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from the vertical reef wall, giving the appearance of a struc-
tured “coral palace.” Due to its unique structure, complexity, 
and richness, the RCE here described—and the Magna site 
in particular—represent a priority for conservation framed 
by amplified urgency related to the ongoing coastal develop-
ment in Saudi Arabia.

Keywords  Azooxanthellate corals · Marine animal 
forest · Mesophotic coral ecosystem · Neom · Saudi Arabia

Introduction

Mesophotic coral ecosystems (MCEs) are conventionally 
defined as coral-dominated communities occurring from 
the limit of presence of photophilous algae down to the 
depth limit for sunlight penetration to sustain photosynthesis 
(Lesser et al. 2009). MCEs are mostly built by light-depend-
ent scleractinian corals at tropical latitudes (Kahng et al. 
2010; Turner et al. 2017). At temperate latitudes, by contrast, 
they are primarily constructed by azooxanthellate corals and 
crustose coralline algae (Turner et al. 2019; Chimienti et al. 
2020), with a rich, non-photosynthetic community (e.g., 

Abstract  A series of explorations along the Saudi Arabian 
coast of the Gulf of Aqaba (Neom territory, Red Sea) led us 
to discover and characterize a Rariphotic Coral Ecosystem 
(RCE) spanning a depth range of 110–200 m. The primary 
architects of this ecosystem are the azooxanthellate sclerac-
tinian corals Madracis interjecta, Dendrophyllia minuscula, 
and Rhizopsammia compacta. These corals build the frame-
work of three different bioherms (i.e., M. interjecta mound-
like bioherms, D. minuscula shelf-like formations, and R. 
compacta bio-stalactites), encrusted, cemented and rein-
forced by a suite of benthic taxa including other scleractin-
ian corals, bryozoans, foraminifers, molluscs, and serpulids. 
The RCE is characterized by a rich associated community of 
antipatharians and alcyonaceans, and it provides habitat for 
numerous fish taxa. Light-dependent zooxanthellate scler-
actinians and macroalgae, present in the lower mesophotic 
coral ecosystems at shallower depths (80–102 m) at the same 
sites, were absent in the examined RCE. North of the city of 
Magna, the RCE develops to its fullest complexity, with a 
combination of all three bioherms arising at multiple levels 
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azooxanthellate scleractinians, alcyonaceans, antipathar-
ians, sponges). Recent explorations have highlighted the 
presence of a faunal break immediately below the meso-
photic zone and above the deep aphotic regions—the rari-
photic zone (Baldwin et al. 2018; Stefanoudis et al. 2019). 
More than a simple transitional zone, the rariphotic hosts 
specific marine communities adapted to live in an environ-
ment with perceptibly illumination, albeit insufficient to 
support photosynthesis. This threshold, historically set at 
1% of the surface photosynthetically active radiation (Lesser 
et al. 2009), is currently considered coinciding with 1% of 
downwelling irradiance at 490 nm (surface blue light sensu 
Marra et al. 2014). The overall maximum depth of meso-
photic investigations at 90–110 m (Loya et al. 2019) has led 
to a general overlooking of coral ecosystems in the lower 
boundary of the mesophotic zone and in the rariphotic zone, 
just above the known coral ecosystems in the aphotic deep 
sea (Roberts et al. 2009). Under conditions particularly 
amenable to coral growth, mesophotic and rariphotic eco-
systems are able to produce an elaborate carbonate architec-
ture and often include the so-called marine animal forests 
(sensu Rossi et al. 2017). Here, the structural complexity 
is delivered by ecosystem engineers that convey multiple 
ecological functions, including the provision of feeding, 
nursery, and spawning grounds for many associated spe-
cies (Blyth-Skyrme et al. 2013; Rosa et al. 2016; Loya et al. 
2019; Chimienti 2020). Due to multiple anthropogenic 
threats spanning unsustainable fishing pressure to pollu-
tion, these ecosystems are considered vulnerable based on 
the life-history traits of their primary ecosystem engineers, 
such as corals, and their protection is a priority worldwide 
(FAO 2009).

Evolution of the Red Sea marine fauna has been shaped by 
geographic isolation, latitudinal gradients, and high salinity 
and temperature, even at depth (Roder et al. 2013; Berumen 
et al. 2019; Manasrah et al. 2019). The absence of perennial 
exorheic riverine input into the hyperarid Red Sea delivers 
exceptional water clarity, with the mesophotic zone locally 
extending as deep as 156 m in the Gulf of Aqaba (Eyal et al. 
2019b). That semi-enclosed gulf, a northern extension of the 
Red Sea, hosts such a diversity of ecosystems that it likely rep-
resents a distinct biogeographic zone, at least for shallow water 
coral communities (Sheppard and Sheppard 1991; Eyal et al. 
2019b; Purkis et al. 2022a; Terraneo et al. 2023). Deep-sea 
areas of the Red Sea have been explored since the end of the 
nineteenth century through pioneering expeditions, such as the 
Austro-Hungarian Pola Expedition in 1895–1898 and the John 
Murray Expedition in 1933–1934 (Marenzeller 1907; Gardiner 
and Waugh 1939; Scheer and Pillai 1983) and, more recently, 
using Remotely Operated Vehicles (ROVs) and submersibles 
(Roder et al. 2013; Qurban et al. 2014; Purkis et al. 2022b; 
Nolan et al. 2024), while its lower mesophotic and rariphotic 
waters remained relatively unexplored for a few more decades. 

In fact, the first reports of Red Sea mesophotic and rariphotic 
ecosystems came from submersible dives conducted in the 
1980s at various locations offshore Israel, Egypt, Djibouti, 
and Sudan (Fricke 1982, 1996; Fricke and Hottinger 1983; 
Fricke and Knauer 1986).  In the Gulf of Aqaba, Fricke and 
colleagues discovered coral-dominated benthic assemblages 
growing over biogenic formations between 100 and 200 m 
depth, mainly on a flat to gently sloping seafloor, interpreted 
at the time to represent drowned Pleistocene reef terraces. 
Bioherms built by the azooxanthellate colonial scleractinian 
Madracis interjecta (Fricke and Hottinger 1983: Fig. 4), a 
Red Sea endemic, were observed together with Dendrophyl-
lia cf minuscula at a smaller scale (Fricke and Hottinger 1983: 
Fig. 3). Those authors also reported other associated azoox-
anthellate scleractinians, mainly Dendrophylliidae, Caryo-
phylliidae and Flabellidae. A considerable body of literature 
has been published on the ecology and physiology of upper 
mesophotic corals in the Gulf of Aqaba focusing on adapta-
tions of light-dependent zooxanthellate scleractinians (Eyal 
et al. 2019a, b; Tamir et al. 2019). However, coral ecosystems 
in the lower photic zone and their bioconstructional potential 
have remained insufficiently characterized in the area.

Since 2020, three scientific expeditions facilitated by 
OceanX along the Saudi Arabia coast of the Gulf of Aqaba 
have provided the opportunity to explore a wide bathymet-
ric range (from 50 to 1770 m depth) using ROV and sub-
mersibles. Acoustic seabed mapping, video surveys, benthic 
invertebrate reference collections, and water column char-
acterization were systematically performed. This allowed 
an unprecedented wealth of information to describe and 
characterize in detail the Gulf of Aqaba (GoA) Rariphotic 
Coral Ecosystem (RCE), highlighting its unique structure 
and composition in comparison with the lower MCEs in 
the same area. Notably, a combination of edaphic and 
oceanographic conditions north of Magna (Neom territory, 
southeast Gulf of Aqaba) supported the establishment and 
development of the richest and most complex GoA RCE 
site found to date. Based on these findings, here we provide 
a detailed description of a RCE occurring between 100 and 
200 m depth—straddling the lower limit of the mesophotic 
zone and the rariphotic zone—whose complexity was only 
partially known thus far. We provide a characterization of 
the GoA RCE north of Magna, highlighting how this discov-
ery poses an urgent call for management and conservation 
considering the region’s rapid coastal development.

Materials and methods

Visual surveys and sampling

The coastline along the Saudi Arabia Gulf of Aqaba was 
explored during three oceanographic cruises aboard 
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M/V OceanXplorer: the Deep Blue Expedition in Octo-
ber–November 2020, the Relationship Cultivation Expedi-
tion in June 2022, and the Neom Gulf of Aqaba Expedi-
tion in October 2023 (Fig. 1a–c). Site choice was driven 
by bathymetry and seabed morphology. A total of seven 
ROV and four submersible dives were carried out along the 
depth profile at the southeast coastline of the Gulf of Aqaba 
(Fig. 1c–d; Table 1).

Visual surveys were carried out using an Argus Mariner 
XL108 ROV (Chimaera) and two Triton 3300/3 submarines 
(Nadir and Neptune). The ROV was equipped with a Kongs-
berg HiPaP 501 Ultra Short Base Line (USBL) acoustic 
tracking systems, and a complex light-cameras apparatus 
with one DSPL Super wide-angle CCD camera for landscape 
view and one HDTV 1080p F/Z color camera for detailed 
observations. Each submersible was equipped with a Sonar-
dyne Ranger Pro2 USBL system and several light and cam-
era systems, including a Wide Angle Red DSMC2 Helium 
8 k Canon CN-E15.5–47 mm lens and a macro Red DSMC2 
Helium 8 k Nikon ED 70–180 mm F4.5–5.6D. Submersi-
bles and ROV featured a10 cm laser scale for size and area 
measurements, a conductivity-temperature-depth (CTD) 
probe (RBR Maestro CTD), and a Schilling T4 hydraulic 
manipulator for sampling.

In 2020 and 2022, transects were run perpendicular to the 
coastline from 235 up to 50–100 m depth, depending on the 
transect (Table 1). ROV and submersible cruised at 1–3 m 
from the seafloor to film both benthic and benthopelagic spe-
cies. Each ROV and submersible transect had a duration of 
2–9 and 2–3 h, respectively, depending on the substrate and 
the number of samples collected. Ad hoc sampling of small 
portions of substrate and benthic taxa was performed with 
the manipulator arm from both assets, allowing a reference 
collection for the main coral taxa. Sampled material was 
tagged, subsampled for further genetic and morphological 
identification, and curated onboard the vessel. Once ashore, 
the material was analyzed at the King Abdullah University 
of Science and Technology (KAUST, Saudi Arabia) where 
it is currently stored. Geological samples were air-dried 
and preserved at KAUST and at the University of Miami 
(Florida, USA). Identification of the laminar micrite crusts 
was based on images and description by Brachert and Dullo 
(1991) from the same basin. On the 2023 expedition, to 
further assess the structure and species composition of the 
Magna RCE, ROV transects were run parallel to the coast-
line at three sites in the lower mesophotic between 80 and 
103 m and between 118 and 128 m depth, corresponding 
to the depths of the lower MCE and of the observed RCE.

Seafloor mapping

High-resolution bathymetry data were collected dur-
ing expeditions in 2020 and 2023 using high-resolution 

multibeam echosounder system (MBES) mounted on sur-
face and underwater platforms. In 2020, a bathymetric sur-
vey of the Saudi Arabian side of the Gulf of Aqaba were 
conducted aboard the M/V OceanXplorer during the Deep 
Blue Expedition. A Kongsberg EM712 MK2 (70–100 kHz) 
was used to survey the area, covering depths ranging from 
100 to 1770 m (Purkis et al. 2022a, b; Nolan et al. 2024). 
In 2023, high-resolution nearshore bathymetry (10–400 m 
depth) was collected using a Metalshark 38 boat (the M\V 
OceanXplorer 12 m support vessel) equipped with a dual-
head Kongsberg EM2040C (200–400 kHz). Fine-scale 
bathymetry at the Gulf of Aqaba RCE site was further 
refined using the ROV Chimaera equipped with a Tele-
dyne Reason T50-P (190–420 kHz). Sound velocity pro-
files (SVP) to calibrate MBES data were obtained using 
Expendable Bathy-Thermograph (XBT) and Sea-Bird 911 
CTD systems. SVP profiles were processed with Sound 
Speed Manager v2023.0.10 (Masetti et al. 2017).

Bathymetric data were processed using QPS Qimera 
v2.6.2 workflow, resulting in three bathymetric models at 
different resolutions: (a) a 30 m resolution model covering 
the Saudi Arabian Gulf of Aqaba from the 2020 Deep Blue 
Expedition, (b) a 5 m resolution model from the OceanX 
Metalshark nearshore data, and (c) a 1 m resolution model 
derived from the ROV Chimaera dataset from the 2023 
Neom Gulf of Aqaba Expedition, (Fig. 1c–e).

Water column characterization

In 2020, water column profiles (depth, temperature and 
salinity parameters) were obtained using a Sea-Bird 
911CTD during two casts performed from the M/V Ocean-
Xplorer (Fig. 1c, f). Moreover, an RBR CTD was mounted 
on the ROV to record the same profiles during each ROV 
dives. In 2022 and 2023 expeditions, the RBR CTD was 
deployed on every ROV dive, providing continuous envi-
ronmental profiling (Fig. S1). Both CTDs were calibrated 
prior to the cruise. The SBE’s Seasoft software and RBR 
Ruskin software were used for data extraction, and Origin 
Pro 2022b (v9.9.5) and ODV (v5.6.7) were used for pro-
cessing and visualization of the CTD data.

A total of ten casts were performed to character-
ize temperature, salinity, and chlorophyll-a (chl-a) in 
the study area: two Sea-Bird (CTD24 and 25; Fig. 1f) 
and six RBR dives (CHR0043, CHR0044, CHR0045, 
CHR0392, CHR0393, and CHR0394; Fig. S1) during the 
end of summer and the beginning of the transitional sea-
son (October–November 2020 and 2023), and two RBR 
dives (CHR0311, NTN0181; Fig. S1) during early summer 
(June–July 2022). Chl-a was also used to detect a defined 
deep chlorophyll maximum (DCM) sensu Lohrenzen 
(1966).



	 Coral Reefs



Coral Reefs	

Video analysis

In total, 31 h of video were collected (13 h in 2020, 9 in 2022 
and 9 in 2023). Videos were processed and visualized using 
Adobe Premiere Pro software v25 to synchronize times-
tamps with navigation and environmental data, review and 
trim video segments of interest, and extract still frames for 
subsequent annotation and analysis. The presence/absence 
of the GoA RCE was noted in each video, from its deepest 
to its shallowest occurrence. Within this bathymetric range, 
changes in substrate inclination, species composition, main 
scleractinian ecosystem engineer, and type of bioherm were 
directly annotated using the software. For qualitative and 
occurrence assessment purposes, still images were extracted 
from the ROV videos to document the presence and depth 
of bioherms, benthic organisms and fish of the GoA RCE. 
This documentation occurred when these features were first 
visible during a dive and the still image provided a clear 
view suitable for recording them. For benthic organisms, 
image-based taxonomic identification was possible through 
comparison with the in vivo morphology of the collected 
identified specimens. Methodological details for the taxo-
nomic identification based on samples and photographs are 
provided as supplementary materials.

For a quantitative assessment and comparison of the 
lower MCE and GoA RCE benthic assemblages’ com-
position, image stills were obtained from ROV videos of 
dives CHR0311 (RCE depth range 143–166 m), CHR0392 
(lower MCE depth 89 m; RCE depth 118 m), CHR0393 
(lower MCE depth range 80–82 m; RCE depth 119 m), and 
CHR0394 (lower MCE depth range 102–103 m; RCE depth 
range 127–128 m). Non-overlapping stills were taken at 
regular time intervals, excluding: those without laser scale 
clearly visible; those not perpendicular to the substrate (to 
avoid potential estimate errors derived from camera lens-
substrate image distortion; Pawlik et al. 2022); those depict-
ing less than 1 m2 or more than 2 m2 of seafloor (to have 

enough resolution for benthos identification); with more than 
20% of the image represented by black areas. A total of 15 
replicates were extracted for the lower mesophotic zone and 
20 for the rariphotic zone. For each image still, a photo-
quadrat was standardized to size using the known 10 cm 
distance between laser points in the image. Using Coral 
Point Count with Excel extensions (CPCE; Kohler and Gill 
2006), 50 random points were cast on each photoquadrat. A 
quadrat point-intercept based estimate of percentage cover 
was obtained for the following biotic and abiotic catego-
ries: Zooxanthellate Scleractinia (SZoox); Azooxanthellate 
Scleractinia (SAzoox); Octocorals except whip-shaped taxa 
(Octos); Antipatharia except whip-shaped taxa and Zoan-
tharia (Hexa); whip-shaped Antipatharia and Octocorallia 
(whips); crustose coralline algae (CCA); Bryozoa and ben-
thic Foraminifera aggregation (BryoFor); mobile substrate 
including sediment and rubble (SR); rocky substrate (RCK). 
For each photoquadrat, the total proportion for each category 
was calculated and expressed in percentage. The data was 
then averaged per category across replicates within each 
depth zone (expressed as mean ± standard error) to allow a 
benthic assemblages composition comparison between the 
lower MCE and the GoA RCE.

Results

Geomorphology and RCE bathymetric zonation

The examined stretch of the Gulf of Aqaba seafloor was 
characterized by a narrow and variably sloping continental 
shelf. The euphotic zone hosted light-dependent coral reef 
communities from the surface to approximately 40 m depth. 
Below this limit, as light availability further decreased, 
photosynthetic organisms persisted, but the benthic com-
munity composition changed toward more sciaphilous spe-
cies including mesophotic specialists (e.g., Leptoseris cf. 
striatus). There, the role of crustose coralline algae was fun-
damental, and the abundance and diversity of alcyonaceans 
and antipatharians increased until 90–110 m depth. Beyond 
this depth, the seabed continued with variably sized hard 
substrate patches interspersed with sediment, colonized by 
a low-density assemblage dominated by alcyonaceans (e.g., 
Ellisella sp.) and antipatharians (e.g., Allopathes sp.), with 
only a minor contribution of scleractinians. Several attempts 
to sample these hard substrate patches to characterize their 
composition failed. Therefore, the seafloor nature and the 
smaller components of the benthic fauna remain unknown. 
Along this coastal sector of the GoA, located in front of the 
Dakar deep (1230 m depth), the continental slope lies close 
to the coastline, and the continental shelf is extremely nar-
row, ranging from 50 to 200 m wide. The shelf break occurs 
between 90 and 110 m depth, where the gentle seafloor slope 

Fig. 1   Geographic, geomorphological, and water column settings of 
the Rariphotic Coral Ecosystem (RCE) described in this study. a, b 
Geographic setting of the survey area within the Red Sea and Gulf 
of Aqaba regions. c Position of ROV dives (blue dots), submersible 
dives (yellow triangles), and Sea-Bird CTD casts (cyan squares) in 
the area. Two bathymetric models are shown: the M/V OceanXplorer 
(30 m resolution) for deeper areas and the Metal Shark boat (5 m res-
olution) for the coastal zone. d Magnification of the richest RCE area 
found, showing ROV and submersible dives overlaid on the ROV 1-m 
high-resolution bathymetric model. Dashed lines indicate the mass-
wasting scars creating the vertical/overhanging wall where the RCE 
is located. e 3D-oriented model of the ROV bathymetry showing the 
morphology of the mass-wasting scar and along the depth gradient. 
The model is re-oriented to mirror the orientation of video footage 
in g. f Sea-Bird CTD profiles collected during the 2020 Deep Blue 
Expedition. g Example of the inclination break at the upper boundary 
of the RCE with h detail of hard substrate patches above the break 
and i detail of the RCE bioherms below it

◂
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shifts abruptly into a steep, often over-vertical continental 
slope. Additionally, this sector of the GoA continental mar-
gin is characterized by mass-wasting scars (dashed lines in 
Fig. 1d, e, g) which create a NW–SE oriented slope break, 
resulting in a vertical wall with a displacement of approxi-
mately 40 m featuring overhangs and cavities (Fig. S2a). 
This entailed a clear shift in light availability for benthic 
organisms and corresponding faunal composition in favor of 
assemblages composed of non-light dependent zoobenthos 
down to more than 200 m depth, including an highly three-
dimensional RCE. Small, scattered coralline algae crusts 
were consistently observed down to 130 m depth. Below 
the break, cavernous voids extended up to 10 m into the 
wall and were accessible by submersible allowing bedrock 
sampling (Fig. S2c, d). Retrieved samples showed the base 
substrate to constitute bedded siliciclastic sandstone, devoid 
of fossils, suggesting the substrate to represent elements of 
the Pleistocene sea-level lowstand coastline. In many cases, 
this substrate was preserved in its original depositional posi-
tion. In other cases, rotation of bedding planes and obvi-
ous dislocation of blocks indicated common mass-wasting 
events. Likely during subaerial exposure of the sea-level 
lowstands, the beds of the siliciclastic deposit were differen-
tially eroded, with some standing proud of the outcrop, inter-
spersed by recessive units. All these processes conspired 
to deliver a highly rugose vertical to over-vertical seabed. 
Visually apparent during surveys, the greater the rugosity of 
the sandstone, the richer the benthic community that devel-
oped atop of it. Below 200 m depth, the coral community 
became simplified and less diverse, with the gradual disap-
pearance of most taxa and an overall reduction in size of 
the remainder. Laminar micrite crusts became evident (Fig. 
S2b). Notably, similar crusts were also present from 140 m 
depth in areas where the rocky wall was covered by sedi-
ments and scantly colonized by corals (e.g., when broadly 
facing north).

Composition of the Gulf of Aqaba rariphotic coral 
ecosystem

The heterogeneous benthic assemblage identified as the GoA 
RCE was found at all the explored sites, broadly between 
100 and 200 m depth (Fig. 1c–i). The RCE was complex and 
multispecific, with the calcifying zoobenthos playing a pri-
mary role in building and shaping the ecosystem. Colonial 
azooxanthellate scleractinian corals were the main ecosys-
tem engineers. Among those, M. interjecta, D. minuscula 
and Rhizopsammia compacta formed the largest colonies 
and provided substrate and habitat to other benthic organ-
isms. Other common scleractinian species included the soli-
tary Agariciidae Dactylotrochus cervicornis, the Flabelli-
dae Rhizotrochus typus and Javania insignis, the colonial 
Caryophylliidae Rhizosmilia valida and Cladopsammia Ta
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sp., and other unidentified Dendrophylliidae (Fig. 2a–c). In 
total, 12 scleractinian taxa were associated to the GoA RCE 
(Table 2). Other calcifying organisms included foramini-
fers, bryozoans, serpulids and bivalves. For those, species 
identification is still uncertain, and the material awaits fur-
ther studies by specialists. Together, however, they formed 
an association performing a fundamental functional role 

in the formation and growth of the RCE bioherms. The 
remaining ecosystem engineers structuring the GoA RCE 
were alcyonaceans and antipatharians forming mixed coral 
forests. Among antipatharians, Acanthopathes, Allopathes, 
Asteriopathes and Aphanostichopathes (Fig. 2d–f) were the 
dominant genera, together with other unidentified taxa in the 
families Aphanipathidae, Antipathidae and Myriopathidae. 

Fig. 2   In situ images of the most commonly observed coral taxa in 
the Gulf of Aqaba Rariphotic Coral Ecosystem. a‒c Scleractinia; d‒f 
Antipatharia; g‒j Alcyonacea. Numbers indicate different taxa to the 
lowest possible identification, such as Cladopsammia sp. (1), Den-
drophylliidae sp. 2 (2), Rhizotrochus typus (3), Javania insignis (4), 

Allopathes sp. (5), Aphanostichopathes sp. (6), Acanthopathes sp. 
(7), Dendrophylliidae sp. 1 (8), Asteriopathes sp. (9), Melithaea sp. 
(10), unidentified Nephtheidae (11), Acanthogorgia sp. (12), Madra-
cis interjecta (13), Dendrophyllia minuscula (14), and Chironephthya 
sp. (15)
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Forest-forming alcyonaceans were mostly represented by 
fan-shaped colonies in the genera Acanthogorgia, Chiro-
nephthya, Euplexaura, Melithaea, Parisis, Astrogorgia and 
Villogorgia (Fig. 2g–i). Broadly, seven and 16 taxa were 
observed within antipatharians and alcyonaceans, respec-
tively (Table 2).

Characteristics of the bioherms

The GoA RCE was characterized by three different bioherm 
typologies, each primarily established by a different foun-
dation species, such as M. interjecta, D. minuscula and R. 

compacta. Although it was observed at all explored sites, 
the most structurally complex and diversified GoA RCE was 
observed along a southwest-facing seafloor north of the city 
of Magna (Fig. 1b–e). Discovered during 2020 and resur-
veyed within the following expeditions, the GoA RCE north 
of Magna is here described in detail. At this specific site, 
the RCE area extended for 182 m along the seafloor, over 
a vertical area of 820 m2, with a structural climax between 
120 and 160 m depth.

The M. interjecta bioherms were present on flat or gently 
sloping substrate. Variably developed, reaching up to 2.5 m 
in diameter and 3.0 m in height, the mound-like bioherms 

Table 2   Anthozoa taxa recorded from the GoA RCE, identified at the lowest possible taxonomic level. Systematics follows the World Register 
of Marine Species (www.​marin​espec​ies.​org)

Class Order Family Genus and species

Hexacorallia Scleractinia Agariciidae Dactylotrochus cervicornis (Moseley, 1880)
Caryophylliidae Rhizosmilia valida (Marenzeller 1907)

Unidentified colonial Caryophylliidae
Dendrophylliidae Cladopsammia sp.

Dendrophyllia minuscula (Bourne, 1905)
Rhizopsammia compacta (Sheppard & Sheppard 1991)
Unidentified colonial Dendrophyllidae sp. 1
Unidentified colonial Dendrophyllidae sp. 2
Unidentified colonial Dendrophyllidae sp. 3

Flabellidae Javania insignis Duncan, 1876
Rhizotrochus typus (Milne Edwards & Haime, 1848)

Pocilloporidae Madracis interjecta Marenzeller 1907
Antipatharia Antipathidae Allopathes sp.

Antipathes sp.
Stichopathes sp.

Aphanipathidae Acanthopathes sp.
Aphanostichopathes sp.
Asteriopathes sp.

Myriopathidae Myriopathes sp.
Octocorallia Malacalcyonacea Acanthogorgiidae Acanthogorgia sp.

Calicogorgia sp.
Muriceides sp.
Villogorgia sp.

Astrogorgiidae Astrogorgia sp.
Euplexauridae Euplexaura sp.
Melithaeidae Melithaea sinaica (Grasshoff, 2000)
Nephtheidae Unidentified Nephtheidae
Nidaliidae Nidalia sp.
Siphonogorgiidae Chironepthya sp.

Siphonogorgia sp.
Scleralcyonacea Parisididae Parisis cf fruticosa (Verrill, 1864)

Ellisellidae Ellisella sp.
Nicella sp.
Verrucella sp.
Unidentified Ellisellidae

http://www.marinespecies.org
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were covered by other calcifying and non-calcifying organ-
isms at their base, while live Madracis fan-like portions 
were visible at the distal upper end (Fig. 3a–c). Colonies of 
M. interjecta occurred in a broader range of environmen-
tal conditions, both shallower and deeper than the depth at 
which the bioherms were observed. Overall, the M. inter-
jecta bioherms represented the less frequently observed 
bioherm type.

The D. minuscula bioherms were uniquely shaped and 
oriented horizontally, developing from a near vertical hard 
substrate (Fig. 3d). Spanning from 20 cm to over 2.5 m 

in length and up to 1 m in width, the framework of these 
shelf-like formations was primarily built by D. minuscula 
colonies growing perpendicular to the sandstone substrate. 
In shelves at early stages of development, the founda-
tional dendrophylliid colony was still clearly visible, with 
the proximal portion of the colony overgrown by benthic 
foraminifera and bryozoans (Fig. 3e; Fig. S3). As the struc-
ture reached a more mature stage, the hard coral skeleton, 
primed by the encrusting calcifying benthos, was encrusted 
by other functional groups of calcareous epifauna and over-
grown by alcyonaceans and antipatharians, adding to the 

Fig. 3   The different bioherm 
types and main bioconstruc-
tor coral species observed in 
the Gulf of Aqaba Rariphotic 
Coral Ecosystem. a Madracis 
interjecta bioherm (dotted lines 
indicate the outer margins of 
multiple fan-like projections 
composing the bioherm). b 
Detail of a M. interjecta bio-
herm margin showing the living 
corals (white) actively forming 
it. c Close-up of a M. interjecta 
colony living on a bioherm. d 
Margin of a shelf-like Den-
drophyllia minuscula bioherm 
showing the different stages of 
the ongoing formation. e Single 
D. minuscula colony growing 
perpendicular to the quasi-ver-
tical sandstone wall. The older 
and proximal portion of the 
colony (enclosed by the yellow 
dotted line) has already been 
primed by benthic foraminifera 
and bryozoans overgrowing 
its skeleton, while the distal 
portion of it (enclosed by the 
white dotted line) is still alive, 
actively growing and typically 
bright orange in color. f Several 
Rhizopsammia compacta bio-
stalactites (dashed white lines 
show the single stalactites sides) 
growing together to form a col-
umn bioherm typically growing 
downwards from a cave ceiling, 
a living (yellow) colony of the 
coral forming the bioherm by 
growing downwards is indi-
cated. g R. compacta specimen 
and h close-up of the corallite 
morphology
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architectural complexity of the final formation. These com-
plex shelves were in turn reinforced by skeletal elements and 
debris of the epizoic fauna. Developing in proximity to one 
another, adjacent bioherms fused together into composite 
shelves. Bivalve molluscs were locally abundant, contribut-
ing to the edification and the cementation of the biogenic 
shelves. Serpulids were ubiquitous, filling small crevices 
with their calcareous tubes (Fig. S3), while M. interjecta 
was commonly associated with these bioherms as a second-
ary builder (Fig. 4a–c). Moreover, through a known baffling 
effect (Rossi et al. 2017), the arborescent alcyonacean and 
antipatharian colonies enhanced the deposition of smaller 
grains of sediments falling from the slope above and infilling 
the porous matrix, nourishing the precipitation of abundant 
marine-diagenetic cements.

The third bioherm type was composed of R. compacta 
colonies growing downwards from overhangs, forming 
remarkable formations similar to stalactites, but of biogenic 
origin (Fig. 3f–h). Like the main bioherms, these bio-sta-
lactites were also cemented and covered by small encrust-
ing epifauna, attaining vertical dimensions up to > 1 m, 
and > 0.5 m wide. Adjacent bio-stalactites also merged into 
composite formations. The largest R. compacta bioherm 
was observed hanging down from the overhang created by 
a mass-wasting event (Fig. 3h). Smaller examples of these 
formations were also observed growing from the lower side 
of the D. minuscula bioherms, adding to their structural 
complexity in their final development phase (Fig. 4b, c). 
Indeed, the pattern of spatial occurrence of the three types of 
bioherm was driven by both substrate inclination and orien-
tation, leading to their closer association in areas where the 
seafloor complexity was overall high (Figs. 5 and 6).

RCE associated fish fauna

A total of 43 fish taxa belonging to 22 families were recorded 
during ROV and submersible dives on the GoA RCE, with 
35 taxa identified to species level and eight endemics to the 
Red Sea (Table 3). These observations represent new Red 
Sea depth records for 15 species and one range extension 
into the Red Sea (Seriola rivoliana).

The fish community of the GoA RCE consisted of a 
blend of species found on shallow reefs and those exclu-
sive to mesophotic and rariphotic habitats. Among the 
most abundant and ubiquitous fishes were three species of 
Pseudanthias: P. gibbosus, P. heemstrai, and P. taeniatus. 
These species formed large, plankton-feeding schools that 
hovered up to 5 m above the bioherm substrates, particularly 
in exposed areas with structurally complex substrates. At 
night, they were observed sheltering in small cavities and 
crevices of the bioherms to sleep. While individual species 
tended to dominate specific areas, mixed-species aggre-
gations were also common. Notably, P. heemstrai and P. 

taeniatus, previously known to inhabit the upper mesophotic 
(40–67 m), were observed at greater depths, extending their 
known habitat range to the lower mesophotic zone. A fourth 
species, Pseudanthias cf. lunulatus, was also present. While 
this may represent a new record for the northern Red Sea 
and the lower mesophotic zone, the taxonomic identification 
based on images remains tentative.

Symphysanodon disii frequently formed large, fast-mov-
ing schools 1–3 m above the benthos, especially near steep 
slopes and walls. The species was previously known only 
from five specimens collected in Aqaba, Jordan and Eilat, 
Israel (Khalaf and Krupp 2008; Anderson et al. 2011). Our 
records represent the first in situ recordings of the species 

Fig. 4   Structural complexity of the shelf-like bioherms observed 
along a quasi-vertical wall in the Gulf of Aqaba Rariphotic Coral 
Ecosystem. a shelf-like structures mainly formed by Dendrophyllia 
minuscula, overgrown by scleractinians and alcyonaceans; b mixed 
D. minuscula and Madracis interjecta bioherms growing outwards 
from a substrate of bedded sandstone; c bioherms and associated ben-
thic assemblage composed of several taxa illustrated in Fig. 2 grow-
ing on the top and the bottom part of the shelf-like formation, and 
associated fish
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and extend its known depth range from 150 to 200 m. Over 
gently sloping and flat substrates, Chromis pelloura was one 
of the most common species, typically staying just above 
the benthos.

The three bioherm typologies in the study area provided 
structurally complex and diverse habitats, supporting a 
variety of behaviorally cryptic fish species. Larger cavities 
and overhangs were commonly inhabited by Myripristis 
chryseres, Sargocentron ittodai, Cephalopholis sexmacu-
lata, and Epinephelus morrhua. While most cryptobenthic 
species are likely to be missed during ROV and submersible 
dives, at least three distinct species of Plectranthias were 
identified. One of these, identified as Plectranthias win-
niensis, was moderately common in small crevices of the 
bioherms. Another species, for which high-quality close-
up imagery was obtained, likely represents an undescribed 
species (Luiz Rocha, pers. comm.). This species exhibits 
long dorsal spines and filamentous caudal fin rays, broadly 
resembling Plectranthias ryukyuensis (Wada et al. 2020).

Several species of elevated conservation concern were 
observed during the dives. These include single individu-
als of the pelagic thresher shark (Alopias pelagicus), sand-
bar shark (Carcharhinus plumbeus), scalloped hammer-
head (Sphyrna lewini), and panther electric ray (Torpedo 

panthera), all listed as endangered on the IUCN Red List. 
Additionally, Plectropomus marisrubri, a Red Sea endemic 
species listed as vulnerable, was recorded. This large preda-
tor faces heavy fishing pressure, and our observations pro-
vide the first evidence of its utilization of lower mesophotic 
habitats. While no other recorded fish species are currently 
listed as threatened, data on many species remain extremely 
limited, with several species having never been recorded 
in situ prior to this study.

Hydrographic parameters

During the end of summer and the transitional season, 
the temperature profiles indicate a well-mixed layer in the 
upper 80 m, with temperatures nearly stable at ~ 26.5–27 °C. 
Below 80 m, temperatures decrease progressively with 
depth, reaching ~ 22–22.5 °C at 200 m. Salinity profiles 
also exhibit a mixed layer between 20 and 60 m, with val-
ues of ~ 40.55–40.65 PSU. Below 60 m, salinity increases, 
peaking at 95–100 m (~ 40.75–40.8 PSU) before stabilizing 
at ~ 40.6–40.65 PSU below 100 m.

In early summer, the profiles display slight differences, 
with a mixed layer extending to 70 m. Within this layer, 
temperatures are slightly lower (~ 24.5–25.5 °C), and salin-
ity remains relatively uniform (~ 40.45–40.50 PSU) com-
pared to the end of summer. Below 70–80 m, a thermo-
cline is observed, with temperatures decreasing steadily 
to ~ 21 °C at 200 m. Salinity decreases slightly at 95–100 m 
(~ 40.35–40.40 PSU) and stabilizes at ~ 40.65 PSU below 
130 m.

Within the RCE climax depth range (120–160 m), salinity 
remains relatively stable at ~ 40.60–40.65 PSU across most 
casts. In this range, temperature decreases with the depth 
gradient from 25 to 23 °C during the end of summer and 
from 23 to 21 °C during early summer.

Chlorophyll-a concentration profiles indicate the presence 
of a defined DCM between ~ 70 and 110 m in most casts 
(Fig. S1). During the end of summer (e.g., CHR0043–45, 
October 2023), Chl-a peaks at ~ 80–100 m, with concen-
trations approaching 0.2 mg/m3. In early summer (e.g., 
CHR0311, NTN0181), the DCM is more pronounced, with 
elevated Chl-a values observed between 60 and 110 m, with 
a concentration reaching a peak > 0.8 mg/m3. Within the 
RCE climax depth range (120–160 m), Chl-a concentrations 
remain consistently low (< 0.2 mg/m3), indicating extremely 
limited photosynthetic activity.

Comparison of the mesophotic and rariphotic benthic 
assemblages’ composition

Quantitative video analysis showed that the MCE commu-
nity, between approximately 80 and 103 m depth, was dom-
inated by CCA, followed by zooxanthellate scleractinians 

Fig. 5   A general view of the Gulf of Aqaba Rariphotic Coral Ecosys-
tem north of Magna seen from below, showing the highest complex-
ity of mixed bioherms (dotted lines indicate the margins of the shelf-
like formations) and Rhizopsammia compacta bio-stalactites (white 
arrows)



	 Coral Reefs

and alcyonaceans (Fig. 7a, b; Table S1). Antipatharians and 
sea whips sensu lato represented a minor component of the 
benthic community, while a few azooxanthellate scleractin-
ians were present in the lower part of the MCE under small 
cervices. Large portions of rocky substrate, together with 
sediment and rubble, were evident. Below the shelf break, 
approximately 110 m depth, the RCE benthic community 
was dominated by a bryozoan-foraminifer complex, followed 
by alcyonaceans, azooxanthellate scleractinians and antipa-
tharians (Fig. 7c, d; Table S1). Sea whips and CCA were 
rare, the latter present only in the upper part of the RCE, 
while zooxanthellate scleractinians were absent. Unidenti-
fied hard bottom was also present, while mobile sediment 

was rare compatibly with the moderate to steep inclination 
of the seafloor typical of the GoA RCE, and differently from 
the MCE.

Observed anthropogenic impacts

We observed a few abandoned fishing lines, entangled in 
the coral bioherms (Fig. S4) at all GoA RCE sites, attesting 
to the occurrence of fishing practices down to more than 
200 m depth. Some of the fishing lines had been damaging 
the frame-building corals. No other signs of stress on the 
community, nor marine litter, were observed during the ROV 
and submersible dives.

Fig. 6   Overview of the GoA 
RCE described north of Magna. 
a Continental slope off the 
city of Magna; b explora-
tion assets and bathymetric 
extension of the RCE, with 
details of c Madracis interjecta 
and Dendrophyllia minuscula 
bioherms, and d Rhizopsam-
mia compacta bio-stalactites in 
cavities. Growth direction of the 
bioherms is indicated by white 
arrows
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Table 3   List of fish taxa observed, with the maximum depth 
recorded in this study and the maximum reported depth from Fish-
Base or relevant literature (a: Baranes & Golani 1993; b: Schuh-
macher et al., 1989; c: Moazzam & Osmany 2014; d: Reef Ecology 
Lab pers. obs.; e: Andradi-Brown, 2019; f: Khalaf et al. 2019). New 

depth records are in bold, and Red Sea endemic species are indicated 
with *. Classification within the Red List by the International Union 
for the Conservation of Nature: least concern (LC); vulnerable (V); 
endangered (E); not assessed (na)

Class Family Species Maximum depth 
(m) in this study

Maximum 
reported depth 
(m)

IUCN Status

Chondrichthyes Alopiidae Alopias pelagicus Nakamura, 1935 120 300 E
Carcharhinidae Carcharhinus plumbeus (Nardo, 1827) 230 500a E

Sphyrna lewini (Griffith & Smith, 1834) 120 275
Torpedinidae Torpedo panthera Olfers, 1831 103 350 E

Osteichthyes Anomalopidae Photoblepharon steinitzi Abe & Haneda, 1973 137 LC
Anthiadidae Anthiadidae sp. 115

Plectranthias sp. 1 200
Plectranthias sp. 2 152
Plectranthias sp. 3 211
Pseudanthias gibbosus (Klunzinger, 1884) 161 150 LC
Pseudanthias cf. lunulatus (Kotthaus, 1973) 130 75
Pseudanthias heemstrai Schuhmacher, Krupp & 

Randall, 1989 *
132 67b na

Pseudanthias taeniatus (Klunzinger, 1884) * 127 40 LC
Apogonidae Ostorhinchus sp. 140
Carangidae Seriola rivoliana Valenciennes, 1833 226 245 LC
Chaetodontidae Chaetodon paucifasciatus Ahl, 1923 * 150 65 LC

Roa jayakari (Norman, 1939) 207 280 LC
Diodontidae Cyclichthys spilostylus (Leis & Randall, 1982) 170 110c na
Holocentridae Myripristis chryseres Jordan & Evermann, 1903 150 350 LC

Sargocentron ittodai (Jordan & Fowler, 1902) 102 190 LC
Labridae Bodianus opercularis (Guichenot, 1847) 168 75 LC

Cirrhilabrus blatteus Springer & Randall, 1974 * 165 50 LC
Labridae sp. 180
Labroides dimidiatus (Valenciennes, 1839) 170 100 LC

Lutjanidae Lutjanus bohar 118 180 LC
Lutjanus kasmira (Forsskål, 1775) 129 265 LC
Pristipomoides filamentosus (Valenciennes, 1830) 213 400 LC

Mullidae Parupeneus rubescens (Lacepède, 1801) 148 200a LC
Muraenidae Gymnothorax flavimarginatus (Rüppell, 1830) 143 150 LC
Ostraciidae Ostracion cyanurus Rüppell, 1828 190 30d LC
Pomacanthidae Apolemichthys xanthotis (Fraser-Brunner, 1950) * 148 35 LC

Genicanthus caudovittatus (Günther, 1860) 120 70 LC
Pomacentridae Chromis pelloura Randall & Allen, 1982 * 206 200a na
Scorpaenidae Pterois miles (Bennett, 1828) 130 304e,f LC

Scorpaenidae sp. 125
Serranidae Cephalopholis sexmaculata (Rüppell, 1830) 127 150 LC

Epinephelus fasciatus (Forsskål, 1775) 150 227f LC
Epinephelus morrhua (Valenciennes, 1833) 211 400f LC
Liopropoma lunulatum (Guichenot, 1863) 147 350 LC
Plectropomus marisrubri Randall & Hoese, 1986 * 140 30d V
Variola louti (Forsskål, 1775) 220 300f LC

Symphysanodontidae Symphysanodon disii Khalaf & Krupp 2008 * 200 150 na
Synodontidae Synodus sp. 150
Tetraodontidae Arothron hispidus (Linnaeus, 1758) 152 50 LC
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Discussion

The pioneering explorations along the Israeli coast of the 
Gulf of Aqaba by Fricke and colleagues (Fricke 1982, 1996; 
Fricke and Hottinger 1983) revealed a first insight on the 
GoA RCE, highlighting the presence of M. interjecta bio-
herms and the minor contribution of D. minuscula. Our 
study provides a detailed description of this peculiar asso-
ciation, reporting the occurrence of extensive formations 
and different bioherm typologies. We also highlighted the 
spectacular three-dimensional ecosystem resulting from the 
combination of the different frame-building corals and the 
several associated benthic taxa. The ecosystem observed by 
Fricke (1996, and reference therein), although less structured 
and diversified than the one here reported, might represent 
the terminal extension of a discontinuous belt of GoA RCE 
that, where fully developed, displays all the three bioherm 
types. Finally, we provide the first quantitative characteriza-
tion of the GoA RCE benthic assemblage composition and 
its comparison with the lower MCE in the same zone. In fact, 
MCEs in the Gulf of Aqaba have been investigated with a 
focus on the upper mesophotic range off the Israeli coastline 
(Alamaru et al. 2009; Eyal and Loya 2016; Eyal-Shaham 

et al. 2016; Eyal et al. 2019a, b; Kramer et al. 2019). Quan-
titative assessments reached a maximum depth of 60 m (Eyal 
et al. 2019b) and provided a detailed characterization of the 
benthic assemblages from the shallow photic to the upper 
mesophotic zone. There, zooxanthellate corals still occur 
accounting on average for 20% of the benthic cover and the 
CCA cover is higher than in the photic zone ranging from 
20 to 40%. This study provides the first quantitative charac-
terization of benthic assemblages’ composition in two depth 
ranges deeper than 60 m in the Gulf of Aqaba.

The Gulf of Aqaba rariphotic coral ecosystem

The Red Sea is a marine biodiversity hotspot with high 
species richness and endemism of the coral reef dwelling 
fauna in its euphotic zone (Riegl et al. 2012; DiBattista et al 
2016a, b). Mesophotic and deep-sea exploration in the basin 
revealed unique benthic habitats, bioherms, and coral forests 
(e.g., Qurban et al. 2014; Bracchi et al. 2023) character-
ized by higher levels of biological diversity than previously 
expected (Vicario et al. 2024) due to the unique Red Sea 
environmental conditions (Roder et al. 2013). The GoA RCE 
represents a further example of the uniqueness of the Red 

Fig. 7   Characterization of the benthic assemblages composition in 
the lower mesophotic and rariphotic zones in the Gulf of Aqaba off 
the Neom coast. a Example of the lower MCE; b average percentage 
cover (± standard error) of the examined biotic and abiotic categories 

in the lower MCE; c example of the GoA RCE; d Average percentage 
cover (± standard error) of the examined biotic and abiotic categories 
in the GoA RCE. For clarity on scale, the 10 cm distance between the 
two laser points is indicated in panels a and c
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Sea’s coral ecosystems. Unlike their counterparts world-
wide, Red Sea corals are adapted to uniquely warm water 
temperature and high salinity from the shallow to the deep 
(Roder et al. 2013; Berumen et al. 2019; Chimienti et al. 
2022; Nolan et al 2024; Vimercati et al. 2024). For instance, 
elsewhere in the world, rariphotic corals occur at tempera-
tures cooler than 16 °C and deep-sea corals between 12 and 
4 °C (Roberts et al. 2009; Morato et al. 2020), while the Red 
Sea water temperature stabilizes at 21–22 °C until its deep-
est point (Roder et al. 2013; Manasrah et al. 2019; Purkis 
et al. 2022a). However, some populations are not immune 
to global warming (Eyal et al. 2022).

With 35 azooxanthellate coral taxa censed and up to three 
different types of bioherms, the GoA RCE is here recog-
nized as a specific type of coral ecosystem, different from 
any other found outside the Red Sea at any depth. The upper 
depth boundary of the GoA RCE lies below the recorded 
occurrence of the Red Sea MCE (Eyal et al. 2019b), and of 
deepest known Red Sea zooxanthellate mesophotic special-
ist scleractinian, L. cf striatus. These corals can reach up 
to 145 m depth in the Red Sea (Vimercati et al. 2024 and 
references therein) highlighting the lower limit that MCEs 
can reach in the basin. These depth limits may vary locally 
depending on light availability, as shown by chl-a trends 
and DCM. The latter generally corresponds to the base of 
the mixed layer and the upper thermocline, coinciding with 
a transition zone in temperature and salinity gradients, and 
in the Red Sea can reach 120 m depth (Raitsos et al. 2013). 
Our results in terms of seasonal peaks and depth distribu-
tion are in agreement with the expected Chl-a range along 
the Red Sea and the Gulf of Aqaba (Labiosa et al. 2003; 
Raitsos et al. 2013; Kheireddine et al. 2017). Furthermore, 
the DCM broadly reached to the lower limit of the MCE and 
the upper limit of the GoA RCE, a few meters shallower than 
the maximum value reported for the Red Sea. While formal 
thresholds distinguishing mesophotic from rariphotic zones 
are difficult to define at large scale, low chlorophyll levels 
corresponding to the RCE climax depth range (120–160 m) 
suggest that this depth range lies beyond the lower limit of 
the productive mesophotic zone and is more consistent with 
the interpretation of low-light conditions characteristic of 
RCEs. The shift in benthic community composition between 
the MCE and the RCE is sharply marked in our study area 
by the shelf break at 90–110 m followed by a shaded steep, 
vertical continental slope, where light incidence on the bot-
tom becomes suddenly lower and where the RCE develops. 
Although scattered crustose coralline algae are still present 
in the first meters below the top of the GoA RCE, marking 
the lower horizon of the mesophotic zone, they do not rep-
resent a main component of the RCE benthic assemblages. 
In fact, the GoA RCE is composed of organisms that do 
not appear to be light dependent. Corals are particularly 
noticeable during visual surveys and represent the main 

primary builders, while encrusting bryozoans and foramini-
fers (absent in the MCE) play an important role in coating, 
cementing and reinforcing the biogenic structures, being the 
main taxa in terms of cover percentage. Several factors—
including food availability for the corals, substrate orienta-
tion related to water-current exposure, and/or a down-slope 
succession to a substrate type that is less suitable for coral 
settlement—might limit the 200 m lower depth boundary 
of the GoA RCE. Below this depth, the GoA RCE benthic 
assemblages are replaced by what appear like laminar mic-
rite crusts with little structural complexity. Similar structures 
were already described by Fricke (1996: Fig. 7) along the 
Israeli coast. Their analysis revealed that the micrite crusts 
origin depends on a combination of abiotic and biotic pro-
cesses. The growth rate of this crust is slow (3.5–10 mm per 
1000 years) and linked to the activity of small, encrusting 
serpulids and bryozoans (Brachert and Dullo 1991).

Three bioherm morphologies

Three distinct GoA RCE bioherm types were here identi-
fied and described, two of which were previously unknown. 
The size and structural diversity of the GoA RCE bioherms, 
fully built by three distinct azooxanthellate and colonial 
scleractinian species, take us back to the classic question by 
Schuhmacher and Zibrowius (1985) “what is hermatypic?” 
Following the nomenclature proposed by those authors 
who also cited the Red Sea case of M. interjecta and D. 
minuscula bioherms (Fricke and Hottinger 1983), these two 
species and R. compacta are to be considered azooxanthel-
late constructional species. Indeed, the constructional role 
of deep azooxanthellate Madracis and Dendrophylliidae 
species has been long recognized worldwide (Roberts et al. 
2009; Cedeño-Posso et al. 2022).

When growing on a steeply inclined surface, the GoA 
RCE is characterized by the development of unique shelf-
like bioherms developing all along its bathymetric range, 
giving the appearance of an intricate and highly three-
dimensional suspended “coral palace.” Similar morpholo-
gies have been described from the Coral Sea, where meso-
photic edges occur between 110 and 130 m depth (Beaman 
et al. 2016). However, those structures seemed to be mostly 
created by erosional rather than accretional processes, linked 
to the Pleistocene sea-level lowstands (Beaman et al. 2016). 
Differently to the GoA RCE, most of the MCEs known 
from both the Red Sea (Fricke and Knauer 1986; Eyal et al. 
2019a, b) and other tropical areas of the world (Turner et al. 
2017; Loya et al. 2019) are typically shaped by zooxanthel-
late corals that eventually built reef-like ecosystems on flat 
or sloping seabed. On the contrary, lower MCEs and RCEs 
are often represented by antipatharian and/or alcyonacean 
coral forests developing on primarily rocky substrates with-
out a significant contribution by scleractinian corals (Rossi 
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et al. 2017; Stefanoudis et al. 2019; Chimienti et al. 2020). 
To the best of our knowledge, Dendrophyllia cornigera beds 
represent the only other RCE built by a scleractinian species. 
This RCE develops on flat Mediterranean muddy bottoms as 
an aggregation of different D. cornigera colonies (Enrichetti 
et al. 2023). Other recognized coral ecosystems primarily 
built by scleractinians develop in aphotic conditions, attain-
ing at the former deep sea. Several examples are known from 
the Red Sea (Qurban et al. 2014; Nolan et al. 2024), as well 
as from all the world’s oceans (Roberts et al. 2009), where 
coral mounds or coral framework can be built, displaying 
a different structure and composition from the GoA RCE.

The discovery of a previously unknown type of columnar 
bioherm hanging from cavity ceilings and the lower side 
of shelf-shaped bioherms is also noteworthy because the 
formations are built by R. compacta which, to date, has not 
been recognized as constructional (Roberts et al. 2009). 
Thus, its fundamental role as an ecosystem engineer is 
novel. Described originally from a wreck off the coast of 
Musandam (Oman) at 30 m depth (Sheppard and Sheppard 
1991), the species was subsequently reported from South 
Africa (Cairns and Keller 1993) and Jordan (Al Tawaha et al. 
2019), also from a wreck at 30 m depth. The known colo-
nies are generally small, encrusting with distinct corallites 
or phaceloid. In the GoA RCE, this species occurs deeper 
than previously recorded, and grows into metric colonies, 
the largest ones fusing together and forming bio-stalactites. 
This suggests that the depth range of R. compacta has been 
underestimated, likely due to an insufficient sampling effort 
at rariphotic depths, and that the requirements for this spe-
cies to become constructional are best met in the low-light 
conditions of a RCE.

Fish fauna

The GoA RCE hosts a rich fish community that is distinct 
from any previously described Red Sea fish communities. 
While shallow and upper mesophotic fish communities of 
the northern Red Sea have been characterized in situ before 
(Brokovich et al. 2010; Pombo-Ayora et al. 2024), regional 
records from lower mesophotic and rariphotic depths are 
based primarily on fished specimens (Baranes and Golani 
1993; Khalaf et al. 2019). Our surveys offer one of the 
first in situ assessments of fish communities inhabiting the 
lower mesophotic and rariphotic zones of the Red Sea. This 
is particularly noteworthy because of the high biodiversity 
and endemism of the Red Sea. Notably, endemism in Red 
Sea fishes increases with depth: 50% of Red Sea fishes liv-
ing at depths greater than 200 m are considered endemic 
(Bogorodsky and Randall 2019).

Rariphotic fish communities are known to be both diverse 
and distinct from shallower reef fauna (Baldwin et al. 2018). 
Due to the lack of comparable Red Sea studies at rariphotic 

depths, it is difficult to ascertain whether the rich and unique 
fish community of the RCE described in this study is tied to 
the evidently unique habitat or simply reflects the underex-
plored nature of these depths. The high structural complex-
ity of the GoA RCE bioherms provides valuable spaces for 
reef dwelling species. High structural complexity and live 
coral diversity are known to correlate with increased reef 
fish abundance and diversity (Gratwicke and Speight 2005; 
Komyakova et al. 2013). It is therefore likely that the GoA 
RCE bioherms support a greater fish diversity and abun-
dance compared to the surrounding habitats with lower com-
plexity and benthic diversity. This aligns with unpublished 
data and personal observations of nearby rariphotic habitats, 
but additional studies are needed to establish how unique 
these fish communities are.

The depth range extensions reported in this study further 
highlight the understudied nature of rariphotic fish com-
munities in the Red Sea. The distinctively warm waters of 
the Red Sea allow warm-adapted species to inhabit greater 
depths than recorded elsewhere (Türkay 1996), suggesting 
that continued exploration could reveal additional depth 
records for both Red Sea endemics and widespread spe-
cies. While the GoA RCE appears to act as a potential deep 
refuge for certain shallow water reef species, such as Aro-
thron hispidus, Chaetodon paucifasciatus, and Pseudanthias 
taeniatus, the absence of most other shallow water species 
indicates that it is not a general refuge for shallow reef fish 
communities. Instead, the GoA RCE hosts a distinct fish 
community that warrants protection due to its unique species 
and composition.

Further exploration of RCEs is likely to yield additional 
new Red Sea records, such as Sacura boulengeri (Nunes Pei-
nemann et al. 2022) and Seriola rivoliana, as documented in 
the present study. The discovery of Seriola rivoliana is par-
ticularly noteworthy, as it highlights the potential for uncov-
ering new records even among highly mobile, large, and 
conspicuous fishes. Targeted rariphotic collection efforts, 
especially those focusing on small reef dwelling species, 
have a high potential to uncover undescribed fish species. It 
is likely that several species inhabiting the GoA RCE remain 
undescribed, including some reported here and others that 
were likely overlooked.

The GoA RCE north of Magna: implications 
for conservation

The GoA RCE developed at its fullest extent at the site 
north of Magna city. Here, seabed complexity is promoted 
by the differential subaerial weathering and collapse of 
the composite Pleistocene lowstand shoreline, generating 
ample attractive settlement substrate for a diverse assem-
blage of calcifying zoobenthos. Locally, the differential 
bedding of the sandstone was colonized in such a way 
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that the more prominent the original depositional beds, 
the more extensive the biogenic overhangs that nucleated 
from them. In this way, it seems that the extraordinary 
diversity and degree of bioconstruction in the GoA RCE 
at the Magna site might, in part, be ascribed to its ante-
cedent topography. The resulting substrate subsequently 
provided unique edaphic conditions promoting the success 
of the GoA RCE. The abundance of rheophilic species 
(e.g., D. minuscula and several Antipatharia and Alcyo-
nacea) typically found facing south toward the Tiran Strait 
(sill at 265 m depth) suggests the presence of currents, 
possibly driven by the inflow of the north Red Sea water 
toward the Magna area (Manasrah et al. 2019). Moreover, 
wind-induced upwelling occurs in the area (Labiosa and 
Arrigo 2003), and cyclonic and anti-cyclonic eddies are 
present along the Gulf axis at least in the upper 300 m of 
the water column (Manasrah et al. 2019). Therefore, the 
Magna GoA RCE likely benefits from the combination of 
these hydrodynamic patterns providing food sources and 
dispersing larvae.

Despite the tolerance of the Red Sea marine biota to 
warm seawater temperatures, we cannot exclude a poten-
tial negative effect of global ocean warming at meso-
photic depths, like the one expected for most of the MCEs 
worldwide (Smith et al. 2019) and already documented 
on temperate coral ecosystems (Morato et  al. 2020). 
Moreover, local anthropogenic activities such as bottom-
contact fishing gear and unregulated coastal development 
can alarmingly threaten MCEs and RCEs, affecting their 
ecosystem services. Among these services, the complex 
three-dimensional structure of the GoA RCE highlights its 
role in the carbon stock within the Gulf of Aqaba, together 
with shallower (Heiss 1995) and deeper (Nolan et al. 2024) 
ecosystems. Given the Saudi Vision 2030 and its focus on 
sustainable development and biodiversity protection, fun-
damental knowledge about Red Sea ecosystems of great 
conservation importance is essential for policy makers 
to support the ecosystem-based management of human 
activities. In this framework, the exceptional RCE north 
of Magna represents an unprecedented biodiversity hotspot 
and a top priority site for conservation.
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