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INTRODUCTION

The Red Sea and Gulf of Aden GCRMN re-
gion extends over a maritime area of around
1.1 million km?, ranging across 22° of lat-
itude and 27° of longitude, forming one of
the world’s most diverse coral reef provinces
[307]. Covering an estimated 12,590 km?,
or about 5.0% of global coral reef extent,
it is the sixth-largest GCRMN region. There
are, in addition, many other reef types that
contribute to the great diversity of this sys-
tem within the region and hence support an
enormous reef-associated biota. Coral reefs
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lie within the exclusive economic zones of
nine countries: Egypt, Sudan, Eritrea, Dji-
bouti, Saudi Arabia, Yemen (including Soco-
tra), Somalia, Jordan, and Israel. Coral reefs
extend from the northern Red Sea, through
the Gulfs of Suez and Agaba, along the Red
Sea coastline, and into the Gulf of Aden (Fig-
ure 2.7.1). For the purpose of this report, the
GCRMN Red Sea and Gulf of Aden region
was divided into four subregions: Northern
Red Sea (subregion 1, 29.2% of coral reefs
extent in the region), Central Red Sea (sub-
region 2, 26.6%), Southern Red Sea (subre-
gion 3, 37.4%) and Gulf of Aden (subregion
4,6.8%) (Table A.1).
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A Figure 2.7.1. The distribution of coral reefs within the Red Sea and Gulf of Aden region and respective sub-
regions. White polygons and numbers represent subregions. Subregion @) = Northern Red Sea, Subregion @) =
Central Red Sea, Subregion 9 = Southern Red Sea, Subregion 9 = Gulf of Aden. Coral reefs are delineated with
a 20 km buffer to enhance interpretation, and only coral reefs within the region are represented. The scale bar
provides distance at the equator and may not accurately represent distance over the entire latitudinal range of the

region.

158

Red Sea and Gulf of Aden



The Red Sea is one of the warmest and most
saline seas in the world, creating extreme
reef environments. Corals in the Red Sea
therefore tolerate conditions that are lethal
elsewhere, reflecting long-term selection for
heat- and stress-tolerant genotypes [368],
which likely underpins the reef resilience and
recovery observed at some sites.

The Red Sea is a narrow, elongated basin
that exhibits pronounced north-to-south en-
vironmental gradients, with cooler, less
saline waters in the north and warmer, saltier
conditions in the south [369-372]. North-
ern Red Sea reefs (subregion 1) are gen-
erally well-developed narrow fringing sys-
tems along steep slopes, while the Gulf of
Suez and Gulf of Agaba host patch reefs
and narrow fringing systems. Southward,
reefs broaden, diversify, and form longitu-
dinal barrier reefs along the Saudi Arabian
and African coasts, extending hundreds of
kilometers, with additional patch reefs and
atoll-like structures such as Sanganeb Atoll
in Sudan [373]. South of 20° N, reefs from
the Central Red Sea (subregion 2) are less
vertically developed, often in turbid waters,
with coastal fringing reefs replaced by man-
groves, sand beaches, and patch reefs. In
the Gulf of Aden (subregion 4), fringing reefs
occur along ~25% of the Yemeni coast [374].
Seasonal macroalgae can dominate shal-
low substrates in turbid areas, while off-
shore reefs, including platform, patch, bar-
rier reefs, coral cays, and islands such as
Farasan and Dahlak, support the greatest
diversity [375]. Central areas (Sudan, Er-
itrea) host extensive fringing and offshore
complexes, whereas southern Saudi reefs
extend over 1,800 km, and the Socotra
Archipelago contains highly diverse reefs
with Indian Ocean affinities [376]. Smaller
reefs in Djibouti and northern Somalia re-
main ecologically connected to the Red Sea
corridor (subregion 4) [376].

The coral reefs of the Red Sea support
livelihoods for over 28 million people, con-
tributing ~USD 230 million annually from
fisheries and ~USD 6 billion from reef-
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based tourism globally [371, 377]. Coral reef
tourism has historically accounted for nearly
2% of Egypt’s gross domestic product (GDP),
with similar growth anticipated in Saudi Ara-
bia under Vision 2030 [17]. Rapid population
growth near reefs (3.27 million within 5 km
in 2020, a 69.4% increase since 2000), com-
bined with coastal development, shipping,
and land-based pollution, increasingly im-
pacts reef condition, even as reefs continue
to provide coastal protection from waves
and sea-level rise.

THREATS AND DISTURBANCES

Heat stress

From 1985 to 2025, the long-term average
sea surface temperature (SST) over coral
reefs within the Red Sea and Gulf of Aden
region was 27.85 °C (Table A.3). SST in-
creased by 0.9 °C over this period, at an av-
erage rate of 0.23 °C per decade (Table A.3).
SST anomalies were largely negative from
the late 1980s until around 2009, before
shifting to positive values and rising to ap-
proximately +0.25 °C during 2020-2024
(Figure 2.7.2). While these are regional av-
erages, variability exists. In cooler years, the
northern Red Sea was occasionally warmer
than the southern Red Sea, whereas in
warmer years the southern Red Sea con-
sistently recorded higher temperatures, in-
creasing heat stress in that subregion [378].

Major heat stress events in the Red Sea
and Gulf of Aden region occurred in 1998
and 2010, with prolonged heat stress during
2015-2016, and renewed warming in 2020.
Extreme heat stress peaked in 2023-2024,
resulting in severe bleaching before stress
levels declined in 2025 (Figure 2.7.3). Coral
bleaching from heat stress was confirmed
by in situ observations [379]. Bleaching risk
in the Red Sea increases from north to south,
with central and southern reefs exposed to
higher temperatures and more frequent ex-
treme events [108].

159



©
wn

SST anomaly (°C)
o
o

o
o

1985 1990 1995 2000

2005 2010 2015 2020 2025
Year

A Figure 2.7.2. Annual mean sea surface temperature (SST) anomalies (°C) over the coral reefs of the Red Sea
and Gulf of Aden region from 1985 to 2025. SST anomalies were calculated based on the long-term average
over the period 1985-2025. Positive values (red bars) indicate SST warmer than the long-term average, whereas
negative values (blue bars) indicate SST cooler than the long-term average. Derived from NOAA Coral Reef Watch

data (Skirving et al. [107]; see Materials and Methods).

The year 2024 marked the warmest year
on record globally, exceeding 1.5 °C above
pre-industrial levels [380], coinciding with
the largest SST anomalies in the region
(Figure 2.7.2). Severe mass bleaching was
recorded for the first time in the northern
Red Sea (north of 26° N) and along the Gulf
of Agaba reefs [381].

Regional disturbances

In 2024, three physical factors intensified
bleaching risk in the northern Red Sea and
Gulf of Agaba. Altered currents reduced mix-
ing of cooler deep water with surface lay-
ers, extreme low sea levels exposed shallow
corals to sunlight and air, and calm winds
limited replenishment of cooler surface wa-
ter, prolonging heat stress [382]. Together,
these localized disturbances likely amplified
bleaching severity, highlighting subregional
drivers of heat stress not always evident in
broader regional analyses.

In addition to physical stressors, coral reefs
in the Red Sea and Gulf of Aden are af-
fected by localized anthropogenic stres-
sors [371]. Coastal development and shore-
line infrastructure alter water flow and in-
crease sedimentation, while shipping oper-
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ations contribute to localized pollution, an-
chor damage, and chemical stress [383].
These anthropogenic pressures, when inter-
acting with natural disturbances, such as
low tides, altered currents, and calm wind
conditions, exacerbate bleaching risk and re-
duce reef resilience.

STATUS OF CORAL REEFS IN
THE REGION

Long-term modeled benthic cover estimates
for the Red Sea and Gulf of Aden region
from 1997 to 2024 reveal alternating pe-
riods of stability, decline, and recovery in
coral reef condition. These patterns reflect
the combined influence of localized hu-
man impacts, including coastal develop-
ment, tourism, fishing, and sedimentation,
together with episodic thermal stress events
that have driven repeated coral bleaching
across the region.

Hard coral cover

Hard coral cover has consistently remained
the dominant benthic component in the Red
Sea and Gulf of Aden region, with median
cover ranging from 20.1% to 37.8% between
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A Figure 2.7.3. Percentage of the coral reefs within the Red Sea and Gulf of Aden region experiencing heat stress
levels per year, from 1986 to 2025. No stress/Watch (DHW = 0); Warning (possible bleaching, 0 < DHW < 4); Alert
1 (reef-wide bleaching, 4 < DHW < 8); Alert 2 (reef-wide bleaching and mortality of heat-sensitive corals, 8 <
DHW < 12); Alert 3 (multi-species mortality, 12 < DHW < 16); Alert 4 (severe multi-species mortality, 16 < DHW
< 20); and Alert 5 (near-complete mortality, DHW > 20). Derived from NOAA Coral Reef Watch data (Skirving et al.

[107]; see Materials and Methods).

1997 and 2024 (Figure 2.7.4A).

Coral reefs in the region were exposed to
elevated thermal conditions prior to the
global coral bleaching event of 1998 (Fig-
ure 2.7.3). Despite this early heat stress,
median hard coral cover remained rela-
tively high, at 32.1% during 1997-1999 (Fig-
ure 2.7.4A). This stability during a period
when widespread bleaching occurred glob-
ally suggests that reefs in the Red Sea and
Gulf of Aden possess notable thermal tol-
erance. This resilience is likely supported
by long-term exposure to naturally high and
variable temperatures, as well as the pres-
ence of heat-tolerant coral genotypes in the
northern basin [368].

From 2000 to 2008, hard coral cover re-
mained relatively stable, with median val-
ues ranging between 31.0% and 34.9% (Fig-
ure 2.7.4A). Several years within this pe-
riod, particularly 2003-2005, recorded up-
per credible intervals approaching or ex-
ceeding 45%, indicating that many reef sites
maintained strong coral dominance despite
environmental variability.

The early 2010s were marked by another pe-
riod of heat stress associated with bleach-
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ing events, although modeled median hard
coral cover remained relatively stable at
around 31.5% between 2009 and 2011
(Figure 2.7.4A). Following this disturbance,
reefs showed a clear recovery phase, and
by 2016, median hard coral cover had in-
creased to 37.8%; the highest values ob-
served in the modelled time series. This
recovery likely reflects favourable post-
disturbance conditions, successful coral re-
cruitment, and ecological controls such as
herbivory that limit algal growth.

From 2017 to 2021, coral reefs in the re-
gion experienced a period of relative sta-
bility. Median hard coral cover remained
consistently high, ranging from 34.6% to
36.9% (Figure 2.7.4A). This pattern sug-
gests a period of relatively minor distur-
bance impacts, during which reefs have re-
tained the capacity to recover hard coral
cover to maintain historical levels. At the
same time, human pressures along the Red
Sea coastline were gradually increasing. Ex-
panding coastal development, tourism in-
frastructure, and associated activities con-
tribute to localized coral stress through sed-
imentation and physical disturbance [384].
Despite these pressures, hard coral cover
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A Figure 2.7.4. Modeled temporal trends of benthic cover in the Red Sea and Gulf of Aden region from 1980 to
2024 for hard coral (A) and macroalgae (B). The solid line represents the estimated median benthic cover while
darker and lighter ribbons represent 80% and 95% credible intervals, respectively. Grey areas represent periods

during which no field data were available.

remained relatively stable during this pe-
riod, indicating that reefs were able to with-
stand chronic but sub-threshold stress with-
out major losses in benthic cover.

The year 2021, however, marked a clear turn-
ing point in reef condition. Renewed ocean
warming beginning in 2021, consistent with
global increases in SST, preceded one of the
most intense heat stress periods recorded
for the region. Summer heat stress intensi-
fied further during 2023-2024 (Figure 2.7.3),
leading to widespread and severe bleaching
across many reef areas. From 2021 to 2024,
median hard coral cover declined rapidly,
from 36.9% to 21.0% (Figure 2.7.4A). This
represents an absolute loss of 15.9 percent-
age points, corresponding to a relative de-
cline of 43.1% within only a few years. Lower
credible intervals in 2024 approached 18%,
indicating that some reef sites experienced
particularly severe localized impacts, while
other reef sites retained relatively higher lev-
els of hard coral cover. This rapid decline
contrasts sharply with the slower fluctua-
tions observed in earlier decades and sug-
gests the frequency and intensity of heat-
stress events may now be exceeding fre-
quencies that prevent full recovery [369].
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Macroalgal cover

Despite the substantial loss of hard coral
cover during the study period, macroalgal
cover did not increase proportionally. Me-
dian macroalgal cover rose only slightly,
from approximately 1.5% in 1997-2009 to
2.5% in 2020-2024 (Figure 2.7.4B). This
limited response reflects the long-standing
pattern of relatively low macroalgal domi-
nance across Red Sea reefs [385, 386]. En-
vironmental conditions such as limited nu-
trient input, high salinity, intense solar ra-
diation, and strong herbivory pressure may
restrict large-scale macroalgal proliferation
and moderate competitive interactions with
corals [83, 387].

The absence of a clear macroalgal phase
shift suggests that other opportunistic ben-
thic groups may be occupying space made
available by coral mortality. In particular,
turf algae are increasingly recognized as po-
tential competitors on degraded reefs. In-
creased turf algal growth has been docu-
mented in parts of the Central Red Sea under
conditions of nutrient enrichment and envi-
ronmental disturbance, where it can expand
rapidly and occupy available substrate [388].
Monitoring these benthic groups is therefore
important for detecting early changes in reef
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community structure that may not be visible
when examining macroalgal cover alone.

STATUS OF CORAL REEFS IN
THE SUBREGIONS

RSGA 1 - Northern Red Sea

Coral reefs from the Northern Red Sea
(subregion 1) showed consistent hard coral
cover throughout 1997-2024, ranging from
23.0% to 35.3%. Hard coral cover declined
after the 1998 coral bleaching event to
24.4% in 2000 (ranging from 18.5% to
30.9%). The 2016 mass bleaching event
was the most significant event impacting
this region, with the lowest recorded val-
ues reported (23.1%, ranging from 18.8%

to 28%). However, after the 2016 mass
bleaching event, hard coral cover has no-
tably increased to 33.5% in 2020-2024, in-
dicating long-term persistence and recov-
ery potential (Figure 2.7.5A). Even during the
2010 and 2023-2024 heat stress events,
declines were modest, and coral remained
the dominant benthic component on North-
ern Red Sea reefs. Macroalgal cover re-
mained very low at around 1.7% over the
study period, suggesting limited phase shift
potential. This sustained stability likely re-
flects naturally moderated SSTs, lower lo-
cal disturbance, and adaptive traits in the
coral assemblages that enhance tolerance
to episodic heat stress, supporting the con-
cept of a northern refugia [389].
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A Figure 2.7.5. Modeled temporal trends of hard coral cover in Red Sea and Gulf of Aden (RSGA) subregions from
1980 to 2024. The solid line represents the estimated median hard coral cover while darker and lighter ribbons
represent 80% and 95% credible intervals, respectively. Grey areas represent periods during which no field data

were available.
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data were available.

RSGA 2 - Central Red Sea

Coral reefs in the Central Red Sea (subre-
gion 2) experienced fluctuations over the
2004-2024 study period. Heat stress events
in 2015-2016 and 2023-2024 led to a de-
cline, with hard coral cover dropping by 15.9
and 5.3 percentage points, respectively (Fig-
ure 2.7.5B). However, macroalgal cover re-
mained low at around 1.3% throughout the
study period despite coral loss, suggesting
that other benthic components, such as turf
algae, may have occupied the newly avail-
able substrate [390]. The variability in coral
cover likely reflects a combination of higher
exposure to heat stress, localized human
pressures, and site-specific ecological dif-
ferences that influence recovery potential,
emphasizing the vulnerability of these cen-
tral coral reefs to recurrent stress.
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RSGA 3 - Southern Red Sea

Coral reefs in the Southern Red Sea (sub-
region 3) are geographically isolated and
less connected to neighbouring subregions
[389]. The Southern Red Sea consistently
had the highest median hard coral cover
of all subregions, with an average of 38.5%
from 2000 to 2024, with some years exceed-
ing 45% (Figure 2.7.5C), highlighting strong
coral dominance. Nonetheless, the extreme
heat stress event of 2023-2024 caused se-
vere declines in hard coral cover, which fell
to 13.1% in 2024, highlighting the sensi-
tivity of these reef habitats to prolonged
and extreme warming. Macroalgal cover in-
creased by 0.9% from 2018 to 2024, av-
eraging at 2.8% in 2024 (ranging between
1.8% and 4.3%), but hard corals continued
to dominate benthic cover. The Southern
Red Sea region’s prior high hard coral cover
and subsequent sharp declines suggest that
while favourable environmental conditions
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supported recovery after earlier bleaching
events, extreme heat stress can override his-
torical resilience, suggesting potential limits
of coral persistence in the southern basin
[390].

RSGA 4 - Gulf of Aden

Coral reefs in the Gulf of Aden (subre-
gion 4) are less structurally developed than
those within the Red Sea basin [383]. Avail-
able monitoring data for this subregion are
limited, spanning 1999-2017, with no re-
cent observations. During this period, hard
coral cover ranged from 24.1% to 37.2%
(Figure 2.7.5D), while macroalgal cover re-

mained consistently low, averaging 1.0%
(Figure 2.7.6D). The sparse temporal cov-
erage and absence of post-2017 data con-
strain the assessment of current reef condi-
tion and longer-term trends.

DESCRIPTION OF
MONITORING DATA

Trends in benthic cover across the Red Sea
and Gulf of Aden region were derived from
14 datasets encompassing 502 monitoring
sites and 903 surveys conducted between
1997 and 2024 (Table A.4).
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A Figure 2.7.7. Spatio-temporal distribution of benthic cover monitoring sites across the Red Sea and Gulf of
Aden region and respective subregions. Light blue polygons and numbers represent subregions. Subregion €
= Northern Red Sea, Subregion @ = Central Red Sea, Subregion 9 = Southern Red Sea, Subregion 9 = Gulf of
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Spatial coverage of surveys was uneven
among subregions: 67% of surveys (repre-
senting 53.2% of surveyed sites) were con-
ducted in Northern Red Sea (subregion 1),
whereas only 3.8% (5.6% of surveyed sites)
were conducted in Gulf of Aden (subregion
4, Table A.4). The majority of surveys fo-
cused on shallow reef areas, at depths of
less than 10 m (Figure A.2). This uneven ef-
fort shapes interpretation of benthic trajec-
tories, emphasizing more confidence in the
patterns observed in the Northern Red Sea
(subregion 1) compared with the sparsely
sampled Gulf of Aden (subregion 4).

Temporal trends in monitoring data across
the four Red Sea and Gulf of Aden sub-
regions also reflect these regional differ-
ences. The Northern Red Sea (subregion
1) has the most complete monitoring data,
with consistent monitoring from the late
1990s through 2024 (Figure 2.7.7), providing
a strong basis for evaluating long-term reef
dynamics, resilience, and coral responses
to repeated disturbance events over nearly
three decades. Monitoring in Central Red
Sea (subregion 2) and Southern Red Sea
(subregion 3) began later and became more
consistent from the early to mid-2000s, al-
lowing assessment of reef condition across
multiple environmental stress periods, al-
though some gaps remain where surveys
were not conducted. Gulf of Aden (subre-
gion 4) has the most limited record, with ob-
servations only from the late 1990s to the
late 2010s and no recent data, restricting
evaluation of current reef status or compar-
isons with other subregions. Despite these
limitations, the available observations pro-
vide a historical context for understanding
regional benthic trends, highlighting areas of
resilience and vulnerability, and emphasiz-
ing the need for expanded, sustained moni-
toring to support effective management and
conservation strategies across all Red Sea
and Gulf of Aden subregions.
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CONCLUSIONS

The benthic cover results across the four
Red Sea and Gulf of Aden subregions reveal
distinct spatial patterns in hard coral and
macroalgal dynamics from 1997 to 2024.
Median hard coral cover was highest in the
Southern Red Sea (subregion 3) and the
Central Red Sea (subregion 2) during the
early 2000s, exceeding 40% and 30%, re-
spectively, whereas the Northern Red Sea
(subregion 1) and Gulf of Aden (subregion
4) maintained lower but more stable hard
coral cover, generally around 25-29% (Fig-
ure 2.7.5). Notably, reefs in the Northern Red
Sea (subregion 1) remained comparatively
stable even during major bleaching events
that affected other parts of the Red Sea.
This resilience likely reflects environmental
buffering, cooler baseline temperatures, or
the presence of heat-tolerant coral geno-
types [389].

Macroalgal cover remained low across all
subregions, generally below 2% cover, with
only a slight increase in the Southern Red
Sea (subregion 3) during 2020-2023 (Fig-
ure 2.7.6). These patterns suggest that coral
declines did not result in a widespread shift
to macroalgal dominance at the regional
scale.

Overall, the modelled benthic trajectories
from 1997 to 2024 highlight several impor-
tant ecological patterns. First, hard coral
cover exhibited alternating phases of sta-
bility, recovery, and recent rapid decline, re-
flecting the cumulative effects of repeated
thermal stress events. Second, consistently
low macroalgal cover indicates that large-
scale shifts toward algal dominance have
not occurred, although changes in other ben-
thic groups may still be emerging. Third, the
broad credibility intervals observed in sev-
eral years point to strong spatial variability in
reef condition, with some reefs maintaining
relatively high hard coral cover while others
experienced substantial declines.

Red Sea and Gulf of Aden



Together, these results emphasize the com-
plex interactions between climatic distur-
bances and local environmental conditions
shaping reef trajectories across the Red Sea
and Gulf of Aden. Although reefs in the re-
gion have historically shown resilience to
bleaching events, the severe coral losses
recorded during 2023-2024 demonstrate
that even these systems are vulnerable to
increasingly frequent and intense thermal
stress. Continued long-term monitoring and
adaptive management will therefore be es-
sential to support the future condition and
stability of these globally important reef
ecosystems.
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