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Abstract

Coral reefs in Djibouti, located at the biogeographic junction of the Red Sea and the Indian
Ocean, remain among the least studied in the region despite increasing climate-driven
pressures. This study provides the first scientific documentation of a large-scale bleaching
event in Djibouti following the extreme thermal anomaly of 2023. Benthic surveys con-
ducted across 16 sites in Moucha—-Maskali Islands, Arta, Tadjourah, and Obock revealed
bleaching at all sites, with the highest levels recorded at Ras Bir (23.4%) and Sable Blanc
(24.1%), predominantly affecting thermally susceptible such as Acropora and Pocillopora.
More thermally tolerant massive corals, particularly Porites, Favia, and Platygyra, exhibited
limited bleaching and dominated healthier sites such as Arta. Satellite-derived sea surface
temperature (SST) and Degree Heating Week (DHW) data confirmed record-breaking heat
stress in 2023, with SST peaking at 35.2 °C and DHW reaching 13.87 °C-week ! —the
highest recorded. The pronounced spatial variability in bleaching reflects the combined
influence of thermal stress, sedimentation, water quality, and reef geomorphology. Al-
though mortality remained moderate, the findings indicate rising vulnerability of Djibouti’s
reefs and underscore the urgent need for continuous monitoring, targeted management
interventions, and mitigation of local stressors to enhance resilience in the region.

Keywords: coral bleaching; thermal stress; coral reefs; Djibouti; Gulf of Aden

1. Introduction

Coral reefs are vital ecosystems, providing tremendous ecological functions and
benefits to marine ecosystems and human societies [1,2]. In addition to their ecological
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significance, coral reefs play a geological role by buffering coastlines against erosion and
a socioeconomic role by supporting income-generating activities, such as tourism and
fisheries, for local communities. Coral colonies form a strong symbiotic relationship with
Symbiodiniaceae, which supply corals with essential nutrients that support their growth
and metabolic functions [3-5]. This symbiosis is vital, enabling coral reefs to thrive and
serve as critical habitats that sustain the biodiversity of numerous marine species [6,7]. The
breakdown of the coral-Symbiodiniaceae symbiosis, during which the host coral loses a
large proportion of its microalgae cells, caused by sea surface warming induced by climate
change and the severity of temperature anomalies, leads to massive coral reef bleaching and
death [8-10]. Furthermore, reefs are affected by increasing coastal development, land-use
changes, and ecological changes associated with the overexploitation of reef resources and
marine pollution [11-14]. Many coral species globally already live close to their upper
thermal tolerance limits, and thus a 1-2 °C rise in seawater temperature over a prolonged
period can lead to coral mass bleaching and habitat degradation [3,15,16]. Climate change
is projected to further increase the frequency and intensity of marine heatwaves worldwide,
thereby reducing the prevalence of healthy coral reef ecosystems [17]. Recent climate
projections indicate that extreme thermal anomalies are likely to become more frequent in
the north-western Indian Ocean region, including the Gulf of Aden, potentially disrupting
coral recovery processes across multiple life stages and reef morphologies [18-21].

The north-western Indian Ocean, encompassing the Gulf of Aden, represents a biogeo-
graphically complex and environmentally dynamic region [22]. Coral reef development in
this area reflects strong gradients in temperature, circulation patterns, and productivity,
resulting in marked spatial variability in reef structure and resilience. While coral reefs of
the Red Sea have been extensively studied and are recognized for their high biodiversity
and endemism [23-28], substantially fewer data are available for adjacent regions of the
Gulf of Aden [29,30]. Djibouti occupies a unique biogeographical position at the interface
between the Red Sea and the Gulf of Aden [29]. Located at the confluence of three biogeo-
graphic regions, Djibouti hosts a unique coral reef community characterized by high species
diversity. This includes an unusual combination of biota from warm tropical waters of the
Indian Ocean and Red Sea, alongside elements from cooler-water habitats of the Somali and
Arabian Sea regions an ecological assemblage found in very few locations globally [31-34].
Djibouti city is located on the southern coast of the Gulf of Tadjourah, with the coral reefs
of the Moucha—Maskali islands to the north and Arta and Goubet al kharab in the far west
of the gulf [34]. The southern part of the Red Sea extends from Ras Bir to the southwest of
Bab el-Mandeb, where many kilometers of coral reef are located [32,34].

Djibouti hosts a rich biological diversity, including diverse fish, algae, sponges, and
corals. The Djibouti national monograph on biodiversity [35] lists 167 species of corals,
predominantly belonging to the taxa Acropora, Echinopora, and Porites. The reefs are gen-
erally fringing in type and relatively well-developed throughout the country’s territorial
waters [35,36].

Considering the intensity of maritime traffic in the Bab Al-Mandab Strait in Djibouti
waters, oil pollution (discharge of oil, diesel, ballast water due to insufficiency of reception
facilities waste) and plastic waste degrade the seabed and pose a long-term threat. to
the health of the coral reef ecosystems. Moreover, the cumulative impacts from human
activities such as coastal urbanization, seawater desalination, agricultural, and tourism
resources are putting more pressure on these fragile ecosystems [27,37].

Despite the ecological importance and unique biogeographical character of Djibouti’s
coral reefs, the scientific literature lacks baseline data on their thermal tolerance, bleach-
ing thresholds, and spatial variability in response to climatic stresses. Regional studies
conducted in the central and northern Red Sea have revealed substantial differences in
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coral resilience linked to local adaptation, symbiont diversity, and long-term thermal
regimes [38—42]. However, the southern Red Sea—Gulf of Aden transition zone, includ-
ing Djibouti, remains largely understudied. This knowledge gap limits a comprehensive
assessment of reef vulnerability in the southern Red Sea—Gulf of Aden transition zone
and limits the possibility of comparing bleaching trajectories in the Red Sea region and
hindering regional conservation planning. Establishing an initial scientific database on the
occurrence and severity of bleaching in Djibouti is therefore essential for understanding
its position within the broader regional resilience gradient and for informing national
management strategies.

Although long term, systematic coral reef monitoring has been largely absent in
Djibouti, several earlier studies provide valuable baseline information on reef condition
prior to the 2023 bleaching event. Regional assessments conducted under the PERSGA
framework reported relatively healthy fringing reefs in the Gulf of Tadjourah around
the year 2000, with live hard coral cover ranging from approximately 12% at southern
Maskali to over 60% off Sable Blanc, and an overall mean of about 36% [34]. These
studies also noted localized degradation at some sites, particularly around Maskali Island,
where increased algal cover, rubble from eroded branching corals, and coral mortality
were attributed to the 1998 bleaching event and outbreaks of crown of thorns starfish.
More recently, Cowburn et al. [33] documented healthy and diverse coral assemblages
at several Djiboutian reef sites in the Gulf of Tadjourah, suggesting relatively low levels
of chronic anthropogenic disturbance compared to those in neighboring seas. Together,
these observations indicate that, prior to 2023, many coral reefs in Djibouti maintained
moderate to high live coral cover, providing an important reference point against which
the magnitude and spatial variability of the 2023 bleaching event can be evaluated.

2. Materials and Methods

The condition of coral communities was assessed using the linear intercept transect
(LIT) method, a standardized approach widely used for monitoring coral reefs world-
wide [43]. This method combines rapid assessment techniques with detailed studies.

The LIT (Line Intercept Transect) method begins with a general reconnaissance of the
site, during which observers quickly assess the reef profile to identify study areas. We then
used floating buoys as visual markers to mark these areas for later analysis. Next, a fixed-
length measuring tape (transect line) was deployed along the reef substrate, where reef
organisms grow. At each marked point along the tape, we recorded the benthic category
(such as live hard coral, bleached coral, dead coral, algae, rubble, or sand) directly beneath
the tape. Divers then calculated the coverage rate of each benthic component by dividing
the length of tape intercepted by each category by the total length of the transect. This
method provides quantitative estimates of benthic coverage, enabling reliable comparisons
across sites and monitoring periods.

2.1. Study Area

Surveys were conducted from 7 to 12 October 2023, following the summer season,
at four locations within the coastal zone of Djibouti (Figure 1). These locations included
Moucha-Maskali Island (sites 1-8), Arta (sites 9-10), Tadjourah (sites 11-14), and Obock
(sites 15-16). To ensure representative coverage of the main reef habitats of Djibouti, the
selected sites were targeted and covered a gradient of environmental conditions, including
sheltered lagoons, fringing reefs, exposed reef slopes, and areas influenced by sediment
input or coastal activity. Site selection also considered depth profiles, currents, under-
water visibility, logistical accessibility, and historical coral abundance data to maximize
comparability between regions.
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Figure 1. Map of the study area showing the location of surveyed reef sites in Djibouti. Including
Moucha-Maskali Islands, Arta, Tadjourah, and Obock. Site numbers correspond to those used in
Table 1.

Table 1. Environmental characteristics, bleaching severity, and thermal stress metrics at surveyed
coral reef sites in Djibouti during the 2023 bleaching event.

Dominant DHW Max SST Max

Region Site Name Site No.  Depth (m) Growth Form  (°C-week-1) o) Visibility Current
1
Canion > 1-5 11.8 33.2 High Moderate
<
19
s Aquarium 3
% q 1 5-10 12.4 33.6 Moderate Low
|
§ 5 Branching/
:’w)‘ Banc Dankali P 1-5 Massive 12.9 34.0 Low Low
, B 7
Boué Coué . 5-10 9.2 32.1 Moderate Low
:_*:t Arta o 1-5 94 32.3 High High
® 10 ’ '
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Table 1. Cont.

Dominant DHW Max SST Max

Region Site Name Site No.  Depth (m) Growth Form  (°C-week-1) ©0) Visibility Current

11

b Sable Blanc 12 1-5 13.6 35.1 Moderate Low

.

=

E . 13 .

IS Ras Ali 5-10 Massive 13.9 35.2 Moderate Low
14

o 15

e Ras Bir 16 5-10 12.8 34.6 Moderate Moderate

2.

Before the final transects were deployed, each study site underwent a preliminary
underwater reconnaissance by the same team. Based on these observations, we deliberately
chose transect locations that represent the overall reef condition at each site. We avoided
areas of exceptionally high or low coral cover. Transects were positioned along reef slopes
or reef flat edges where hard corals were present and accessible at the target depth (3 to
10 m). We avoided highly heterogeneous substrates or areas dominated exclusively by sand
or rubble. This targeted, standardized placement strategy was adopted to maximize com-
parability across sites. It ensured that transects captured ecologically significant variations
in coral cover and bleaching intensity within Djibouti’s reef systems.

2.2. Measurement Methodology

The primary method used linear transects marked by 100 m ribbons, subdivided into
four 20 m segments. Sampling was conducted every 0.5 m along each transect at depths of
3-10 m, depending on the study site. Transects ran along reef slopes to collect quantitative
data on substrate types and coral cover. The starting point of each transect was marked
with a stake. The ribbon was then unrolled to its opposite end. Images enabled precise
characterization of benthic community composition and structure. Visual documentation
included substrate types, such as live corals, dead corals, bleached corals, sand, rocks,
rubble, indicator algae, and sponges. This documentation facilitated subsequent data
analysis [44].

Coral colonies were classified as 100% bleached if they appeared entirely pure white.
Colonies were subdivided into four states: recently dead, heavily bleached, lightly bleached
with pale coloration, and unbleached (healthy). The length of bleached coral colonies and
other subcategories within the transect was measured, and colony numbers were counted.
The percentage coverage for each category was calculated as (intercepted length/transect
length) x 100. All colonies were identified to species or genus level according to Wallace
(1999) [45] and Veron (2000) [46], using digital underwater photographs. Along each tran-
sect, coral colonies were identified to genus level based on general macromorphological
features [47], following English, S., Wilkinson, C., and Baker, V. (1997). To minimize obser-
vational bias, the same two trained divers surveyed all transects following standardized
protocols. Photographs were taken with fixed-focal-length underwater cameras using
identical lighting settings. This ensured consistent color evaluations during bleaching
assessments, matching the taxonomy of Djibouti’s coral reefs [48]. Environmental parame-
ters, including depth, visibility, and approximate current strength, were recorded at each
transect. This contextualized local habitat variability.

High-resolution underwater photographs were systematically collected along each
transect. This supported benthic classification and bleaching assessment. Fixed-focal-length
underwater digital cameras minimized distortion. ISO, aperture, and white balance settings
were identical on all dives. Standardized artificial lighting, using strobes or video lights,
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ensured color fidelity. This aided reliable visual discrimination among healthy, pale, and
fully bleached corals. Images were captured at regular intervals for in situ verification
and post-dive analysis of benthic categories and bleaching status. This photographic
documentation provided a lasting visual record of reef condition. It supported genus-level
identification using established references for Djibouti’s corals.

2.3. Statistical Analysis

All collected data were compiled and analyzed using Coral Point Count software,
CPCe [49] and mean values of live coral cover and bleaching incidence were calculated per
transect and per site. Spatial variability in bleaching intensity among sites was assessed
using a one-way analysis of variance (ANOVA) when data met normality (Shapiro-Wilk
test) and homogeneity of variance (Levene’s test) assumptions. When these assumptions
were violated, a non-parametric Kruskal-Wallis test was applied. Post hoc multiple com-
parisons between sites were conducted using Tukey’s Honest Significant Difference (HSD)
test following ANOVA, or Dunn’s test with Bonferroni correction following Kruskal-Wallis
tests. Sea surface temperature (SST) and Degree Heating Week (DHW) data from the
NOAA Coral Reef Watch 5 km product (1998-2025) were extracted and averaged monthly
to correlate thermal anomalies with observed bleaching patterns. The study data were
processed and analyzed using R (version 4.4.1). Categorical variables (Zone, Site) were
coded as factors, while quantitative variables corresponding to the different substrate cate-
gories (hard corals, soft corals, bleached corals, algae, rocks, rubble, sand, mud, sponges,
and other substrates) were converted to numerical values to ensure the consistency of the
dataset. The data were then restructured into a long (“tidy”) format using the tidyverse
(version 2.0.0) package to facilitate graphical visualization.

A stacked bar chart was generated with ggplot2 to represent the proportion (%) of
each substrate category per site, using a specific color palette to distinguish the substrate
types. The percentage cover for each category was estimated using the following formula:
percent cover = (length intercepted by the category/transect length) x 100; and the fol-
lowing categories were considered: not bleached (healthy reef), mildly bleached (<15%),
moderately bleached (15-50%), strongly bleached (50-80%), severely bleached (>80%). Sites
were grouped into three geographic sectors based on their location. Sites were grouped
into three geographic sectors based on their location. For each sector and coral cover class,
the mean total coral cover and its standard error were calculated. Statistical differences in
total coral cover among sectors were first assessed using a one-way analysis of variance
(ANOVA) when normality and homoscedasticity assumptions were met. Post hoc multiple
comparisons were then performed using Tukey’s Honest Significant Difference (HSD) test.
When these assumptions were not satisfied, a non-parametric Kruskal-Wallis test was
applied, followed by Dunn’s multiple comparison test with Bonferroni correction. All
statistical analyses and graphical outputs were conducted in R (version 4.4.1; R Core Team),
using the ggpubr (version 0.6.0) package (function stat_compare_means) to implement and
visualize the multiple-comparison tests. Comparisons between sectors were performed
using multiple comparison statistical tests (stat_compare_means, package ggpubr) to assess
the significance of observed differences in coral cover.

3. Results
3.1. Coral Cover and Bleaching

The coral reefs off the coast of Djibouti experienced a bleaching event affecting all
sites studied. However, differences in bleaching severity and live hard corals ratios were
notable between sites. Overall, the surveyed sites comprised fringing coral reefs and coral
communities on rocky slopes, with hard corals predominantly represented by massive and
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branching forms. Arta exhibited the highest live hard coral cover (46.8%), accompanied by
a substantial proportion of rocky substrate (22.2%). In comparison, the Moucha—Maskali
Islands showed variable live hard coral cover ranging from 26.1% (Buoy Coué) to 46.3%
(Aquarium), depending on site-specific conditions (Figure 2). Moreover, the lowest hard
coral cover site was recorded at Sable Blanc within the Tadjourah fringing reef (15.8%),
followed by Banc de Dankali (26.1%) in Moucha-Maskali, Sable Blanc (27.4%) in Tadjourah,
and Canion (27.6%) in Moucha-Maskali. Notably, the low hard coral cover at Sable Blanc
was associated with the highest bleaching ratio (24.1%), as well as elevated proportions
of dead coral (22.2%) and algae cover ratio (17.7%). In addition, Ras Bir and Sable Blanc,
both characterized by shallow reefs dominated by Porites spp., exhibited rock structures
corresponding to ancient Porites colonies. The second-highest bleaching coral ratio (23.4%)
was observed at Ras Bir (site 15) in Obock (Figure 2).

100

Substrate categories

Algae_NIA
5 Bleached_corals
[
z Dead_corals
O Hard_corals
o
£ 50 B other subsirate
é Rocks
.o rubbles
& e
Sands
|| I soft_corais
- Sponges
25 . [ - | oyl
I
al =8
|
0
L N - T V- T T S, S . S, S .

Sites

Figure 2. Proportional benthic cover by substrate category at each surveyed site.

In contrast, coral communities at Arta, with the lowest bleaching rate of 5.7%, were
dominated by massive coral genera such as Porites, Favites, and Platygyra (Figure 2). The
mean coral cover differed significantly among geographic sectors (ANOVA, p < 0.05), with
the Moucha-Maskali Islands showing the highest overall live coral cover, and Tadjourah
the lowest. Bleaching prevalence was negatively correlated with massive coral dominance
(Pearson r = —0.62) and positively correlated with thermal stress metrics (peak SST: r = 0.74;
DHW: r = 0.81). Branching genera (Acropora and Pocillopora) accounted for more than 70%
of all heavily bleached or fully bleached colonies recorded across all sites, underscoring
their high sensitivity to thermal stress during the 2023 event. In addition to variation in
coral cover, the size-frequency distribution of bleached colonies showed a marked shift
toward smaller colony sizes at high-impact sites such as Tadjourah and Ras Bir.

Environmental and thermal parameters are summarized in Table 1. Depth, visibility,
and current strength were estimated in situ during surveys, and photographs are provided
in the Supplementary Materials. DHW and SST values were derived from NOAA Coral
Reef Watch (5 km product) 1998-2025.
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3.2. Sea Surface Temperatures (S51s) and DHW

As shown in the temperature/year diagram in (Figures 3-5), the sea surface tempera-
ture (SST) recorded in the study areas exhibits seasonal and interannual variations. The
temperature trend between 2022 and 2024 shows a gradual increase, with a maximum
peak in September—October 2023 (34 °C). Although a decrease was observed during the
same period in December 2024, temperatures remained lower in 2022 (Figure 3), reflecting
lower exposure to heat stress than in 2023. The average annual minimum temperature was
approximately 26 °C (January—-February), while the maximum was approximately 32 °C in
June and July, giving an annual amplitude of 5 °C (Figure 3). The year 2023 recorded the
highest summer temperature (max = 35.18 °C) and the lowest temperature (min = 26 °C)
(Figure 3). The thermal profile observed at all the studied sites shows a strong similarity
with a maximum temperature of 34 °C at all sites. The sea surface temperature was highest
in September in the north, at Obock, while to the south of Djibouti at the Moucha-Maskali
Islands, the water temperature was 32 °C. The interannual variation in the maximum SST
(TSM max * 2.450) is similar at all sites, at 1.16 °C. The higher sea surface temperature
(SST) in 2023 (max. = 35.18 °C) compared to 2022 (max. = 32.74 °C) indicates a significant
difference in the thermal regimes. The maximum degree heating weeks (DHW) recorded
in 2023 (13.87 °C-week 1), which was substantially higher than the value observed in
2022 (4.66 °C-week 1), indicating a much higher intensity of heat stress in 2023. By compar-
ison, the 2024 event exhibited a maximum degree heating weeks (DHW) of 9.68 °C-week !,
corresponding to moderate thermal stress; however, this value remaining above the critical
threshold associated for coral bleaching. (Figure 4). Examining the degree heating weeks
(DHW) time series for the period of 1985-2025 reveals that October 2023 recorded the
highest values in nearly three decades. On average, the entire Gulf of Tadjourah reached a
mean degree heating weeks (DHW) of 13.8 °C week ! in October 2023. In Arta, where the
climate remains slightly more temperate, the bleaching threshold was lower. In contrast,
Ras Bir experienced the most significant thermal stress, with 13.87 °C-week ! in 2023,
compared to only 3.5 in Ras Bir (Obock) and Sable Blanc in Tadjourah in 2022.

Thermal stress indicators were strongly aligned with bleaching intensity across sites:
bleaching percentage showed a significant positive correlation with both peak SST (r = 0.74)
and DHW (r = 0.81). Sites experiencing degree heating weeks (DHW) values above
8 °C-week ! consistently exhibited moderate to severe bleaching, whereas sites remaining
below 6 °C-week ! showed limited bleaching. Long-term climatological comparisons
revealed that 2023 exceeded the historical Maximum Monthly Mean (MMM) by 1.3-1.6 °C
across all sites, surpassing the established bleaching threshold for the region. The SST
anomaly of September—October 2023 represented the strongest thermal deviation recorded
since the early 1990s, confirming that the bleaching event coincided with an exceptional
and unprecedented heat episode.

Sea surface temperature-degree heating weeks (SST-DHW) alignment across the
study region (Figures 4 and 5) indicates that the bleaching observed during the survey
period coincided with the rapid accumulation of thermal stress between late August
and early October 2023. The steep rise in degree heating weeks (DHW) values during
this window reflects a sustained exposure to temperatures above the regional MMM,
explaining the uniform bleaching trends observed across geographically distant sites such
as Obock and Moucha—-Maskali. This temporal synchronization strengthens the conclusion
that the 2023 bleaching episode was primarily thermally driven rather than caused by
local disturbances.
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Figure 3. Monthly sea surface temperature (SST) patterns in Djibouti for 2022-2023, and 2024-2025,
derived from NOAA Coral Reef Watch data.
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Figure 5. (a,b): Time series of (a) Degree Heating Week (DHW), and (b) Sea Surface Temperature (SST)
anomalies during the period (July—October) from 1998 to 2025 in the Gulf of Tadjourah, Djibouti.

Notably, the long-term sea surface temperature (SST) time series (Figure 5) indi-
cates a progressive upward shift in late-summer temperature peaks over the past decade,
suggesting that the 2023 event is part of a broader warming trajectory rather than an
isolated anomaly.

The daily average, calculated over the period from 1 January 1985, to the present, is
represented using a color code (see legend to the right of the graph). The curves in the
lower part illustrate the dynamics of thermal stress accumulation (Degree Heating Week,
DHW). Finally, the rectangular colored bars indicate the different coral bleaching alert
levels in the study area. Data are from NOAA.

4. Discussion
4.1. Spatial Variability and Coral Species Sensitivity

The coral reefs of Djibouti exhibited apparent spatial heterogeneity in bleaching
intensity and biological cover across the studied sites. The most affected locations were
Ras Bir (Obock) and Sable Blanc (Tadjourah), both showing bleaching rates exceeding
23%. At the same time, Arta and the Moucha—Maskali Islands displayed lower bleaching
levels but higher live coral cover. The observed dominance of branching taxa (Acropora and
Pocillopora) among heavily bleached colonies is consistent with numerous studies showing
that branching corals are generally more susceptible to thermal stress due to their high
surface-area-to-volume ratios and limited tissue thickness [33,50]. In contrast, massive
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corals such as Porites, Favia, and Platygyra often exhibit greater resistance to bleaching,
potentially due to enhanced energy reserves, thicker tissues, and more stable symbiotic
associations [50,51]. Similar patterns of differential bleaching susceptibility related to
coral morphology and life history traits have been widely reported across the Red Sea
and other tropical reef systems [3,17,21,50]. Importantly, the predominance of branching
corals in the most impacted zones does not indicate enhanced thermal tolerance. Rather,
it reflects the pre-disturbance community structure of these reefs, which were originally
dominated by Acropora and Pocillopora taxa prior to the 2023 heatwave. Consequently,
their prevalence among bleached colonies results from their initial abundance combined
with high thermal sensitivity and partial post-bleaching persistence of skeletal structures.
In contrast, massive corals, although more resistant, were less abundant at these sites
before the bleaching event, explaining their lower proportional representation. Field
observations revealed that Acropora and Pocillopora colonies were the most sensitive taxa,
exhibiting complete bleaching in shallow areas exposed to high irradiance and fluctuating
temperatures. These genera are widely recognized as early indicators of thermal stress
in coral reef systems [50,52]. In contrast, Porites and Platygyra colonies demonstrated
remarkable resistance, with limited bleaching even under elevated thermal conditions.
Their massive growth forms and thicker tissues may confer physiological advantages
such as enhanced heat dissipation and energy storage [52,53]. Spatial differences between
sites, such as the relatively preserved reefs of Arta and the degraded areas of Obock and
Tadjourah, are likely linked to multiple local factors: water temperature, light penetration,
sediment influx, proximity to wadi outflows, and local water quality. These stressors may
act synergistically with thermal anomalies to determine bleaching severity. In addition,
water turbidity may have played a moderating role in bleaching severity at certain sites.
Increased concentrations of suspended particles can reduce light penetration and attenuate
ultraviolet radiation, thereby limiting photo-oxidative stress on coral tissues during thermal
anomalies. In turbid environments, this shading effect may partially mitigate bleaching
intensity despite elevated sea surface temperatures. Similar buffering effects of turbidity
on thermal stress have been reported in other sediment-influenced reef systems [54-56].
Such spatial patterns have been documented in the neighboring Red Sea and the western
Indian Ocean [57].

In addition to taxonomic differences, local hydrodynamics appear to play a critical role
in shaping bleaching patterns across sites. Sheltered zones with limited water circulation,
such as shallow bays in Tadjourah, may have experienced prolonged thermal retention,
amplifying heat stress and promoting algal accumulation. In contrast, more exposed
sites in Arta likely benefited from higher water flow, which can enhance heat dissipation
and reduce the duration of thermal anomalies. These microhabitat effects highlight the
importance of fine-scale environmental variability when interpreting bleaching severity
across heterogeneous reef systems.

Furthermore, the marked difference in bleaching susceptibility between branching
and massive taxa aligns with functional trait frameworks that identify tissue thickness,
skeletal density, and symbiont clade composition as key determinants of heat tolerance.
Sites dominated by thermally sensitive genera tended to exhibit higher bleaching levels,
indicating that pre-bleaching community composition influenced bleaching severity. In
addition, the size—frequency distribution of bleached colonies showed a marked shift
toward smaller colony sizes at high-impact sites such as Tadjourah and Ras Bir. This
pattern suggests recent mortality or partial tissue loss among larger colonies, which are
typically more vulnerable to prolonged thermal stress. Sites dominated by massive taxa
displayed more stable size structures, supporting the interpretation that morphological
traits played a significant role in thermal resistance during the 2023 event.
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This indicates that future community trajectories will be strongly shaped by shifts
in functional composition if warming trends persist [51,58]. The spatial visualization
of benthic composition (Figure 2) clearly highlights the strong contrast between the
Moucha-Maskali Islands, where live coral cover exceeded 40% at several transects, and the
sediment-influenced sites of Tadjourah, where live coral cover declined to 15.8%.

4.2. Thermal Stress Patterns and Comparison with Regional and Global Bleaching

Satellite data and in situ observations confirm that the 2023 bleaching event coin-
cided with record-breaking sea surface temperatures (SSTs) and Degree Heating Weeks
(DHW) values in Djibouti’s coastal waters. The SST reached up to 35.2 °C, surpassing
the climatological summer maximum by approximately 1.16 °C, while DHW peaked at
12.1 °C-week ~!—the highest value recorded in the past two decades. According to NOAA
Coral Reef Watch criteria, bleaching typically begins when DHW exceeds 4 °C-week !,
and widespread mortality occurs beyond 8 °C-week ! [59]. The 2023 event, therefore,
represents an extreme thermal stress episode consistent with a Level 3 Bleaching Alert.
These results align with global observations linking mass bleaching to elevated SST anoma-
lies, particularly during El Nifio years [3,60]. The thermal anomalies of 20232024 were
comparable to those that triggered massive bleaching in 2015-2016 across the Indo-Pacific
and Red Sea [27,61].

In the southern Red Sea—Gulf of Aden transition zone, where mean summer SSTs
already reach 30-32 °C, corals appear to live close to their upper thermal limits [18,62].
Consequently, even a slight increase of 0.5-1.5 °C above the local climatological maximum
can induce severe bleaching (the “bleaching rule”) [3]. Interestingly, while northern Red Sea
reefs have demonstrated partial resistance to bleaching, possibly due to local thermal adap-
tation and genetic resilience [20,28], southern Red Sea—Gulf of Aden transition zone reefs,
including those of Djibouti, remain highly vulnerable. The pronounced heat anomalies
recorded in October 2023 (DHW ~ 13.8 °C-week ! across the Gulf of Tadjourah) confirm
this vulnerability. This thermal event corresponds to the first large-scale bleaching episode
observed in Djibouti in over 20 years. The concurrence between bleaching intensity and
accumulated thermal stress suggests that the 2023 event exceeded the adaptive capacity of
several key coral taxa. This pattern can be compared with the unprecedented bleaching
episode that occurred in southern Vietnam during the latest global coral bleaching event of
2023-2024. In spite of the thermal acclimation found in some branching and table acroporid
resulting from previous SST anomalies, this latest bleaching episode exceeded the total
accumulated adaptive capacity of corals [63]. The strong temporal match between DHW
spikes and the peak bleaching period indicates that thermal pressure, rather than local
anthropogenic factors alone, was the dominant driver of the event. However, the dispro-
portionately high bleaching observed at sediment-influenced sites implies that chronic local
stressors may have lowered coral thermal tolerance thresholds, making certain reefs more
susceptible than predicted using only SST and DHW metrics. Such cumulative warming
increases the likelihood of recurrent bleaching events and reduces recovery windows,
which aligns with global patterns reported for other regions experiencing chronic heat
stress [64,65].

The extreme thermal conditions observed in 2023 also surpass the predicted return
intervals for severe bleaching events in the southern Red Sea—Gulf of Aden transition
zone, suggesting that the region may be entering a new thermal regime characterized by
chronic heat accumulation. Such a regime reduces the probability of full ecological recovery
between events, potentially pushing reefs toward repeated stress cycles that favor oppor-
tunistic or stress-tolerant species. This represents a significant departure from historical
patterns in Djibouti, where major bleaching has been infrequent or undocumented [66].
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4.3. Implications and Resilience of Djibouti’s Coral Reefs

The bleaching and mortality rates estimated during this study (20-30% and 5-25%,
respectively) are lower than those reported from other Red Sea, Indian Ocean regions
and the Caribbean, where up to 70-90% of corals were lost in 2023-2024. Nevertheless,
the patterns observed in Djibouti reflect an increasing trend in frequency and intensity of
bleaching events, consistent with global climate projections [16]. The relative persistence of
massive coral species, particularly Porites, suggests some degree of thermal tolerance or
acclimatization within Djibouti’s reefs. This could indicate potential for local adaptation,
possibly driven by exposure to fluctuating temperatures and turbidity near the coast. Such
adaptive traits have been observed in thermally resilient coral populations in the central
Red Sea [18,27].

However, chronic exposure to heat stress, combined with anthropogenic pressures
such as sedimentation, oil pollution, and coastal development, may reduce the resilience
of these reefs in the long term. Local management actions are urgently needed, such
as limiting pollution near Tadjourah and Obock, protecting less impacted sites like Arta
and Moucha-Maskali, and establishing a national coral monitoring program. The unique
biogeographic position of Djibouti, at the crossroads of the Red Sea and Indian Ocean,
makes its coral reefs particularly valuable for understanding thermal adaptation gradients
and resilience thresholds in marginal reef systems. In these Indian Ocean reefs, low regional
connectivity and high local larval retention may promote local thermal tolerance while
limiting the diffusion of these adaptive traits to more climate-stressed reefs in the Indian
Ocean [67]. Continued monitoring, combined with molecular and physiological studies
of coral symbionts, will be essential to assess the capacity of these reefs to recover from
recurring bleaching events under future climate scenarios. Although some massive coral
species exhibited resilience during the 2023 event, their long-term persistence remains
uncertain given the predicted increase in thermal anomalies along the Red Sea basin.
Repeated sub-lethal bleaching events can erode coral energy reserves, reduce reproductive
output, and weaken calcification rates, potentially leading to delayed mortality or shifts in
competitive dynamics within coral assemblages. Without targeted conservation measures,
these pressures may gradually transform Djibouti’s coral communities toward lower-
complexity, stress-tolerant species, reducing habitat suitability for reef-dependent fauna
and altering key ecosystem functions.

Given the spatially uneven distribution of bleaching impacts and the persistence
of certain tolerant taxa, Djibouti’s reefs may contain micro-refugia that could serve as
important reservoirs for regional reef recovery. Identifying and protecting these zones will
be crucial to maintaining ecosystem function under accelerating climate stress. However,
if thermal resilience assessments are not integrated into national marine spatial planning,
the natural buffering capacity provided by these refugia may erode rapidly in the face of
intensifying human pressures.

This study is limited by the absence of long-term in situ temperature loggers, the
relatively small number of surveyed sites, and a lack of physiological measurements of
coral stress.

5. Conclusions

Building on previous studies of Djiboutian coral reefs, including Cowburn et al. [33],
this study provides a quantitative assessment of the 2023 bleaching event and documents
the vulnerability of local reefs to unprecedented thermal stress. The findings emphasize the
importance of continuous reef monitoring, regional cooperation, and adaptive management
strategies to enhance reef resilience and safeguard marine biodiversity in the southern Red
Sea—Gulf of Aden transition zone.
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In addition, the clear spatial differences in bleaching severity across sites highlight the
need to incorporate local environmental conditions, such as sedimentation, hydrodynamics,
and coastal development pressures, into national conservation planning. Establishing long-
term temperature baselines, expanding the number of monitored sites, and integrating
genetic and physiological assessments of dominant coral taxa will be crucial for identifying
potential refugia and understanding the adaptive capacity of Djibouti’s reef systems.

Together, these actions will provide a scientific foundation for protecting one of the
most biogeographically unique coral reef assemblages in the Red Sea.

Moreover, the 2023 bleaching event in the Djiboutian reef provides a critical baseline
against which future thermal anomalies and ecological responses can be evaluated, offering
the first quantitative reference point for long-term reef health trajectories in Djibouti. As
regional ocean warming continues to accelerate, integrating ecological monitoring with
high-resolution thermal forecasting and early warning systems will be essential to mitigate
biodiversity loss. Strengthening collaboration with Red Sea nations and establishing
standardized cross-border monitoring protocols will further enhance the capacity to assess
large-scale bleaching dynamics and support evidence-based conservation strategies in this
rapidly changing marine environment.
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