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Habitat suitability models reveal extensive
distribution of deep warm-water coral
frameworks in the Red Sea

M| Check for updates

Megan K. B. Nolan ® '

, Fabio Marchese', Sam J. Purkis ® 3, Mustapha Ouhssain', Malika Kheireddine',

Tullia I. Terraneo', Giovanni Chimienti*, Mattie Rodrigue®, Ameer A. Eweida®, Burton Jones ® ' &

Francesca Benzoni® 2

Deep-sea coral frameworks are understudied in the Red Sea, where conditions in the deep are
conspicuously warm and saline compared to other basins. Habitat suitability models can be used to
predict the distribution pattern of species or assemblages where direct observation is difficult. Here we
show how coral frameworks, built by species within the families Caryophylliidae and Dendrophylliidae,
are distributed between water depths of 150 m and 700 m in the northern Red Sea and Gulf of Agaba.
To extrapolate the known (ground-truthed) positions of these deep frameworks, we use environmental
and geomorphometric variables to inform well-performing maximum entropy models. Over 250 km? of
seafloor in our study area are identified as suitable for such frameworks, equivalent to at least 35% of
the area of photic-zone coral reefs in the same region. We hence contend that deep-water coral
frameworks are an important and underappreciated repository of Red Sea biodiversity.

Global climate change and the increase of anthropogenic impacts on our
natural environments mean that conservation is now more important
than ever’, and it is vital that management efforts are focused in the most
suitable areas. For maximum efficiency, conservation planning requires
detailed knowledge of local biodiversity and its spatial distribution®, yet
these data are often lacking due to difficulties in accessing the area, or
limited funding for baseline studies. Such deficits are particularly acute
for marine environments, and marine spatial planning projects are often
restricted by extent or depth due to a lack of data’. Shallow coral reefs are
one of the most biodiverse ecosystems®, supporting people globally
through a host of ecosystem services, including provisioning of food for
local communities, coastal protection and tourism®”. To conserve the
biodiversity and ecosystem services of reefs, it is necessary to understand
their global distribution. In the case of shallow coral reefs, satellite
imagery can be used to map the locations of many habitats*">. However,
satellites have a practical depth limit of around 30 m, even in ideal
conditions, set by the physics of light in water'’. This depth is also the
approximate limit for safe SCUBA diving, hampering the collection of
ground-truth observations with which to calibrate the satellite observa-
tions and assess accuracy. So obscured from casual view, the distribution
of deeper reefs is poorly documented"*™".

Deep coral ecosystems are found below the mesophotic zone, deeper
than 150 m water depth'’, and convey many of the same ecosystem services
as shallower coral reef ecosystems, such as providing habitat for fish, pro-
moting biodiversity and increasing secondary production'®*’. Non-
destructive techniques to study deep ecosystems generally rely on expen-
sive technologies, such as remotely operated vehicles (ROVs) and sub-
mersibles (subs)”. Studies of deep coral assemblages are therefore focused
on just a few areas, for example, the northern Atlantic'*'***, southern
Atlantic'*”, and Mediterranean Sea'****”. Despite deep reefs appearing to
be far from human pressures, they are in fact gravely threatened™, parti-
cularly due to global warming’' and ocean acidification™”. Other threats are
more localised and visible, such as anthropogenic litter** and trawling’>*. It
is hence important to understand the composition and extent of these
habitats, in order to establish a baseline assessment against which future
impacts, and, hopefully recovery, might be assessed.

Globally, deep coral ecosystems are formed by cold-water corals
commonly between 150 and 2000 m deep”””*, with depth records from
over 6000 m deep”. Typically, deep, cold-water corals are found to live in
areas with temperatures of 4-13 °C and salinities of 32-39 ppt’>*°. However,
unusually warm-water temperatures at depth in the Red Sea (above 20 °C at
over 2000 m depth***') indicate the unique presence of deep, warm-water
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corals”. The ecology and physiology of these corals, which have evolved and
adapted to these unique environmental conditions, are poorly understood.
Since the presence of deep, warm-water corals was first recorded in the Red
Sea by Marenzeller”, only relatively small-scale surveys for corals have been
conducted in this region***™, and no systematic surveys have been com-
pleted. More recently, frameworks built by a single coral, Eguchipsammia
fistula (Alcock, 1902) (Scleractinia, Dendrophylliidae), were described at
640 m depth, first identifying these habitats in the Red Sea*. Frameworks are
complex 3D coral-dominated areas with sufficient topographic relief to
modulate the shape of the seafloor. Living frameworks are typically sur-
rounded by substantial accumulations of coral rubble, resulting from the
breakdown of the structure”. When coral frameworks form in shallow water,
there are a myriad of carbonate-secreting organisms that act to bind the
framework, such as crustose coralline algae (CCA) and encrusting
bryozoans®. These ‘binders’ aid the corals in forming dense rigid reef
frameworks"’. However, many of these known binders do not occur in the
aphotic conditions of the deep sea (some exceptions include serpulids and
sponges), and deep frameworks are, therefore, less robust than their shallow
counterparts. In addition to the dead coral framework that plays an important
role in maintaining the positive relief structure, the resultant production of
coral rubble has been shown to increase metabolic activity and resource
cycling”, and serves as a settlement substrate for other benthic and meio-
faunal organisms, such as nematodes, lace corals and sponges'***'~*. For
these reasons, deep reefs create abundant habitat and promote biodiversity.

To further assess the distribution of deep, warm-water coral frame-
works in the Red Sea, we need more information about their location and
composition®*’. Whereas it is unfeasible to manually collect such obser-
vational data at scale, it is possible to extrapolate the sparse existing data
using predictive models. One example is habitat suitability models (HSMs;
e.g., ref. 56), which combine verified presence observations with continuous
layers of environmental or physical variables, in order to estimate the areas
which may be suitable for the species or assemblage of interest”’. Such
models have been used extensively across terrestrial’>” and marine envir-
onments and in shallow”***" and deep waters***’. One common method
uses a maximum entropy algorithm, which aims to provide a distribution of
suitable habitats as uniformly as possible for the given data™®. As well as
being one of the most popular tools®, it has also been shown to be one of the
best-performing algorithms for habitat suitability models” .

Here, we show the most suitable distribution of deep-water coral fra-
mework in the Red Sea, as formed by four different coral species—Egu-
chipsammia fistula, Dendrophyllia cf cornigera (Lamarck, 1816) sensu
Scheer and Pillai’" Caryophyllia sp. and Rhizosmilia valida (Marenzeller,
1907). Based on recent explorations conducted aboard a research cruise
facilitated by OceanX, we present the first spatial models of a coral frame-
work in the deep Red Sea. We compare our model predictions for the
distribution of deep-water corals in the northern Red Sea and Gulf of Aqaba
with the verified distribution of shallow-water corals in the same area®"””.
We contend that our predictions on the distribution and composition of the
deep-water coral systems will aid conservation planning along the rapidly
urbanising Saudi Arabian Red Sea coastline.

Results

We identified the presence of deep, warm-water coral framework in 20 ROV
and sub-dives from the 63 that were conducted between 150 and 700 m
(Fig. 1a, b). All of these presences were north of the framework reported by
Qurban et al.**. Based on both videos and collected samples, we were able to
identify two different types of framework, built by corals of one of two
families, Caryophylliidae or Dendrophylliidae. We have named these two
framework types Caryophylliidae Coral Framework (CCF) and Den-
drophylliidae Coral Framework (DCF), respectively. The frameworks dif-
fered in their depth distribution, CCF was found between 300 and 700 m,
while DCF was identified from 150-500 m depth. CCF was built by Rhi-
zosmilia valida, or a second, as yet undescribed, species (Caryophyllia sp.),
while DCF was built by Eguchipsammia fistula or Dendrophyllia cf cornigera
(Figs. 2 and Fig. 3).

We used MaxEnt (v.3.4.4) to generate maximum entropy habitat
suitability models for two coral assemblages from environmental and geo-
morphometric predictor variables (Table 1). A stepwise selection process
(see ‘Methods’) was used to generate the best-performing models, assessed
using the AUC (Area Under the receiver operating characteristics Curve)
and the TSS (True Skill Statistic: see methods for further explanations) value
based on the 30% data withheld for testing. No variables were strongly
correlated, as all had an r2 value below 0.7 (Fig. 4). For each assemblage, the
final best-performing model contained many of the initial variables
(described below), highlighting the common understanding that a stricter
set of predictor variables often does not improve the output of models
produced with MaxEnt**"",

Model validation

The AUC value for the final models, based on test data, was high: 0.987 and
0.990 for CCF and DCEF, respectively. When we further controlled for spatial
autocorrelation, the average AUC was comparable, remaining high, at 0.987
and 0.961 for CCF and DCF (Table S1), indicating that this was not a large
issue in our initial study design. In all cases, the AUC was above 0.8;an AUC
above 0.5 represents a better-than-random chance of accurate results,
whereas 0.7 is often considered a threshold for defining a good and reliable
model. Our results remain well above this and, therefore, indicate robust, well-
performing models. Furthermore, the calculated TSS was, on average, 0.927
for CCFand 0.943 for DCF (Table S2). In all cases, this statistic was above 0.88,
supporting the AUC values and providing further confidence in our results.

Opportunistic and independent data collection occurred during the
Red Sea Relationship Cultivation mission, on board M/V OceanXplorer in
2022, using the same equipment as the Deep Blue expedition of 2020. From
this, we were able to use completely independent data to assess model
performances. During this expedition, both CCF and DCF were identified in
five independent ROV/sub-dives. Many of these dives returned to known
areas of framework, so were not considered here as they are not spatially
independent. This resulted in three sub-dives, in two separate locations
where CCF was newly observed, and one sub-dive during which a previously
unknown area of DCF was observed. One area of CCF (transects NTN0180
and NDR0927) was identified as highly suitable by our models, while the
other area (transect NTN0182) was not identified as highly suitable, but
located close to an area which was (Fig. S1). The new area of DCF (dive
NTNO0182) was identified as being moderately suitable by our model, with
suitability mostly between 0.5 and 0.75. While the sample size is relatively
low, the inclusion of these additional validation points allows greater con-
fidence in the models. Furthermore, Qurban et al.”’, reported an area in
which a framework resembling CCF was identified. While we do not know
the exact area in which this framework was found, it overlaps with the
considerable area identified by our models as highly suitable, providing
independent ground-truthed validation.

Due to some doubts in the literature about the weight given to the AUC
in validating models™, we calculated the average errors of omission and
commission from the opportunistic ground-truth data. The error of
omission represents the proportion of the data where the habitat is incor-
rectly identified as unsuitable (false negative) and is used to calculate the
user’s accuracy . The error of commission is the portion of the data where
the habitat is incorrectly identified as suitable (false positive) and is used to
determine the producer’s accuracf °. From this, we calculated the overall
accuracies for each model; this was 85.7% for CCF and 82.6% for DCF
(Table 2). The high accuracy values indicate low error values in our results.
However, a larger sample size for external validation would have provided
additional confidence in the AUC values reported above.

Caryophylliidae Coral Framework (CCF)

Caryophylliidae Coral Framework (CCF) was reported from 14 dives in the
northern Red Sea. The highest density was seen in the south of NEOM Bay,
northwest of Duba Seaport (Fig. 5¢). The assemblage was also identified in
two locations just south of Sanafir Island, as well as northwest of Tiran
Island (Fig. 5b).
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Fig. 1 | Distribution of data collection and fra-
mework observations in the northern Red Sea and
Gulf of Aqaba. a Georeferenced video transects
were recorded with submersibles (subs in open or
green circles) and a Remotely Operated Vehicle
(ROV in open of orange squares), mounted with a
multiparametric probe (RBR, indicated by filled
symbols) to measure environmental conditions.

b Locations of Caryophylliidae Coral Framework
(CCF, shown as crosses) and Dendrophylliidae
Coral Framework (DCF, shown as pentagons) as
identified from the videos. ¢ Salinity (black), tem-
perature (red) and dissolved oxygen concentration
(blue) profiles varied between the Gulf of Aqaba
(faded lines) and northern Red Sea (strong lines).
NEOM refers to the giga-project in northern Saudi
Arabia (neom.com) and is indicated in the maps by a
dashed line. Basemap sources: ESRI, GEBCO,
NOAA, National Geographic, Garmin, HERE,
Geonames.org.
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Following the stepwise selection process to retain only the most
appropriate predictor variables, the final model for CCF was generated with
eight variables (listed in order of their contribution to the model); Vector
Ruggedness Measure (VRM-3), Local Convexity Index (CX-11), dissolved
oxygen concentration, Terrain Surface Texture (TEX-3), depth, backscatter,
Bathymetric Position Index (BPI-65) and aspect (Northness) (Tables 1 and
3). From a total of 206 presence points, 145 (approximately 70%) were used
for the training dataset, while 61 were retained for testing. Model perfor-
mance was high; the accuracy was 85.7%, the mean test AUC was 0.9867 and
the mean training AUC was 0.9874. A small difference of only 0.0007
between test and training AUC values suggests that our model did not suffer
from overfitting”®.

The highest percent contribution to the model was given by VRM-3
(52.2%), followed by CX-11 (23.9%; Table 3). Areas of High Habitat Suit-
ability (AHHS) above the threshold of 0.75, were found at the lower end of
the ranges of both VRM-3 and CX-11 (Fig. S2a; Table S3). They also
occurred in areas with a narrow temperature range. The results of the jack-
knifing analysis show that the AUC remained extremely high when any

individual variable was removed from the model, suggesting that there is
redundancy in the information captured in each variable. On the other
hand, VRM-3 contains the most useful information by itself, evident from
the high test AUC for a model built with only VRM-3.

Overall, 102.5 km? of seafloor in the study area was predicted to have a
habitat suitability over 0.75 (Table 3), covering 5.5% of the seafloor area
between 300 and 700 m, the depth range in which the framework was
identified (Table S3). The majority of AHHS were identified from the
Northern Red Sea, with only one small area (200 m2) identified at the
entrance to the Gulf of Agaba (Straits of Tiran). An area of 217.9 km® had a
habitat suitability between 0.5 and 0.75 (Table 3; Fig. 5a-c). AHHS were
widespread in the Northern Red Sea, with many relatively large areas (e.g.
over 20 km®) identified to have low to medium suitability, and a few key
areas with higher suitability, such as around Tiran and Sanafir Islands, and
close to Duba port (Fig. 5¢). Standard deviation (SD) of the habitat suitability
was below 0.28, with an average value of 0.00014. Just 2.7 km” (0.01% of the
total study area) had a SD between 0.2 and 0.28, while 256 km® (0.58% of the
study area) had a SD in the range 0.1-0.2 (Fig. S3a).
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Fig. 2 | Identification process for the coral and
coral framework specimens. Identification was
conducted from a, b field images to c-g specimen
diagnostic features examination. Examples are the
Dendrophylliidae Eguchipsammia fistula (a, ¢, e, f),
and the Caryophylliidae Rhizosmilia valida

(b, d, g, h). Diagnostic features observed in the
coralla of coral specimens collected alive (Live Spe-
cimen Corallum = LSC) and coral rubble detached
from a solid framework (Framework Rubble = FR)
include branch thickness, and columella and septal
structure and arrangement visible in (LSC) corallites
from collected coralla (¢, d), and in fresh and fossil
(FR) material transverse sections (e-h). In the
Dendrophylliidae, the autapomorphic and diag-
nostic pattern of septal fusion called Pourtales Plan
(PP, highlighted by overlying transparent lines) can
be recognised in ¢ the corallites and in the e LSC and
f FR sections. In the Caryophylliidae branch sec-
tions, the typical columellar structure (arrows) can
be recognised both in g fresh and h fossil material.
Branch thickness is consistently thinner ( <2 cm) in
the Dendrophylliidae and thicker ( > 2 cm) in the
Caryophylliidae, which also allows identification in
the field when the laser pointers are used for scale
(green dots 10 cm apart in a and b).

Fig. 3 | Two types of coral frameworks were
identified. Two identified frameworks, a and

¢ Dendrophylliidae Coral Framework (DCF), and
b and d Caryophylliidae Coral Framework (CCF). In
b, the white fan-shaped colonies belong to the
hydrocoral Stylaster tritoni Maggioni, Cairns, Pica &
Benzoni, 2022 growing on the CCF. All images were
captured during the Deep Blue Expedition 2020 or
the Red Sea Relationship Cultivation mission 2022
at depths a 376 m, b 420 m, ¢ 416 m and d 429 m.

.
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Dendrophylliidae Coral Framework (DCF)
Dendrophylliidae coral framework (DCF) was identified in 10 dives
throughout the study region. It was found to be overlapping in range with
CCF in the South, as well as extending to the northern Gulf of Aqaba, close
to the Jordanian border. Additional locations were also identified close to
Shushah Island, and in three locations in the Gulf of Agaba (Fig. 5d-f).
For the final model for DCF habitat suitability, 11 predictor vari-
ables were included in the best-performing model (in order of con-
tribution to the model); depth, VRM-11, TEX-5, CX-11, CI-11, seafloor
rugosity, temperature, dissolved oxygen concentration, BPI-33, aspect
(East) and salinity (Tables 1 and 3). A total of 124 presence points were
used; 87 to train the model, and 37 as test data. The resulting model

performed well, with an accuracy of 82.6%, a training AUC of 0.9902
and a test AUC of 0.9893. Again, the small difference between these
two AUC values (0.0009) indicates an appropriate model fit, without
overfitting”®.

The most informative variables to determine AHHS for DCF were
depth, with a contribution of 35.8%, and VRM-11, which contributed 32.2%
(Table 4). Both depth and VRM-11 had relatively restricted ranges in areas
highly suitable for DCF (Fig S2b; Table S3), while aspect (East) and oxygen
concentration demonstrated larger ranges within AHHS. From the jack-
knifing analysis, it is clear that depth contained the most unique informa-
tion, as it results in the lowest test AUC for any individual variable removed,
as well as providing the best model for a single variable.
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Fig. 4 | A correlation matrix between variables used in models. Variable corre-
lations are shown for a Dendrophylliidae Coral Framework (DCF) and

b Caryophylliidae Coral Framework (CCF). Larger circles and more intense colour
indicates higher correlation, positive correlations are shown in blue, and negative

correlations in red. Numbers after the variable name indicate the resolution of the
variable. Acronyms used are VRM vector ruggedness measure, BPI bathymetric
positioning index, CI convergence index, CX local convexity index and TEX terrain
surface texture.

Table 2 | User’s and producer’s accuracy for model validation,

based on spatially independent data collection for the two

models, representing CCF (Caryophylliidae Coral Framework DCF (Dendrophylliidae Coral Framework)

Ground truth
User’s
CCH Not CCF  accuracy
< CCF 1 2| 333%
S NotCCF 1 7] 94.4%
"§ Producer’s
= accuracy | 0-0% | 89.5%

Overall accuracy: 85.7%

Ground truth
User’s
DCF Not DCF accuracy
~ DCF 1 4 20.0%
= Not DCF 18 100.0%
V
S Producer’s
= accuracy 100.0% 81.8%

Overall accuracy: 82.6%

Modelled (predicted) results are shown in the rows, while actual ground-truth data is shown in the columns. Values along the diagonal indicate correctly predicted framework presence or absence, while
values above the diagonal represent errors of commission, and values below the diagonal represent errors of omission.

Across the northern Red Sea and Gulf of Aqaba, 155.2 km® of seabed
was predicted to be highly suitable (>0.75; Table 4; Fig. 5d-f). This
represents 16.0% of the area within a suitable depth range (150-500 m).
Approximately 87% (104.9 km?) of this area occurs in the northern Red Sea.
There are three main areas in which AHHS is concentrated. The most
northerly is found in the Gulf of Aqaba, beginning close to the Jordanian
border, and extending south along the coast, intermittently over about
50 km, including the area in front of the small city of Haql (Fig. 5e). The
second area is identified to the East of Sanafir Island in the northern Red Sea,
within the NEOM Bay (Fig. 5f). This area includes approximately 7.9 km” of
highly suitable habitat close to the coast of Shushah Island. SD of the habitat
suitability was comparable to that of CCF, remaining below 0.28, with an
average value of 0.00019. Here, 16 km’ (0.04% of the study area) had a SD in
the range 0.2-0.28, while 309 km® (0.70% of the study area) had a SD
between 0.1 and 0.2 (Fig. S3b).

Discussion

The results presented here considerably expand the current state of
knowledge on the benthic environment of the deep Red Sea. Deep sea corals
have previously been identified from the Red Sea™**~**""”*, but their spatial

distribution remains understudied. Based on observations made during 20
dives conducted with an ROV and subs, as well as environmental and
geomorphometric variables, we have generated the first large-scale, high-
resolution (30 m resolution) habitat suitability model for two types of deep
coral frameworks in the Red Sea. We have found that both Caryophylliidae
and Dendrophylliidae frameworks are each likely to occupy over 100 km” of
seafloor in the northern Red Sea, and DCF is also likely to cover almost
50 km’ in the Gulf of Aqaba. These values represent a high percentage of the
depth range where the frameworks were observed (5.5% of 300-700 m for
CCF and 16.0% of 150-500 m for DCF). The reliability of these results, due
to high performance metrics (AUC value), and the relative ease of modelling
habitat forming species”, increases their value in conservation planning®.
When compared to data from the Allen Coral Atlas®, we found these deep
coral frameworks to be equivalent to at least 35% of the area of shallow reefs
in the same region.

These Red Sea coral frameworks are formed by species of the
families Dendrophylliidae and Caryophylliidae, families which are also
known framework builders in cold-water environments, usually asso-
ciated with deep, offshore areas®. Caryophylliidae (e.g., Goniocorella
Dumosa (Alcock, 1902), Desmophyllum pertusum (Linnaeus, 1758) and
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Fig. 5 | Results of habitat suitability models.
Habitat suitability is shown for a-c Caryophylliidae
Coral Framework (CCF) and d-f Dendrophylliidae
Coral Framework (DCF). The highest habitat suit-
ability is indicated in red, and values between 0-0.1
have been masked for visualisation. Satellite imagery
source: ESRI, Maxar and Earthstar Geographics.
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Solenosmilia variabilis Duncan, 1873) and Dendrophylliidae (e.g., Enal-
lopsammia rostrata (Pourtales, 1878)) are well represented among
common framework-building species in deep cold-water environments®.
Although different representatives of these families occur commonly
throughout the Red Sea, they do not always form frameworks. For
example, E. fistula does not always form DCF, as it was also identified as
an associated species of CCF (e.g., sub-dive NTN0048). The formation of
frameworks is not always inevitable, and some species may require an
environmental or geological trigger, such as hard substrates**® or strong
currents®. The coral carpets of Oman and Yemen provide an example
from a shallower ecosystem®”. These species occur despite being unable to
build frameworks or reefs”. Once a three-dimensional structure is pre-
sent, however, sediment is trapped by the structure and current patterns
are altered, creating a positive feedback mechanism and encouraging the
growth of the framework'**. Desmophyllum pertusum is widespread in
cold-water environments, but only forms reefs in areas with hard bed-
rock substrate and features such as mounds or banks®. Framework-
building species are, therefore, distributed more widely than the frame-
works themselves.

Fundamental differences between the northern Red Sea and the Gulf of
Agaba are reflected in the distribution of both CCF and DCF. While CCF is
absent from the Gulf of Aqaba aside from a small 1 km? area in the South,
DCEF is present in the Northern Gulf of Aqaba (Fig. 5). DCF differs in the
main framework-building species; it is built by E. fistula in the northern Red
Sea and by D. cf cornigera in the Gulf of Aqaba. These differences are
influenced by variations in environmental and geomorphometric condi-
tions between the two water bodies. Temperatures are slightly higher in the
northern Red Sea, while salinities are marginally higher in the Gulf of Aqaba
(Fig. 1c). Furthermore, the central Gulf of Agaba is characterised by steeper
slopes than the rest of our study area"*, which may explain the absence of
DCEF in this area. There was also an observed difference in depth range in
DCF, with an average depth of 445 m in the northern Red Sea and 265 m in
the Gulf of Aqaba, likely due to the environmental tolerances of the two
species. Depth was also the predictor with the highest explanatory power in
the model for DCF (Table 4) and has been shown elsewhere to be extremely
important in determining community composition'*'>***”. Environmental
gradients in temperature, salinity and oxygen concentration across the study
area (Fig. 1¢) are driven by the flow of warm water over the shallow Strait of
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Table 3 | Total area identified by habitat suitability models for
five bands of habitat suitability, for two assemblages,
Caryophyllidae Coral Framework (CCF) and Dendrophylliidae
Coral Framework (DCF)

CCF DCF

Probability Area km? Probability Area km?
>0.75 102.51 >0.75 155.24
0.5-0.75 217.91 0.5-0.75 282.59
0.35-0.5 355.90 0.35-0.5 292.79
0.2-0.35 882.38 0.2-0.35 608.20
0.1-0.2 1557.73 0.1-0.2 883.31
0.1-1 3013.91 0.1-1 2066.88

Table 4 | Percent contribution of each variable to the final
model for Caryophylliidae Coral Framework (CCF) and
Dendrophylliidae Coral Framework (DCF)

CCF DCF
Variable % contribution  Variable % contribution
VRM-3 52.2 Depth 35.8
CX-11 23.9 VRM-11 32.2
Dissolved oxygen 8.3 TEX-5 8.0
concentration
TEX-3 5.9 CX-11 6.7
Depth 5.0 Cl-11 5.0
Backscatter 2.8 Rugosity 4.0
BPI-65 1.7 Temperature 2.8
Aspect [North] 0.1 Dissolved oxygen 2.6
concentration
BPI-33 2.3
Aspect [East] 0.6
Salinity 0.1

Tiran, and the lagoon-like circulation within the Gulf of Aqaba™. All three
environmental variables that were included remained in the final model for
DCEF, while dissolved oxygen concentration was one of the most important
variables for CCF, in agreement with previous work that has shown how
environmental variables improve habitat suitability models’'. CCF may be
limited to the northern Red Sea due to these differences in dissolved oxygen
concentration, suggesting that it could be close to the edge of its range in the
Straits of Tiran. The interpolation of the environmental variables results in
layers that, although presented at 30 m, are potentially less detailed, and may
miss small-scale patterns. This could potentially result in an under-
estimation of their influence on the models compared to geomorphologi-
cal data.

There is strong evidence that the distribution of these frameworks
extends further outside the extent of our study area. A coral framework
reported by Qurban et al.* is dominated by E. fistula and is identified here
one of the main builders for DCF. This point, located at 640 m depth, was
outside of the extent of this study, so we were not able to compare this
presence to our model results, although reported temperature (21.47 °C)
and salinity (40.54 PSU) values were comparable to ours (Fig. 1¢). This
report indicates that we have not explored the whole range for DCEF; it likely
occurs deeper and further south than our observations. Additionally, the
area in the Northern Gulf of Aqaba suggests that these frameworks may also
be present close to Eilat, however only coral rubble fields are known to be
present in the mesophotic”, and no deep coral frameworks have been
reported, despite a concentration of mesophotic and deep studies in this
regionl 7,92,93'

Large areas of our study region may be occupied by coral framework,
indicating a previously unknown light-independent carbonate factory in the
deep Red Sea. A recent review of carbonate systems by Reijmer”™ classifies
five types, listing light and temperature as the main determining char-
acteristics. Due to the uniquely warm aphotic zone of the Red Sea, this
environment does not fit within the constraints provided for any of the
described carbonate systems, highlighting how this environment has been
so far overlooked in the literature. Both reef and non-reef environments in
the shallow and mesophotic zones of the Red Sea are considered to be
productive carbonate factories™ ™, but these systems differ in their trophic
structure to deeper reefs, as organisms change from autotrophic to het-
erotrophic, and their influence on the carbon cycle changes accordingly™.
Accretion rates of shallow-water reefs have been estimated to fall between
0.67 and 1.5 m/kyr'**'"". The growth rate of D. cornigera, as well as three
other cold-water corals was calculated on samples from the
Mediterranean'®”. The results of this study found the growth rate of D.
cornigera to be 0.04 % growth per day when samples were kept at 12 °C'".
With further information on the potential difference of these growth rates in
Red Sea conditions, up to 10 °C warmer, we may be able to calculate the
timeframe of reef development or the carbon source potential of these coral
frameworks'**'**. Furthermore, variation in growth rates'*>'* and forms of
founding species may influence the framework accretion rate. For example,
the porous, brittle form of dendrophylliids”"'”'® could result in increased
breakage, which may lead to less vertical growth, but more propagation,
increasing the horizontal area of the framework, in comparison to the denser
and more compact form of caryophylliids™'”.

One of the limitations of this study is the exclusion of a number of
environmental and biological factors that may influence the distribution of
these frameworks, such as water chemistries, species connectivity or com-
petition. Due to the complexity of contributing factors to the distribution of
a species or assemblage, as well as the difficulty of measuring some para-
meters, many of the predictor variables are used to act as a proxy for one or
more other components of the environment that are difficult to measure or
record, such as those mentioned above. For example, as in Bargain et al.®®,
vector ruggedness measure (VRM)'” contributed highly to our models.
VRM is intended as a measure of seafloor complexity, however, it can actasa
proxy for current velocity, as currents are strongly influenced by local
geomorphology, especially as rugosity is scale independent'’. In turn,
current velocity can influence spatial patterns of larval distribution, as well as
food availability to benthic organisms'***''*'*>. While VRM is not as accu-
rate as true measures of current velocity, a combination of geomorpho-
metric parameters can provide vital information. For example, terrain
surface texture, another measure of complexity (focusing on the presence of
pits and peaks in the bathymetry), was also selected for both models'".
Furthermore, VRM may provide some information on the substrate type, as
large areas of soft substrate, such as mobile sediment, will have a low
complexity. Numerous habitat suitability models for deep-sea species and
assemblages have been published******"'*'"*, but this is the first example
from the deep and warm Red Sea. Comparisons between models are difficult
due to differences in field sampling, the ecology of the study species, and the
methods used for MaxEnt modelling' . Additionally, the parameters used
by MaxEnt are often not reported in papers, making it difficult to establish
standardised methodology and discuss differences, or lack thereof, among
localities and conditions'"’.

This exploration of the deep Red Sea comes at an important time for
Saudi Arabia, as the Kingdom is currently developing a number of large-
scale ‘Giga Projects’, as part of their Vision 2030 plan (vision2030.gov.sa)'"".
The largest of these projects is NEOM, based in the northwest of the
Kingdom (Fig. 1a; neom.com), where our study site is located. While Saudi
Arabia has ambitious environmental goals for NEOM, it is inevitable that
the surrounding environment will be somewhat impacted during the con-
struction phase. Coastal development may increase the sediment load in the
water column, which has been shown to cause mortality in deep water
corals'"®. This may be a particular problem for deep reefs when the con-
tinental margin is very steep, such as the Gulf of Aqaba, where deep reefs are
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found much closer to the shore. Additionally, an area over 7 km” that was
highly suitable for DCF close to Shushah Island, which could become an
important and biodiverse reserve for NEOM. A better understanding of the
spatial distribution of highly biodiverse communities, such as deep coral
frameworks, could improve conservation planning in areas important for
these large projects.

Extreme caution is required when interpreting the results of habitat
suitability models”, as they are based on modelled data, and high local het-
erogeneity in species distribution can cause overestimates'”. The most reliable
models are rigorously validated using extensive independent datasets, while
we have included some independent validation here, further data would
improve this reliability. However, when used and assessed correctly, models
can be incorporated into spatial planning practices to increase available data
resolution, although this is still not common practise®. Here, we provide
information that can inform management of deep-sea ecosystems in the
NEOM region. It is also vital to consider that these assemblages contain both
the framework-building species and ecologically important associated fauna,
including cryptic organisms and meiofauna'***">, Focusing on the whole
assemblage instead of a single species can be more useful for conservation as it
ensures the protection of understudied and cryptic species™"”.

We report the distribution of previously unknown potential habitats
for deep coral frameworks in the northern Red Sea and Gulf of Aqaba, built
by corals from the families Caryophylliidae and Dendrophylliidae. The
extent of these frameworks is likely to be much larger than currently known,
encompassing over 10% of our 33,970 km” study region between 150 and
700 m depth, based on the results of habitat suitability models. We have
presented important discoveries here, but more research is necessary to fully
understand these deep, warm-water coral frameworks. For example, further
investigation should focus on quantifying the growth rates of these species,
and the role of microbes in accretion of these frameworks'” in order to
better understand the potential of a deep, Red Sea carbonate factory. Dating
of the coral rubble to understand the conditions during initial framework
formation may provide further understanding of the mechanisms which
trigger formation of such structures. Finally, these frameworks provide
habitat, shelter and settlement opportunities for associated fauna, much of
which remains understudied. It is clear that many questions remain about
these frameworks, and they could become an important and informative
study system for many fields. Our results on their abundance and dis-
tribution can provide essential information for conservation planning at a
crucial time for the region.

Methods

Acoustic data

We focused on an area in the northern Red Sea and Saudi Arabian Gulf of
Aqaba, mostly within the jurisdiction of NEOM (Fig. 1a). The Gulf of Aqaba
is characterised by steep slopes, and is separated from the northern Red Sea
by a shallow sill (Tiran Strait) that restricts water movement''. Bathymetry
and backscatter data were acquired down to a depth of 1760 m over an area
of 33,970 km” during the Deep Blue Expedition aboard the M/V OceanX-
plorer. This research cruise lasted six weeks between October and
November 2020. A 30 kHz Kongsberg EM304 hull-mounted multi-beam
echosounder was used alongside the acquisition software QPS Qinsy, before
being post-processed to a resolution of 30 m with QPS Qimera (V.2.4.1) and
FMGT (V. 7.10.0) for bathymetry and backscatter respectively. Sound
velocity profiles, used to calibrate the multi-beam acquisition, were collected
with 29 eXpendable BathyThermographs (XBT).

Geomorphometric parameters'”' were extracted from the multi-beam
bathymetry surface using ArcMap v10.8 and Saga v8.1.1'*” using default
settings other than the window sizes (as in Table 1), according to Bargain
et al.”’. The geomorphometric parameters were selected to represent dif-
ferent characteristics of the seafloor morphology, using window sizes that
represent both extremely local and broader scales (Table 1). A combination
of these parameters can act as a proxy for other environmental variables,
such as current velocity, which play a strong role in the location of coral
assemblages (for further detail, see ref. 123).

Environmental data

Temperature, salinity and dissolved oxygen concentration were collected
using an RBR maestro3 logger, using sensors (Marine CT for temperature,
Marine CT 2000m for conductivity RBRcoda T.ODOlfast for dissolved
oxygen concentration) mounted onto either the Remotely Operated Vehicle
(ROV) or a submersible (sub; Fig. 1a). These sensors allowed continuous
recording of near-bottom conditions along each transect. We separated these
data into ten depth ranges based on three distinct layers of water identified in
both the northern Red Sea and the Gulf of Agaba. The upper layer, extending
from the sea surface to the base of the thermocline, approximately 300 m
deep, experiences notable temperature fluctuations driven by solar radiation
and seasonal changes, with the thermocline marking the temperature
changes sharply with depth. Below lies the middle layer, spanning from 300
to 600 m, characterised by low oxygen levels, creating an oxygen minimum
layer due to reduced mixing and biological processes. Lastly, the deep layer
extends from 600 m to the seafloor, where temperature and oxygen con-
centrations remain relatively constant. These three layers were further par-
titioned to account for smaller scale environmental patterns along the depth
gradient, which are most likely in the upper layer (Fig. 1c). For the upper
layer, six layers of 50m were used (0-50m, 50-100m, 100-150 m,
150-200 m, 200-250 m and 250-300 m); for the middle of the water col-
umn, data was separated into layers of 100 m (300-400 m, 400-500 m and
500-600 m), and finally, all data below 600 m was combined into a single
layer (600-1700 m). We ensured that for each depth layer there were suf-
ficient ( >200) measurements in both the northern Red Sea and in the Gulf
of Agaba. The surface layer (0-50 m) had 44 data points from seven dives,
but as it is much shallower than the observed range of our assemblages of
interest, this is unlikely to impact our results. For each of the other layers, the
number of data points was between 297 and 1744, from 8-21 dives. In Ocean
Data View (ODV'*), each layer was loaded separately, and data was inter-
polated using the Data-Interpolation Variational Analysis (DIVA) function.
The resulting rasters were imported to ArcMap v10.8 and interpolated with
Inverse Distance Weighted (IDW) using default settings in ArcMap v10.8 to
create a continuous raster across the study region for each variable at each
depth range (30 rasters total). We selected IDW to improve separation
between the northern Red Sea and Gulf of Aqaba. However, IDW relies on
regular data points and may overlook small-scale patterns if the data cov-
erage is insufficient. Furthermore, it places the same weight on all neigh-
bouring data points, which can result in greater influence of potential
outliers'”. We were careful here to assess our dataset for erroneous data
before proceeding. Finally, rasters were clipped to the depth layer they
represent, and merged, creating a final 30 m resolution layer file for each
variable. While this step would often utilise remotely sensed satellite data
(e.g., BioOracle'), we examined the data available for the seafloor in the
Northern Red Sea, and found highly anomalous variables. Furthermore, the
resolution of remotely sensed data is 5 arcmin (approximately 9.2 km for our
study area), much coarser than the interpolated datasets that we created.
Additional environmental parameters, such as pH or aragonite saturation
state, may be informative to this study, but were not directly measured here
and can therefore not be interpolated.

Sampling, identification and video analysis

During the same Deep Blue Expedition, video transects were recorded using
two Triton 3300/3 submersibles (subs) and a work-class ARGUS Mariner
108 XL ROV. Videos were obtained with Arctic Rays EagleRay 4 K cameras
with 4 K Atmos Shogun monitors from both the ROV (Chimaera, CHR)
and one of the subs (Neptune, NTN). The ROV also had an HDTV 1080p F/
Z Colour camera. 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 were used on board the second sub (Nadir, NDR).
Due to limited previous sampling in the region, the nature of this expedition
was exploratory, and sites were selected with the aim of covering a diverse
range of seafloor morphologies, and their associated ecosystems. A total of
49 sites were surveyed (21 from the ROV and 28 from the sub), generating
over 300 h of high-resolution video. The video transects were georeferenced
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using the positioning system of each vehicle: (a) a Kongsberg HIPaP 501
USBL (Ultra-Short Baseline) and Sonardyne Sprin INS (Inertial Navigation
System) on the ROV and (b) a Sonardyne Ranger Pro 2 USBL on each sub.
Finally, Shilling T4 hydraulic manipulators were mounted on the ROV and
Neptune sub for specimen collection.

For each of these dives, video of the benthic habitat was recorded and
later classified into broad assemblages using ArcGIS. The transect lines were
mapped and matched to the video via the time stamp. Each coordinate point
was then classified based on the dominant taxa (i.e., the taxa that forms the
structure), as well as associated benthic fauna and the substrate. From the
resulting analysis, two unique assemblages with potentially high conserva-
tion values were identified for predictive modeling. These assemblages are
named ‘Dendrophylliidae Coral Framework’ (DCF; Figs. 1b and 3) and
‘Caryophylliidae Coral Framework’ (CCF; Figs. 1d and Fig. 3). These fra-
meworks were identified from the videos due to the 3D structure which
changes the shape of the seafloor, and the large areas of rubble which usually
surrounds the live colonies, resulting from the breakdown of the structure.
The live area of the framework was identified to family and, where possible,
species level (Fig. 2). When only the dead rubble was present, the framework
was still classified according to the family, based on its morphology and
corallite diameter size class (see hereafter).

Identification of coral taxa and rubble in the videos was performed based
ona collection of living and rubble specimens with the manipulator arm of the
ROV or sub. After tagging, live specimens were subsampled to preserve soft
tissue in 99% ethanol for further molecular analysis. The rest of the specimen
was cleaned with a solution of sodium hypochlorite overnight, rinsed in
freshwater and dried for observation of diagnostic features. We measured the
branch diameter of dead rubble and freshly collected specimens with a cal-
liper. Septal arrangement pattern was examined in the corallites of the spe-
cimens collected alive and in the transversal section to the corallite growth axis
in both alive and rubble-collected material. Imaging was performed using a
Leica M205A stereomicroscope with a Leica DMC 5004 camera. The pre-
sence of the diagnostic septal fusion pattern called Pourtalés Plan (PP) allowed
the identification of Dendrophylliidae taxa. All rubble and living collected
specimens with PP had corallite diameter smaller than 1 cm. Caryophylliidae
specimens, all lacking PP, had corallite diameter larger than 1 cm, thus
allowing ground-truthing in the identification from the videos. References
from the literature were used for identifying Dendrophylliidae (Eguchip-
sammia fistula and Dendrophyllia cf cornigera’™ ') and Caryophylliidae
(Rhizosmilia valida and Caryophyllia sp.”*'*’).

Model development

Models were developed separately for the two assemblages, CCF and DCF.
All environmental and geomorphometric data was clipped to the same
extent in R (R Studio v4.1.2'%), based on the backscatter, which had the
smallest extent and prepared as ASCII raster files. Correlations between all
variables were assessed through a Pearson’s correlation analysis in R. We
based our methodology on previously published studies with similar sam-
pling regimes”*****'*’, A maximum entropy algorithm was used to model
the data, using MaxEnt (V. 3.4.4°*") to run the models. MaxEnt was
selected as the sole algorithm to run the models as it requires presence-only
input data, and has regularly been shown to produce the best and most
reliable models among different species and habtiats”’”*"*". While ensemble
models have sometimes been shown to improve model results”’, other
studies report no benefit'*’. We opted not to run ensemble models as other
algorithms have been shown to perform poorly with presence-only data,
and may have negatively impacted our results. With more comprehensive
sampling, abundance data could be used in place of presences, and absence
data could be used in place of background points, both of which would
improve accuracy'”’. However, this level of sampling is difficult in remote
areas, as narrow transects do not allow confidence in absences'*. Trials were
conducted on an initial subset of the data to determine the best settings for
MaxEnt; we used the AUC (Area Under the receiver operator characteristics
Curve; as explained below) value for both training and test data to estimate
whether different settings had a positive, negative or neutral effect on the

model performance. From this, we decided to use only hinge features, with a
regularisation multiplier of 2.5, to build a smoother model, and avoid
overfitting to the training data®’*'**. Most other settings were kept at default
(extrapolation and clamping enabled, convergence threshold = 0.00001,
10000 background points, 500 maximum iterations, and prevalence = 0.5),
but some changes were made: ten replicates were carried out via a boot-
strapping method, where each model was trained on 70% of the data and
tested on the remaining 30% of the data. Duplicated presence points were
removed through MaxEnt, resulting in spatially thinned data.

The AUC was used both to develop the model and later to validate the
models (see below: Model Validation). It is calculated for both training data
and test data, and gives an indication of the proportion of true positives and
false positives, where a value closer to one indicates a better model perfor-
mance. To select the best subset of predictor variables, a stepwise selection
process was used, following the workflow of Kinlan et al.". An initial model
was run, using all potential variables, with jack-knifing enabled to assess the
importance of each variable to the model. The jack-knifing analysis repeats
the model, systematically leaving out each predictor variable, resulting in an
improved understanding of the contribution of each variable. The least useful
variables, according to the jack-knifing analysis, were removed, and the
process was repeated. At each stage, the test AUC value was recorded, and we
continued the process until either there was only a single variable remaining
or the test AUC had dropped to <95% of the initial value. The trial with the
highest AUC determined the set of predictor variables that were used in the
final model. This process avoids the overestimation of small trends in the
data. Finally, among strongly correlated variables (*>0.7; Fig. 4), the vari-
able with the highest overall contribution to the final model was retained,
and the rest were not included in the model to reduce the chance of spatial
autocorrelation among variables, therefore all final variables used were
uncorrelated (7 < 0.7) according to a Pearson’s correlation analysis (Fig. 4).

Model validation

Two statistics were used to assess the models, the Area Under the receiver
operator characteristics Curve (AUC), and the True Skills Statistic (TSS).
TSS is calculated based on errors of omission and commission, on a scale
from —1, indicating complete disagreement, to +1, signifying perfect
agreement'*. Here, we used the MaxSSS (Maximising the Sum of Sensitivity
and Specificity) as the threshold in this calculation'”. Additionally, the AUC
metric is effective to compare between models based on the same data®, and,
therefore, provided effective evaluation during the iterative process to
reduce predictor variables. However, the metric is less informative for
standalone model evaluation based on presence-only data and may be
extremely sensitive to autocorrelation. Despite the spatial thinning that was
applied, we ran further tests to assess the influence of the autocorrelation on
our models. Eleven clusters were identified among the presence points of
both CCF and DCF (Fig. S4). Points were considered to be in the same
cluster as any points within a 1000 m radius, resulting in some long clusters
which extended over 1000 m in length. The final models were rerun 11
times, each time keeping one entire cluster of points as independent vali-
dation data. This allowed us to calculate the AUC value on data that is
spatially independent. The size of each cluster varied, resulting in test
datasets of between 1 and 24% (2 and 47 presence points out of a total of 206
for CCF, and between 2 and 29 points out of 124 for DCF).

While this was a thorough method to assess our models, the most
reliable validation comes from ground-truth data. Unfortunately, this is also
the most time consuming and costly method, and is not always possible.
Fortuitously, in 2022, the M/V OceanXplorer collected data from ROV and
sub-dives conducted in nearby areas in the northern Red Sea and Gulf of
Agaba during the Red Sea Relationship Cultivation mission. This data
provided opportunistic ground-truth points for our models, which remain
completely independent from our training data, and allow us to calculate the
errors of omission and commission. Furthermore, published records from
Qurban et al.* provide an additional independent validation point. While
this ground-truth data is not extensive, it is extremely valuable in providing
support to our methodological process and our results.
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