; Hobday et al., 2018). While an onset rate of +1˚C/day was found to affect bleaching severity under simulated MHW in corals of Western Australia (Sahin et al., 2023), in studies conducted in the GoA, the temperature was often ramped by +1˚C/day without inducing signs of physiological stress (Bellworthy and Fine, 2017; Kochman et al., 2021).

S. pistillata from the northern GoA can survive a simulated category IV (extreme) MHW (31˚C; Imax=5.9, Ronset=1˚C/day; Figure 6; Kochman et al., 2021). Survival was genotype-specific when inflicted with a category V MHW (33˚C; Imax=7.8, Ronset=1˚C/day). The capacity of S. pistillata to endure the hottest MHW in-situ and a simulated, more intense MHW emphasize the high temperatures this species can withstand in the GoA (up to 33°C; Voolstra et al., 2021). Nonetheless, the remarkable resistance of GoA corals to future ocean conditions may be jeopardized by local pollutants (Hall et al., 2018; Banc-Prandi and Fine, 2019; Fine et al., 2019), yet mitigating local stressors may assist in coral recovery following MHWs (Donovan et al., 2021).




Figure 6 | Simulated marine heatwaves (data taken from Kochman et al., 2021) categories after Hobday et al. (2018). Black lines represent the 31-year regional climatology (thick line; Israel National Monitoring Program of the Gulf of Eilat, 2017), the 90th percentile climatology (thin line), and multiples (X2, X3, X4, X5) of the delta between the 90th percentile and the long-term climatology during the dates of the experiment. The temperature treatments are depicted for ambient control (blue), the 31˚C (light orange), and 33˚C (dark orange) treatments.



As the occurrence of MHWs raised by 2-fold in the last decade (Oliver et al., 2018) and half of the oceans are projected to reside in a permanent MHW by the end of the century (Oliver et al., 2019), it is of great interest to better understand the species-specific plasticity and resilience mechanisms of GoA corals, a potential coral refuge (Osman et al., 2018). MHWs were not recorded in the GoA in the last decades until 2015 (Genevier et al., 2019), and there are no studies predicting their intensity and frequency in the near future. More research is needed to identify how multiple coral species in a potential coral refuge respond to different intensities, frequencies, and onset rates of both ambient and simulated MHWs. Finally, this unique coral refuge may serve as a source of propagules in more southern, damaged reefs in the Red Sea (Fine et al., 2019).
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Supplementary Figure 2 | Averaged relative electron transport rate (rETR) of Stylophora pistillata (A) and Pocillopora damicornis (B) symbionts to increasing light intensity (0 to 701 μmol photons m-2 s-1) from February 2021 to January 2022. n=8.
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