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ARTICLE INFO ABSTRACT

Avrticle History: The Red Sea, particularly its northern region, has long been regarded as a
Received: July 19, 2025  thermal refuge for coral reefs due to their remarkable resilience to elevated
Accepted: Aug. 20, 2025 sea surface temperatures associated with climate change. However, this
Online: Sep. 3, 2025 perception has been increasingly challenged by recent mass bleaching
events recorded in 2012, 2020, 2023, and most recently in 2024. This study

systematically evaluated coral resilience patterns following the September
2023 mass bleaching event along the southern Egyptian Red Sea coast.
During the summer of 2023, prolonged marine heatwaves in the
northwestern Red Sea (Egyptian coast) triggered a severe bleaching event,
with sea surface temperatures (SST) exceeding the summer monthly
maximum mean (MMM; >32°C), the established bleaching threshold, from
July to October. Post-bleaching assessments revealed significant
interspecific and colony-level variability in resilience. While some corals
exhibited full recovery, others suffered high mortality, with site-specific
recovery rates ranging from 34 to 56%. Massive corals, particularly Porites,
demonstrated the highest resilience (82% recovery), whereas branching
genera such as Acropora and Stylophora showed the lowest recovery rates
(29-31%) and the highest mortality (52% for Acropora sp.). Surprisingly,
depth (2— 10m) and cross-shelf position (inshore vs. offshore) had minimal
influence on recovery outcomes, suggesting that coral responses were
primarily shaped by species-specific traits, microbiome composition, and
local environmental conditions. Despite the Red Sea’s reputation as a
thermal refuge, the 2023 event underscores that even thermally tolerant
reefs are highly vulnerable to prolonged heat stress. These findings highlight
the urgent need for targeted conservation strategies, including microbiome-
assisted resilience interventions, to safeguard these critical ecosystems in
the face of intensifying climate-driven bleaching events.
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INTRODUCTION
Over the past three decades—the warmest globally on record—rising sea surface

temperatures (SST) have triggered four pan-tropical mass coral bleaching events,
occurring in 1998, 2010, 2016, and 2020, all linked to anthropogenic climate change
(Berkelmans et al., 2004; Hughes et al., 2017a). Among these, the 2016 event was
exceptionally severe, affecting more than 60% of global coral reefs, a fourfold increase in

Indexed in (SC€OPUS {11 LLSEVIER “UcAT
RN



mailto:hadeer_abdo@science.suez.edu.eg

16 Ismail et al., 2025

impact compared to the 1998 and 2010 events (Hughes et al., 2017a). Compounding this
threat, coral recovery rates have drastically declined, dropping from an average of 27
years between bleaching events in the 1980s to just 5 years by 2016. This trend is
strongly correlated with rising global temperatures (Hughes et al., 2018). The accelerated
frequency and intensity of bleaching events underscore a critical threat to the long-term
viability of coral reefs. Under current projections, bleaching events will worsen by 2050,
further shortening recovery windows (Van Hooidonk et al., 2016). Even under the Paris
Climate Agreement’s 1.5°C warming target, 70-90% of global reefs face potential
mortality (Kleinhaus et al., 2020). Despite these alarming trends, few studies have
thoroughly examined coral adaptive capacity, leaving critical gaps in understanding how
reefs might persist in a rapidly warming ocean (Baskett et al., 2010; Bay et al., 2017;
Matz et al., 2018).

Coral recovery following bleaching events is influenced by a combination of
ecological, environmental, and biological factors. Resilience—the capacity of corals to
resist and recover from stress—depends on the coral holobiont's ability to regain
symbiotic zooxanthellae (Symbiodiniaceae), maintain a stable microbiome, and repair
tissue damage (Hughes et al., 2019). The loss of zooxanthellae during bleaching disrupts
coral energetics, but some corals can either repopulate their symbionts from the
environment or retain thermally tolerant clades, enhancing recovery (Torda et al., 2017).
The prokaryotic microbiome associated with corals also plays a critical role in resilience
by facilitating nutrient cycling, pathogen resistance, and stress adaptation (Peixoto et al.,
2017). Post-bleaching shifts in microbial community composition may either enhance
recovery and increase coral resilience (e.g., through proliferation of beneficial taxa) or
accelerate deterioration (e.g., through pathogen dominance) (McDevitt-Irwin et al.,
2017).

Environmental conditions such as water quality, temperature stability, and
herbivory can further mediate recovery by reducing algal competition and facilitating
coral recruitment (Graham et al., 2015). However, repeated bleaching events, combined
with pollution and ocean acidification, can disrupt both symbiont and eukaryotic
microbiome stability, compromising resilience and triggering ecosystem shifts (Peixoto
etal., 2017; Maher et al., 2019).

Nevertheless, corals in the Red Sea are known for their remarkably high resilience
and their ability to thrive in extreme environmental conditions, including summer SSTs
that can exceed 32°C (Eladawy et al., 2022). Despite this resilience, the specific adaptive
strategies of the Red Sea corals to cope with extreme thermal conditions remain poorly
understood. Hypotheses suggest that these corals may possess unique molecular and
metabolic traits not found in other reef systems (Osman et al., 2018; Voolstra et al.,
2021). Corals in this region are adapted to their unique geographical and physiological
limits, making them exceptionally resilient (Fine et al., 2013). This resilience highlights
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the Red Sea coral reefs as novel candidates for future studies of coral survival under
climate change, thereby contributing to the development of effective global conservation
and restoration strategies.

Egypt’s coral reefs, which span approximately 400km along the western coast of
the northern Red Sea, represent a critical portion of the region’s biodiversity and are
increasingly recognized as a potential thermal refuge under climate change (Osman et
al., 2018). Unlike other reefs, those in the northern Red Sea, particularly in Egypt, exhibit
remarkable thermal resilience with bleaching thresholds up to 5-6°C above summer
maxima, attributed to local adaptation and historical selection (Fine et al., 2013;
Voolstra et al., 2021). However, bleaching events have impacted Egypt’s reefs, though
predominantly in the southern region, where temperatures exceed regional averages. This
thermal gradient has created a distinct bleaching susceptibility threshold, with southern
reefs experiencing two to three times greater bleaching prevalence than northern reefs
during thermal stress events (Hanafy & Dosoky, 2023; Hanafy & Salem, 2024). For
instance, the 2012 and 2020 bleaching events caused moderate bleaching in southern
Egyptian reefs (Dosoky et al., 2021).

The aim of this study was to assess the resilience of southern Egyptian coral reefs
to the 2023 bleaching event, with a focus on understanding the recovery potential of
various coral genera in response to thermal stress. By evaluating the effects of bleaching
severity, depth, and reef location on coral recovery, this study seeked to identify patterns
of resilience among different coral species and their associated habitats. Moreover, it
aimed to fill the existing knowledge gap regarding genus-specific responses to bleaching,
thereby providing critical insights for effective conservation and management strategies
in the face of ongoing climate change.

MATERIALS AND METHODS

1. Study area and thermal conditions

In the summer of 2023, satellite-derived SST reached unusually high levels across
the Red Sea (Fig. 1). Along the Egyptian coast, southern coral reefs from Marsa Alam to
Shalateen experienced prolonged thermal stress, with temperatures exceeding 30°C for
more than three months (July—October). This resulted in widespread bleaching across
many southern reefs, whereas northern reefs remained relatively unaffected, with no
significant heat-induced bleaching reported (Hanafy & Dosoky, 2023).
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2. Site selection

Coral resilience was assessed in the southern region (between 24.23° N and
25.24° N), spanning from Marsa Alam to Lahami. Sites were chosen based on their
minimal exposure to anthropogenic impacts and their location within the 2023 bleaching
zone (Fig. 1). The selection also allowed for comparisons of coral resilience across
shallow (2-5 m) and deeper waters (8-10 m), as well as between inshore and offshore
reefs (Table 1). Additionally, these sites were characterized by high coral diversity,
ensuring the representation of the genera included in this study.

Table 1. Number of tagged coral colonies in the study sites. A total of 288 colonies
belonging to six coral genera were checked in September 2023 for their responses to
bleaching event. Subsequently, the same colonies were re-checked in November 2023 to
assess their response to recovery.

Site Latitude | Longitude Reef Depth
(°N) (°E) system | 2-5m | 8-10m
Marsa 25.24454 34.79679 Inshore 26 13
Shagara
Gottaa 25.07592 34.93673 Offshore 4 13
Marsa Nakari | 24.92665 34.96237 Inshore 25 22
Gorgonia 24.70467 35.09097 Inshore 21 24
Reef
Keshta 24.67241 35.13323 Offshore 23 19
Shelineat 24.66863 35.13111 Offshore 24 24
Lahmi 24.23791 35.41597 Inshore 28 22
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Fig. 1. Location of the study sites along the Egyptian coast of the Red Sea. The two maps depict
the mean SST(°C) during September (bleaching event), and November 2023 (recovery).

3. Coral genera and tagging of colonies

In September 2023, a total of 288 bleached colonies representing six key coral
genera were tagged at the study sites using uniquely numbered labels secured with rubber
straps. Colonies were carefully selected to capture varying degrees of bleaching severity.
The chosen genera were also selected based on their dominance and prevalence across the
Egyptian Red Sea reefs, making them suitable indicators for assessing reef recovery
potential in the southern region. These included Montipora (n = 52), Acropora (n = 48),
Pocillopora (n = 55), Stylophora (n = 34), Porites (n = 49), and the non-scleractinian
coral Millepora (n = 50). The same colonies were reassessed in November 2023 to
evaluate post-bleaching recovery and resilience.

4. Assessing bleaching severity and recovery of corals

At the colony scale, bleaching severity was assessed visually using a 1-6 scoring
system from the coral health chart (Hoegh-Guldberg et al., 2006). Each colony was
evaluated in situ at five points across its entire surface. Based on the mean score,
bleaching severity was categorized into four classes: Moderate (26-50%), High (51—
75%), Severe (76-99%), and Complete (100%).
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Coral recovery was assessed using a five-point scale (0-1), where 0 indicated
‘dead’ and 1 indicated ‘live.” Colonies were then classified into three categories: Totally
Recovered (all points scored 1), Partially Recovered (at least one point scored 0), and
Totally Dead (all points scored 0).

5. Statistical analysis

To analyze coral recovery following the 2023 bleaching event, several statistical
methods were applied. Shapiro—Wilk and Levene’s tests were used to assess data
normality and homogeneity, respectively. The one-way analysis of variance (ANOVA)
tested the differences in the relative frequencies of fully recovered, partially recovered,
and totally dead colonies among study sites, depth ranges (shallow vs. deep), and reef
locations (inshore vs. offshore). Post hoc Dunn’s test was used to identify specific
differences in recovery rates across bleaching severity categories.

Bray—Curtis dissimilarity matrices were generated to evaluate similarities in coral
recovery responses between study sites and among coral genera. A dendrogram based on
these matrices was constructed to visualize clustering patterns of recovery. Principal
coordinates analysis (PCoA) was performed to illustrate relationships among coral genera
based on their recovery patterns, using the ggplot2 (Wickham, 2009) and vegan package
(Oksanen, 2015) in R. In addition, permutational multivariate analysis of variance
(PERMANOVA, 999 permutations) (Anderson, 2001) was conducted to test for
significant differences in recovery potential among coral genera.

All statistical analyses were performed in R (v4.4.2), and statistical significance
was determined at P< 0.05.

RESULTS

1. Resilience of southern Egyptian coral reefs to 2023 bleaching event

Assessment of 288 tagged coral colonies revealed clear variations in recovery
responses to the 2023 bleaching event across the seven study sites. Overall, 50% of
colonies (n = 145) demonstrated high resilience and fully recovered. The remaining
colonies (n = 143) exhibited lower resilience, with incomplete or no recovery (Fig. 2). Of
these, approximately 22% showed partial recovery, while 28% (n = 80) were severely
impacted and failed to recover, resulting in total mortality (Table 2).

Bleaching severity strongly influenced recovery outcomes. Colonies that
experienced complete bleaching had a much lower probability of recovery compared to
those moderately bleached. Of the 208 colonies that underwent complete bleaching, only
91 (44%) fully recovered. In contrast, 28 of 38 colonies (74%) recovered completely
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following moderate bleaching. Statistical analysis confirmed that bleaching severity had a
significant effect on coral recovery, as more than half of the colonies subjected to
complete bleaching failed to recover fully, compared to moderately and highly bleached
colonies (Post hoc Dunn’s test, P< 0.05; Table 3).

Table 2. Number of coral colonies that have been tagged during bleaching event (September-
October 2023) and re-monitored during recovery period (November 2023) in the NRS. Four
bleaching severity categories were used to examine the recovery potential of corals. Resilience
was assessed based on the number of colonies in three recovery categories; totally recovered,
partially recovered, and totally dead. The potential of corals for the full recovery was determined
for each bleaching severity as the proportion of fully recovered colonies to the total number of

colonies (N).

Bleaching severity N Totally Partially Totally Relative frequency
(%) dead recovered | recovered | of fully recovered
colonies (%)
Moderate (26-50%0) 38 5 5 28 73.7
High (51-75%) 26 2 8 16 61.5
Severe (76-99%) 16 3 3 10 62.5
Complete (100%) 208 70 47 91 43.8
Total number of 288 80 63 145 50.3
colonies

Table 3. Pairwise comparisons (Post-hoc Dunn test) of the full recovery potential of coral
colonies affected by different levels of bleaching severities (Moderate-Complete) across the study
sites. There were significant differences between the number of the fully recovered colonies after
being impacted by complete bleaching and those impacted by only moderate or high bleaching

levels.

Comparison Z Padj

Complete (100%) - High (51-75%) -2.03 0.04
Complete (100%) - Moderate (26-50%) -2.35 0.02
Complete (100%0) - Severe (76-99%) -1.89 0.06
High (51-75%) - Moderate (26-50%0) -0.32 0.75
High (51-75%) - Severe (76-99%0) 0.06 0.95
Moderate (26-50%0) - Severe (76-99%) 0.37 0.71




22 Ismail et al., 2025

Bleaching

Recovery

Bleaching

Recovery

Fig. 2. Examples of tagged coral colonies examined at three sites during bleaching in September
(A1-J1) and during recovery in November (A2-J2). Colonies were classified according to their
response to recovery as Totally recovered (A2-E2), Partially recovered (F2), or Totally dead (G2-
J2).

2. Limited variation between sites on coral resilience

On average, 51.3% of colonies per site fully recovered, while 26.0% per site
experienced total mortality. The present study showed no significant differences among
sites in coral recovery from the 2023 bleaching event. Tagged colonies exhibited similar
resilience patterns and did not follow a distinct north—south gradient in recovery potential
(Fig. 3). This was supported by statistical analysis, which revealed that geographic
location (latitudinal variation) did not significantly influence the relative frequency of
fully recovered (One-way ANOVA, P > 0.05), partially recovered (One-way ANOVA, P
> 0.05), or totally dead colonies (One-way ANOVA, P > 0.05).

Nevertheless, variation in recovery outcomes was observed across sites. The
proportion of fully recovered colonies ranged from 34% at Marsa Nakari to nearly 59% at
Gottaa (Table 4). The lowest resilience and highest mortality were recorded at Lahmi in
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the far south, where 42% of all tagged colonies died. In contrast, the lowest mortalities
and highest recovery rates were recorded at Gottaa, Keshta, and Shelineat, which were
located farther offshore.

Patterns of recovery similarity between sites were further assessed using a Bray—
Curtis dissimilarity matrix (Fig. 4). The analysis showed that Shelineat and Lahmi
clustered together, exhibiting relatively low similarity in recovery states. In contrast, the
other five sites formed a separate cluster, characterized by high similarity in recovery
responses.

Table 4. Resilience of corals across the study sites during 2023 recovery period in the NRS. The

potential of corals for the full recovery was determined for each site as the proportion of fully

recovered colonies to the total number of colonies (N)

Site N Totally Partially | Totally Relative

dead recovered | recovered frequency of

fully recovered
colonies (%)

Marsa 39 9 10 20 51.3
Shagara
Gotta'a 17 2 5 10 58.8
Marsa Nakari 47 17 14 16 34.0
Gorgonia Reef 45 13 7 25 55.6
Keshta 42 9 10 23 54.8
Shelineat 48 9 12 27 56.3

Lahmi 50 21 5 24 48.0
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Fig. 3. Relative frequency of the three recovery states (i.e., totally recovered, partially recovered,
and totally dead) of the tagged corals in the study sites
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Fig. 4. The similarities between sites in the coral recovery responses (i.e., totally recovered,
partially recovered, and totally dead) based on Bray-Curtis method

3. Effect of depth on coral recovery

Coral resilience to the 2023 bleaching event was also examined across two depth
ranges: shallow (2-5 m; n = 151) and deep (8-10 m; n = 137). The results indicated that
corals at both depth ranges exhibited comparable recovery rates (Fig. 5). Statistical
analysis confirmed that there were no significant differences in the proportion of fully
recovered (One-way ANOVA, F = 0.05, P > 0.05), partially recovered (One-way
ANOVA, F =0.08, P > 0.05), or totally dead colonies (One-way ANOVA, F =0.52, P>
0.05) between shallow and deep sites. The detailed recovery status of tagged colonies

across depth ranges is presented in Table (5).

Table 5. Resilience of corals across two depth ranges during 2023 recovery period in the NRS
(Egyptian coast). The potential of corals for the full recovery was determined for each depth
range as the proportion of fully recovered colonies to the total number of colonies (N)

Depth N | Totally | Partially [ Totally Relative frequency of
dead | recovered | recovered | fully recovered colonies
m (%)
2-5m 151 44 34 73 48.3
8-10m | 137 36 29 72 52.6
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Fig. 5. Coral resilience following 2023 bleaching event across two depth ranges. Relative
frequency of coral recovery was recorded in both surface (2-5m) and deep (8-10m) waters.

4. Coral resilience in inshore and offshore reefs

The influence of reef location relative to the shoreline on coral recovery was also
assessed. Overall, the proportion of fully recovered colonies in offshore reefs was
approximately 9% higher than in inshore reefs (Table 6). Likewise, colony mortality in
offshore reefs was 15% lower compared to inshore reefs (Fig. 6). Despite these
differences, statistical analysis revealed no significant variation in the relative frequencies
of fully recovered (One-way ANOVA, F = 2.81, P> 0.05) or partially recovered colonies
(One-way ANOVA, F = 1.26, P > 0.05) between inshore and offshore reefs. However, a
marked difference was detected in the frequency of totally dead colonies, with
significantly higher mortality observed in inshore reefs (One-way ANOVA, F =7.78, P <
0.05).

Table 6. Number of re-surveyed coral colonies in inshore and offshore reefs during 2023
recovery period in the NRS. The potential of corals for the full recovery was determined for each
reef system as the proportion of fully recovered colonies to the total number of colonies (N).

Reef N | Totally | Partially Totally Relative frequency
System dead | recovered | recovered | of fully recovered
colonies (%0)
Inshore | 181 60 36 85 47.0
Offshore | 107 20 27 60 56.1
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Fig. 6. Post-bleaching recovery of corals in relation to the distance from the shore at NRS

5. Inter-generic variation in coral recovery potential

Results indicated significant differences in recovery potential among the six coral
genera (PERMANOVA, F = 3.11, R2 = 0.31, P < 0.05). The PCoA based on the Bray—
Curtis dissimilarity matrix revealed similarities in recovery responses among Montipora,
Pocillopora, and Millepora, and to a lesser extent Stylophora (Fig. 7). These genera
experienced moderate total mortality, ranging from 24 to 32%.

In contrast, Porites exhibited a distinct recovery response compared to all other
genera, with approximately 82% of tagged colonies fully recovered (Table 7).
Conversely, Acropora showed the lowest resilience, with the highest overall mortality at
~52% (Fig. 8), reflecting a limited capacity for recovery.
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Table 7. Number of coral colonies in six genera tagged during 2023 bleaching event in the NRS.
The potential of coral genera for the full recovery was determined as the proportion of fully
recovered colonies to the total number of colonies (N)

Genus N Totally | Partially Totally Relative frequency of
dead | recovered | recovered fully recovered
colonies (%)
Acropora 48 25 8 15 31.3
Montipora 52 13 16 23 44.2
Pocillopora | 55 14 12 29 52.7
Stylophora 34 11 13 10 29.4
Porites 49 5 4 40 82
Millepora 50 12 10 28 56.0
Adonis: R? = 0.31, p-value < 0.05
Beta-dispersion: F = 1.20, p-value > 0.05
0.6
0.3 Genus

T ® Montipora

ﬁ_ Acropora

2 @ Pocillopora

< 00 Stylophora

S ® Porites

2 > Millepora

-0.3
=15 -1.0 -0.5 0.5 1.0

0.0
PCoA1 [42.01%]

Fig. 7. PCoA of coral genera according to their recovery responses. Distances between points
were calculated based on Bray-Curtis dissimilarity matrix in recovery patterns (i.e., totally
recovered, partially recovered, and totally dead) among six coral genera.
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Fig. 8. Recovery responses of six coral genera after 2023 bleaching event in the NRS. Among all
genera, Porites was the most resilient while Acropora was the most vulnerable
DISCUSSION

During the summer of 2023, sea surface temperatures (SST) along the Egyptian
coast of the Red Sea reached the NOAA-defined bleaching threshold from late July to
October. This aligns with previous studies indicating that Red Sea corals generally
display high thermal tolerance, with bleaching thresholds of ~32°C or higher (Eladawy et
al., 2022). In this study, we conducted a comprehensive assessment of coral resilience
along the southern Egyptian Red Sea coast (northwestern Red Sea), focusing on recovery
trajectories following the severe bleaching event of September 2023 (Hanafy & Dosoky,
2023). Given the scarcity of post-bleaching recovery data from this region, our findings
provide critical baseline information on the status of dominant coral populations after the
2023 thermal stress event. While geographic factors may pre-adapt these populations to
moderate heat stress, the 2023 event demonstrates that even thermally refugial
ecosystems remain vulnerable to substantial mortality and long-term decline under
intensifying bleaching events.
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Coral bleaching typically occurs when SST exceeds the local maximum monthly
mean (MMM) by >1°C for prolonged periods (Goreau & Hayes, 1994). In 2023,
bleaching in the northwestern Red Sea was triggered by a prolonged marine heatwave
(July—October), with SST peaking near 32°C in late July and remaining above 28°C for
over 100 days (NOAA). Coral responses ranged from full recovery to total mortality,
with site-specific recovery rates ranging from 34% at Marsa Nakari to 56% at Shelineat.
This variation likely reflects localized differences in thermal responses. Notably,
bleaching peaked in September, not July, underscoring the cumulative impact of
prolonged exposure rather than short-lived temperature maxima in driving symbiont
dysfunction (Hughes et al., 2017b). As temperatures declined gradually from ~32°C in
August to ~27°C in November, some colonies recovered while others succumbed,
highlighting both the sensitivity and resilience of northwestern Red Sea corals.

The severity and duration of thermal stress critically shaped recovery outcomes.
Moderately bleached colonies (26-50% affected) exhibited a 74% recovery rate, whereas
fully bleached colonies (100%) showed only 44% recovery, with 22% total mortality.
Intermediate bleaching severities produced variable recovery outcomes, reflecting a
direct correlation between stress intensity and resilience. Interestingly, even conspecific
colonies within the same site displayed divergent recovery trajectories, suggesting an
important role for colony-specific physiology or microbiome-mediated resilience
(Ziegler et al., 2017a; Drury et al., 2022; Voolstra et al., 2023).

Spatial factors also influenced outcomes. Offshore colonies exhibited ~9% higher
recovery and 15% lower mortality compared to inshore colonies, likely due to reduced
exposure to runoff, sedimentation, and coastal development (Portilho-Ramos et al.,
2022). However, total and partial recovery rates did not differ significantly between
offshore and inshore reefs. Similarly, depth had no strong effect on recovery or mortality
between 2— 5m and 8- 10m, contrasting with reports of depth-dependent reductions in
mortality elsewhere (Safaie et al., 2018). Our data suggest that within this shallow depth
range, coral populations share functional similarities, including physiological traits
(Ziegler et al., 2017a), and experience overlapping environmental conditions (light, flow,
temperature) insufficient to drive divergent recovery outcomes.

Taxonomic differences were a stronger determinant of recovery. Porites emerged
as the most resilient genus, with 82% of colonies recovering and only ~10% mortality,
consistent with their classification as “thermal winners” (Loya et al., 2001; Guest et al.,
2012). Their resilience may derive from thicker tissues, slower growth rates, and robust
skeletal structures. In addition, inter-colonial variation in endosymbiont composition may
enhance thermal tolerance (Osman et al., 2020). In contrast, Acropora showed the
highest mortality (~52%) and the lowest recovery (31%), consistent with its global
vulnerability to bleaching (Winslow et al., 2024). Their thin tissues and branching
morphology heighten thermal sensitivity (Loya et al., 2001). Nonetheless, localized
recovery in some Acropora colonies suggests potential microhabitat refugia, reef
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morphology effects (e.g., slope shading, altered flow), or genetic adaptation (Fabricius et
al., 2014; Osman et al., 2020; Gonzalez-Espinosa et al., 2021). Stylophora also showed
low recovery (29%), whereas Pocillopora exhibited >50% recovery, possibly linked to
colony size; all tagged colonies were <28 cm, aligning with evidence that smaller
colonies often recover faster due to lower energy demands (Hall et al., 1996; Loya et al.,
2001; Winslow et al., 2024).

The resilience of Porites observed here contrasts with recent reports of shifting
susceptibility (Burn et al., 2023), suggesting potential selection for stress-tolerant
lineages or site-specific microbial partnerships in the Red Sea. Indeed, Porites in this
region commonly host Cladocopium symbionts and are associated with flexible bacterial
communities, enhancing local acclimatization (Osman et al., 2020). These taxon-specific
differences underscore the importance of microbiome composition, thermal history, and
host-specific traits in shaping coral survival (Wagner et al., 2010; Osman et al., 2020).

While some studies have framed the Red Sea as a potential “last refuge” for corals
(Fine et al., 2013; Bellworthy et al., 2017; Fine et al., 2019), this assumption must be
approached cautiously. Laboratory studies, though mechanistically informative, may not
capture the ecological complexity of field conditions, where sudden environmental
fluctuations and multiple stressors interact. This highlights the importance of
complementary field-based and experimental approaches in evaluating reef refuge
potential. Furthermore, recovery dynamics in other parts of the Red Sea (e.g., Gulf of
Agaba, Saudi Arabian reefs) remain poorly documented, with only limited baseline data
published (Gonzalez et al., 2024).

Overall, our findings suggest that coral resilience in the northwestern Red Sea is
driven more by interspecific differences and colony-level variability than by depth or
cross-shelf gradients. Despite high bleaching severity and mortality, many colonies
demonstrated strong recovery, supporting the relative resilience of this region compared
to reefs such as the Great Barrier Reef. Nonetheless, resilience is not uniform, and
vulnerable taxa like Acropora highlight ongoing risks. Effective conservation strategies
in this region must therefore consider taxon-specific dynamics and integrate microbiome-
focused approaches, which may unlock mechanisms underlying differential recovery and
mortality (Peixoto et al., 2022).

CONCLUSION

Despite its status as a potential climate refuge, the northern Red Sea exhibited
pronounced genus-specific mortality during the prolonged 2023 thermal stress event,
demonstrating that refuge potential is not universal. Our results reveal a clear resilience
dichotomy: massive Porites showed exceptional recovery (82%), whereas branching
Acropora suffered severe mortality (52%). The delayed bleaching peak and site-specific
recovery variation (34-56%) indicate that local conditions modulate thermal-stress
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responses. Nevertheless, prolonged exposure to elevated temperatures (>32°C for 100+
days) caused substantial coral loss, underscoring that no ecosystem is immune to
escalating climate change.

These findings call for a dual strategy. Locally, conservation efforts should
prioritize research into the mechanisms underlying taxon-specific resilience (e.g., Porites
tolerance vs. Acropora vulnerability) and advance microbiome-assisted restoration tools.
Globally, the long-term survival of this refuge—and coral reefs worldwide—remains
irrevocably dependent on rapid reductions in greenhouse-gas emissions to curb further
warming.
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