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Antecedent topography such as relic reef terraces as well as biogenic carbonate relief-forming deposits ~30–150
m deep, referred to as mesophotic reefs, provide structural support for diverse mesophotic coral ecosystems
(MCEs) that may serve as coral refuges for select light-dependent species. Although terraces at mesophotic
depths are found globally, an understanding of their spatial distribution, formation, and relationship with living
community composition and lithology is generally lacking. Herein, 2 × 2 m resolution bathymetry from the Gulf
of Aqaba (GoA)was examined to define geomorphology features spanningmesophotic depths and compare geo-
morphology relationships to overlying benthic and lithologic cover. Analysis led to the production of a newmap
categorizing 12 geomorphology features, including upper mesophotic terraces harboring thriving MCEs. Addi-
tionally, a large collection of still imagery (1726pictures)was obtained at 94 sites and used to define eight unique
habitats at mesophotic depths and lithological and biological distribution patterns over vertical and horizontal
scales. Study area benthic and lithologic cover was found to be significantly different between geomorphology
features and related to GoA geomorphology as well as to seafloor depth and slope, and light attenuation.
While these relationships indicatedmodern cover could not provide amodel for producingmost underlying geo-
morphology in the study area, results provided data needed to enhance understanding of geomorphology feature
formation history and reef accretion atmesophotic depths. Study results also detailed benthic cover and geomor-
phology features critical for better identifying and mapping unknown MCE habitats, and for recognizing
mesophotic reef spatial relationships and biodiversity patterns in the GoA. These results are especially important
considering most northern GoA reefs act as potential refuges, but local anthropogenic development continually
stresses shallow GoA reefs and most other shallow coral reefs around the globe continue to degrade.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

As shallow coral reefs continue to declineworldwide (Pandolfi et al.,
2003; Hughes et al., 2018), the identification, mapping, and manage-
ment of reef refuges become increasingly important (Riegl and Piller,
2003; Cacciapaglia and van Woesik, 2015). Communities of light-
dependent corals and associated organisms at dim ocean depths be-
tween ~30–150 m, now termed mesophotic coral ecosystems (MCEs;
Hinderstein et al., 2010), were initially hypothesized to act as refugia
given their relative shelter from environmental and anthropogenic
einstein).
stressors and temperature fluctuations (Riegl and Piller, 2003; Lesser
et al., 2009; Bongaerts et al., 2010). However, more recent studies
have questioned this hypothesis (Bongaerts et al., 2017; Rocha et al.,
2018; Shlesinger et al., 2018) and the potential protection afforded to
MCEs, at least at upper mesophotic depth boundaries ~30–60 m, from
major disturbances (Lesser and Slattery, 2011; White et al., 2017;
Frade et al., 2018). Still, there is likely some degree of connectivity be-
tween MCEs and shallower coral reefs on a limited and species-
specific scope and mesophotic depths offer some level of protection
from disturbance (e.g. Bongaerts et al., 2017; Frade et al., 2018). Many
coral species live both at shallow andmesophotic depths. In thewestern
Atlantic Ocean, 85% of total coral species found in the mesophotic zone
are shallow reef species while 45% have this distinction in the Indo-
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Pacific (Muir and Pichon, 2019). Furthermore, although the potential for
low-latitude coral species tomigrate to higher latitudes in the recurrent
global warming crisis is limited by winter photosynthetically available
radiation (Muir et al., 2015), large abundances of species andhigh diver-
sity have recently been found on many high-latitude MCEs (see exam-
ples from Loya et al., 2019).

TheGulf of Aqaba (GoA), constituting a relatively shallow (900mav-
erage depth) ~53 km2 area northeast extension of the Red Sea, borders
Israel, Egypt, Jordan, and Saudi Arabia at a latitude spanning ~27°99′N to
29°54′N. Residing in a semi-enclosed arid basin with high relative salin-
ity (~40.5 ppt) andwarmwater (21–30 °C and 21–28 °C at 10m and 50
m depths, respectively; Eyal et al., 2019), reefs found along the GoA
coastline represent one of the highest latitude coral ecosystems in the
Indo-Pacific region (Loya, 1972). Modern GoA reefs were previously
characterized by high coral species diversity peaking around 30 m
deep and coral cover was identified as greater on steeper than flatter
zones (Loya, 1972). Hermatypic corals are also found at lower
mesophotic depths (60–150 m); Leptoseris fragilis was identified as
deep as 145 m (Fricke et al., 1987). Production rates of habitat-
forming topographic relief during the late Holocene, in terms of vertical
accretion, have been estimated between 0.67 and 1.5m/kyr for shallow
water Red Sea reefs (Dullo et al., 1996; Purkis et al., 2010) but no rates
are currently available at deeper depths. Still, previous studies have
characterized GoA submarine terraces and lineaments at depths 50–
120 m (Reches et al., 1987; Makovsky et al., 2008; Tibor et al., 2010),
some of which are known to host modern MCEs (Eyal et al., 2019).

Mesophotic reefs, herein defined as suspected biogenic carbonate
structures with topographic relief at mesophotic depths, are uniquely
positioned in the GoA to function as prevailing regional coral habitats
(Eyal et al., 2019). This stems from the thriving health of associated
coral at deep depths and high latitude (Eyal et al., 2019), potential ver-
tical connectivity (Berenshtein et al., 2016), and residence in a region
where corals have a high thermal tolerance potentially from past natu-
ral selection through a thermal barrier (see Fine et al., 2013). Extending
no further than 2 km from shore, the potential spatial extent of northern
GoA mesophotic reefs compared to shallower counterparts is almost
double (Eyal et al., 2019). However, confirmation of GoA mesophotic
reef distribution and identification of benthic and lithologic spatial pat-
terns and drivers are sparse.

Bathymetric and geomorphologic analysis has shown promise
predicting mesophotic reef distribution and benthic cover (e.g. Bridge
et al., 2012; Costa et al., 2015; Linklater et al., 2016). In addition, geomor-
phology is suggested to impose a fundamental regulation on MCE distri-
bution, occurrence, and productivity (Sherman et al., 2019). Mesophotic
coral ecosystems often proliferate atop antecedent topography such as
relict reefs and may contribute to underlying carbonate accretion
(Sherman et al., 2019). As such, studyingmodernmesophotic reef spatial
distribution and associated geomorphology is critical for determining the
location of MCEs and the continued production and/or maintenance of
complex substrates needed to support them. Despite the high potential
of GoAMCEs to function as refuges and their noted relevance in scientific
advancement (Loya et al., 2016; Turner et al., 2017), northern GoA sea-
floor geomorphology and development has not been investigated or clas-
sified in detail specifically atmesophotic depths, particularly in relation to
benthic and lithologic cover.

The primary objectives of this study were to (1) identify and map
GoA geomorphology features spanning mesophotic depths, (2) resolve
lithologic and benthic cover variability between geomorphology fea-
tures and determine which factors related to lithologic and benthic
cover at mesophotic depths, and (3) consider newly mapped geomor-
phology development and timing. Results facilitate the identification
of regional MCEs, as well as an understanding of GoA benthic cover
characteristics and potential contributions to past and future geomor-
phology. Characterizing the spatial distribution of geomorphology
features and associated benthic cover, and establishing a baseline for
ecological productivity at northern GoA mesophotic depths also
2

provides a basis for studies ranging from regional tectonics to future
risk assessment of increasing anthropogenic stressors along the GoA
(e.g. desalination plants, increased coastal settlement; Fine et al., 2019).

2. Regional settings

TheGoA is an ~180 km long, narrow (15–25 kmwide) expansewithin
an active left-lateral strike-slip fault zone at the southern end of the Dead
Sea Transform Fault system (Ben-Avraham et al., 1979). The northern
GoA is flanked by mountains composed of late Precambrian plutonic
and metamorphic rocks and Cretaceous-Eocene sedimentary deposits
towering up to 1.5 km above the modern sea level (Ben-Avraham et al.,
1979). Exposed Pleistocene and Holocene reefs and terraces are found
throughout the region (Braithwaite, 1987; Al-Rifaiy and Cherif, 1988;
Klein et al., 1990). Despite little tectonic displacement since sea level sta-
bilized in the late Holocene (Shaked et al., 2002), down-faulting-induced
burial attests to more recent limited vertical displacement (Shaked et al.,
2011). The northern GoA was previously mapped with a hull-mounted
Simrad EM 1002multibeam sonar system (95 kHz frequency), processed
to a 2-m data grid of depth and 2 × 2 resolution (Sade et al., 2008; Tibor
et al., 2010). The current study focuses on a seafloor area covering 3.7
km2 adjacent to the southernmost Israeli border, with a northeastern ex-
tent selected to prevent interference with local port operations. The
shallowest depths of the mapped area start at ~10 m, depending on ba-
thymetry data coverage. The deepest depths of the study area are found
at 150 m, the most commonly accepted definition of lower MCE limits
(Hinderstein et al., 2010).

3. Methods

3.1. Geomorphology classification

The existing northern GoAmultibeambathymetry dataset (Sade et al.,
2008; Tibor et al., 2010)was examined inArcMap10.5 andArcScene 10.5,
projected to the World Geodetic System (WGS) 1984 UTM Zone 36 N
(Supplementary Fig. 1a), and used to create hillshade and slope rasters
(Fig. 1 and Supplementary Fig. 1b, respectively). Depth, slope, and spatial
GoA characteristics were used to identify geomorphology features span-
ning mesophotic depths without consideration for underlying cover.
Therefore, as a precautionary approach, no attempt was made to classify
geomorphology features as reefs. To limit manual interpretations with
feature division, three GoA-specific depth zones were used. Zone deter-
mination was based on three main coral assemblages that regionally dif-
fer above the 36 m isobath (yearly averaged 1% ultraviolet radiation),
between the 36m and 76m isobath, and below the 76m isobath (yearly
averaged 1% photosynthetically active radiation). These isobaths were
suggested by Tamir et al. (2019) and Laverick et al. (2020) as the depths
where GoA coral communities change following light environmental
conditions along the reef slope. As such, some geomorphology features
were divided using the following similar reef depth zones: shallow
(depth <35 m), upper MCEs (35 m ≥ depth <75 m), and lower MCEs
(depth ≥75 m).

The mapped area was initially divided into steep gradients, terraces,
shelves, and incised channels with ArcGIS before formal geomorphol-
ogy features were established. General definitions are provided in
Table 1. Steep gradients were divided by the three GoA-specific depth
zones into shallow, upper, and lower steep gradient geomorphology
features. Terraces (Table 1 definition modified from International
Hydrographic Organization (IHO), 2013) were mapped by manually
tracing smoothed polygons converted from the slope raster and were
classified as a lower mesophotic terrace (LMT) when part of a polygon
meeting terrace criteria was found in water ≥75 m deep, or as an
upper mesophotic terrace (UMT). Southernmost terrace identification
was based on previous knowledge that an ~12–40 m deep steep gradi-
ent continues southward and examination of low-resolution shallow-
water bathymetry (Israeli government agency for mapping, geodesy,
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Image of Fig. 1


Fig. 1. Study area bathymetric and site data along the southernmost Israeli coastline of the Gulf of Aqaba. (a) Distribution of 12 newly defined geomorphology features (italicized names in
map legend) and still imagery site locations (color-coded by benthic dataset-derived median hermatypic coral cover of all pictures per site) overlaying shaded-relief raster. Oblique three-
dimensional shaded-relief projections scaled by bathymetry with 2× vertical exaggeration, angled to emphasize (b) southern upper mesophotic terrace (UMT) features, and (c) lower
mesophotic terrace (LMT) features overlain by bathymetry. The study area outline (green) is vertically elevated for improved image quality. Projections include examples of upper
mesophotic terrace features (blue arrows), shallow steep gradient (light green arrow) and upper mesophotic steep gradient (dark green arrow) features that help define the southern
UMT, mesophotic ridge features (orange arrows), mesophotic patch features (pink arrows), shelf-break areas (white arrows), and a portion of the incised Shlomo Channel (purple
arrow).White text in (a), (b), and (c),modified fromEyal et al. (2019), provide general locations used to assign site names (Supplementary Table 1) to geographical areas including Dolphin
Reef (DR), Oil Jetty (OJ), Hotel Concentration (HC), Nature Reserve (NR), Interuniversity Institute (IUI), andPrincess Beach (PB). (d) South, (e)middle, and (f) northmaps provide a close-up
of geomorphology features, with location and color-scheme provided in (a) and sites displayed by habitat type (Table 3). Habitat site legend for (e) and (f) found in (d)with abbreviations
including rubbly reef (RR), rubbly coral reef (RCR), stony coral-dominated reef (SCDR), rock-dominated reef (RDR), sandy rock outcrop (SRO), gravelly rock outcrop (GRO), gravel-domi-
nated expanse (GDE) and sand-dominated expanse (SDE) habitats. Colored squares identify locations of representative (rep)habitat images (Fig. 2).White arrows in (d) and (e) indicate the
localized discontinuous nature of some UMT features. All maps are displayed with 20m incremental bathymetric isobars beginning at 20 m depth and values are provided for study depth
range in (a), (d), (e), and (f).White gaps onmaps represent regionswith no available bathymetric data (Tibor et al., 2010). (g) Zonal histogramof general (dotted lines) and geomorphology
features definedwithout using any depth specification. Inset provides details for features with zonal distributions<2000m2. Abbreviation names in legend (g) include steep gradient (SG),
terrace (T), shelf (S), Shlomo Channel (SC), Princess Channel (PC),mesophotic patch (MP),mesophotic ridge (MR), and shelf break (SB). Bathymetric position index (BPI), Saudi Arabia (SA).
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cadaster, and geoinformatics; http://mapi.gov.il/). Incised channels rel-
atively perpendicular to the shore, identified with bathymetry (Fig. 1c)
and from previous studies (Makovsky et al., 2008; Tibor et al., 2010),
were named according to region but were represented by a singular
geomorphology feature category. The remaining study area was then
classified as shallow, uppermesophotic, or lower mesophotic shelf geo-
morphology features (Table 1 definition modified from International
Hydrographic Organization (IHO), 2013), with divisions following the
same criteria applied for steep gradients.

Bathymetric position index (BPI) analysis, based on changes in
slope position and elevation between reference and surrounding
locations to classify seascape structures (Lundblad et al., 2006;
Walbridge et al., 2018), has been found useful for identifying geomor-
phology features atmesophotic depths (Lundblad et al., 2006). Following
initial geomorphology classification, discrete elevated structures smaller
than the previously documented geomorphology features were identi-
fied atop terraces and shelves using bathymetry, slope, andhillshade ras-
ters, and exaggerated 3D imagery generated in ArcScene (e.g. Fig. 1b).
The structures were subsequently quantified with a BPI by applying the
ArcGIS Benthic Terrain Modeler (BTM; Walbridge et al., 2018) to the
original bathymetry and low-resolution addition. The structures and a
notable BPI trend were classified as mesophotic patch (MP), mesophotic
ridge (MR), and slope break (SB) geomorphology features.

Scale-factors of 50 and 400 were selected for fine-scale and broad-
scale BPI analyzes, respectively (inner radius = 3 and 10, outer radius =
25and200, cell size=2). These values reflected the approximate shortest
and longest distances (Lundblad et al., 2006),measured relatively perpen-
dicular to the shoreline, between initially identified elevated structures.
BTM was used to create a standardized fine-scale BPI raster. Unitless BPI
values herein are reported after standardization. After modifying to only
include positive (elevated) BPI values less than steep gradients and
using expanding and shrinking techniques to clean the data, the fine-
scale raster was converted to polygons with some manually separated
from adjacent features when applicable. BPI analysis was not employed
for UMT features and below SB features because artifacts in the processed
bathymetry prevented the identification of additional distinctive struc-
tures. After using ArcGIS to map the features based on new regional defi-
nitions (Table 1, modified from International Hydrographic Organization
(IHO), 2013 for MP and SB), MR and MP polygons with surface areas
>100 m2 were deleted if no noticeable relief was identified in hillshade
rasters. Trailing SB artifacts perpendicular to the shorewere alsomanually
eliminated if possible. The selection of surface area and BPI metric
values were determined by bathymetry visual examination. Manual
corrections were needed to resolve resolution artifacts related to ini-
tial multibeam processing. Still, the same method could be used for
other reef systems when selecting different regional-specific values.
Once identified and corrected, the area occupied by MP, MR, and SB
features was removed from the underlying features they resided
on. Elevated regions likely associated with incised channels were
not classified as MP, MR, or SB features. ArcGIS was also used to esti-
mate maximum average MP and MR feature topographic relief
4

(methodology found in the Supplementary) and to generate select
cross-sectional profiles to qualitatively evaluate relief.

All defined geomorphology featureswere converted to polygons and
smoothed with a 20 m tolerance. Some polygon features were merged
into larger adjacent polygons and outliers were removed aftermanually
examining the bathymetry. ArcGIS polygon shape areas provided the
plan surface cover of each feature. Zonal depth statistics for all features
and hypsometric curves binned in 1 m increments for features not ex-
plicitly defined using depth were produced with ArcGIS zonal statistics
and zonal histogram tools, respectively.

3.2. Still imagery acquisition

In total, 1726 images were acquired from 94 georeferenced sites
using an opportunistic approach to maximize data retrieval from diffi-
cult to access depths. This approach resulted in an uneven number of
pictures per site and sites per geomorphology feature. Final coordinates
of the 94 sites were subsequently plotted as points in ArcGIS over ba-
thymetry and geomorphology allocations (Fig. 1). The imagery was ei-
ther newly acquired or obtained from previous studies.

Images from 67 sites were collected between February and December
2018 using a drop-camera system. The system consisted of a GOPRO
Hero3 capturing plan-view images every 2–5 seconds, a custom-made
camera tethered to the boat with a coax cable for live plan-view video,
and a custom-made light source. Both cameras were mounted on a
quadrapod positioned over a photo-quadrat frame (50 × 70 cm) with an
attached dive computer to confirm depth. Drop depths were limited be-
tween 20 and 120m to stay beyond shallow-water boat traffic restrictions
and avoid camera operational limits. Sites were selected using a stratified
randomor evendistribution samplingdesign (see Supplementary Table 1)
to survey geomorphology features initially identified or to extendprevious
linear transect sampling profiles perpendicular to shore (Tamir et al.,
2019). A handheld GPS (GARMIN, eTrex 10) receiver was used to fix the
position of each site prior to image collection. A conservative 20 m hori-
zontal coordinate error was estimated, varying with current speed and
depth, with no error in depth as a result of dive computer verification.
Some site coordinates were manually adjusted when considering prevail-
ing currents and attached dive computer results, orwhenmultiple GPS co-
ordinates taken at a single drop were merged and represented by the
center of all single-drop coordinates (Supplementary Table 1, bolded coor-
dinates). Depending on sea conditions, 2–35 non-overlapping pictures
were acquired as the boat moved above with prevailing currents at each
site. This technique allowed for qualitative analysis of site areas fromover-
head imagery collected when dropping and raising the camera (Fig. 2).

Additional sites were established using multiple techniques. Reanaly-
sis of available imagery (1–3 pictures per site) previously collectedwith a
drop-camera system (Winters et al., 2017) provided five sites. Previously
conducted 50mphoto transects parallel to shore along four linear profiles
perpendicular to shore (Tamir et al., 2019) provided 19 sites. Three new
sites were also acquired by conducting 50 m transects using the same
method as Tamir et al. (2019) in May 2018 along a new opportunistic

http://mapi.gov.il/


Table 1
General definitions (provided without depth-specific divisions), number of study sites, area, and zonal statistics of 12 geomorphology features. Zonal statistics for incised channel feature is
provided by individual channels (italicized). Bathymetric position index (BPI) values are reported after standardization. Standard deviation (STD), no still imagery available for the feature (NA).

aValue different than sum of areas because of polygon smoothing 

Geomorphology features
        (abbreviation)

# of 
sites

Area 
(km2)

% Study 
area 

Mean 
depth (m)

Depth 
STD

Depth (m) 
min-max [range] Feature definitions

Shallow Steep Gradient (SSG) 5 0.09 2.5 22 7 3-36 [33]

Areas with slopes primarily ≥20° Upper Mesophotic Steep Gradient (UMSG) 11 0.09 2.3 51 9 32-76 [44]

Lower Mesophotic Steep Gradient (LMSG) 8 0.28 7.6 124 16 75-150 [75]

Upper Mesophotic Terrace (UMT) 16 0.23 6.2 38 8 20-61 [41]
Linear, primarily flat (slopes ≤10°) areas 

with extensions deeper than 20 m 

partially bound to some extent (see white 

arrows in Supplementary Fig. 1b) by 

nearby (~0-90 m) landward ascending 

steep gradients and seaward descending 

steep gradients 

Lower Mesophotic Terrace (LMT) 22 1.23 33.1 73 11 24-104 [80]

Shallow Shelf (SS) 9 0.50 13.4 20 8 5-36 [31] Primarily gently sloping (<20°), non-

channel regions between the shore and 

deepest mapped areas not bounded by 

steep gradients

Upper Mesophotic Shelf (UMS) 4 0.43 11.7 50 10 34-76 [42]

Lower Mesophotic Shelf (LMS) NA 0.38 10.4 123 22 74-150 [76]

Mesophotic Patch (MP) 2 0.01 0.2 65 13 31-94 [63]

Individual or assemblages of elevated 

structures (e.g. pink arrows in Fig. 1b) 

with surface areas <1500 m2 atop LMT 

and UMS features 

Mesophotic Ridge (MR) 14 0.14 3.7 86 9 63-110 [47]

Linear, moderately elevated (BPI 

maximum values <100) structures with 

surface areas >1500 m completely or 

partially overlaying LMT features  

Shelf Break (SB) 3 0.23 6.1 101 14 68-137 [69]

Discrete linear regions overlaying a 

marked increase in slope at the seaward 

margin if part of the feature was distinct 

(BPI maximum values >250) from the 

surrounding area

Incised

Channel

Princess Channel (PC) NA 0.03 0.9 114 17 82-150 [68]
Channels identified from bathymetry and 

previous studies, excluding isolated small 

flatter (<20°) areas encircled or bordered 

by steeper (≥20°) areas in shallowest and 

deepest parts of Shlomo Channel
Shlomo Channel (SC) NA 0.08 2.0 77 40 7-150 [143]

Study area 3.70a 71 36 3-150 [147]

D.K. Weinstein, R. Tamir, N. Kramer et al. Geomorphology 379 (2021) 107548
perpendicular linear profile near the hotel concentration (HC) geograph-
ical area (Fig. 1a). The middle of each 50 m transect was set to represent
one georeferenced site along each of thefive linear paths used for the cur-
rent study. Apart from a 60m transect site (NR6, Supplementary Table 1)
visually classified as 100% sand cover, 19–72 non-overlapping images
were acquired at each 50 m transect site.

3.3. Benthic and lithologic cover analysis

Photographswere imported into ‘CoralNet’ (http://coralnet.ucsd.edu/)
to determine benthic and lithologic cover by categorizing the entities
below each of 100 randomized points placed within the photo-quadrat
per picture (Beijbom et al., 2012). Two related but separate datasets
were generated by first examining the benthic cover and then the litho-
logic cover within each image. For this study, benthic cover represented
major sessile reef organisms or substrate if no biota was visible. Lithologic
cover represented all hard material, including material found under non-
calcifying organisms, such as clastic sediment, calcifying organisms' skele-
tons, and other carbonate deposits that presumably could preserve in the
geologic record. The benthic dataset was divided into 11 categories (eight
biological and three substrates) and the lithologic datasetwas divided into
six categories (Table 2). The hermatypic coral category (which included
the hydrocoral Millepora spp.) was subdivided by coral genus (benthic
dataset) and coral growth form (lithologic dataset) based on existing re-
gional genera morphology nomenclature (see Tamir et al., 2019 and
Coraltraits.org). Still, growth forms of some GoA species can change with
depth (Eyal et al., 2019; Tamir et al., 2019). Unless otherwise mentioned,
benthic and lithologic percent cover for each category (Table 2)was sum-
marized by the median of the number of pictures that were used for a
5

particular analysis per site to better represent variable, skewed datasets.
Lithologic and benthic category medians were calculated for all geomor-
phology featureswhere still imagerywas available (all but incised channel
and lower mesophotic shelf features). For additional statistical analyses,
data were imported as abundance counts, square-root transformed, and
used to produce Bray-Curtis similarity resemblance matrices with R soft-
ware (R Core Team, 2020).

3.4. Habitat classification

Site median lithologic dataset results from all pictures were used for
K-means clustering to examine potential habitat classifications for the
94 sites. The optimal number of clusters was determined with the
{NbClust} package using the Calinski–Harabasz index in R. The cluster
number was validated using the average silhouette coefficient (Si).
Clusters returned were further tested statistically using multiple re-
sponse permutation procedure with 999 permutations in the R {vegan}
package (Oksanen et al., 2018). Habitat group classifications were
based on original clusters after a visual examination of plan overhead im-
ages (e.g. Fig. 2b-d). A one-way Similarity percentage analysis (SIMPER)
was subsequently performed using PRIMER v7 (PrimerE Ltd., Ivybridge,
UK) to determine within-group similarity and identify which lithologic
categories contributed most to dissimilarities (Clarke and Gorley, 2015).

3.5. Comparisons with geomorphology

To avoid potentially biased results due to the high variation in sam-
ple sizes, new datasets (unbalanced design) were created by randomly
subsampling 5–20 pictures per sites found on geomorphology features

http://coralnet.ucsd.edu/
http://Coraltraits.org
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with at least four sites. Sites with <5 pictures were not included except
siteNR6, where resultswere included based on a qualitative assessment
that constituted an area spanning >4 pictures. Unbalanced design
datasets (selected pictures identified in Supplementary Table 2) in-
cluded eight of the newly defined geomorphology features. Balanced
design datasets (four sites per geomorphology feature) were created
with random subsampling from the unbalanced design datasets (se-
lected sites identified in Supplementary Table 1). The subsampling pro-
cedure substantially reduced variability and improved overall analysis
accuracy. Non-metric multidimensional scaling (NMDS) plots were
generated from the balanced design datasets, based on Bray–Curtis dis-
tance matrices using the {vegan} package in R package, to visually de-
pict variations among geomorphology features. PERMANOVA analyses
were performed to test for the significance of the observed groups and
were followed by pairwise comparisons (999 permutations).

3.6. Comparisons with seafloor complexity and environmental variables

Seafloor complexity and environmental rasters were calculated to
examine potential relationships with mesophotic reef benthic and lith-
ologic cover and spatial distributions (Costa et al., 2015; Linklater et al.,
6

2016; Suka and Rooney, 2017). All seafloor complexity rasters and asso-
ciated site-specific values were calculated from the original bathymetry
dataset using the same cell size and resolution; BTMwas used to gener-
ate all seafloor complexity rasters (Walbridge et al., 2018). Surface area
to planar area (SAPA) calculations were run with the corrective option
and terrain ruggedness calculations were conducted at size three
(Walbridge et al., 2018). Distance from shore was calculated with the
ArcGIS Euclidean Distance tool. Regional light attenuation coefficients
(KdPAR, calculated for the top 30 m water column depths) were mea-
sured to provide annual (2014–2015) and summer (July–August
2015) averages interpolated with an ~1–2 km distance (resolution) be-
tween 19 measurement points (Tamir et al., 2019). KdPAR values of the
closest available data points were used for study sites (11 in total)
shallower than 30 m when necessary after interpolation (Supplemen-
tary Table 3). TheMassachusetts Institute of Technology general circula-
tion model (MITgcm; Marshall et al., 1997) provided approximate
regional near-bottom (deepest grid-cell values for the given location)
temperature and water current rasters and a sea surface temperature
raster for the year 2012with a horizontal resolution of 300× 300m (de-
tails in Supplementary). Based on the horizontal resolution, we applied
2-dimensional linear interpolation for MITgcm output to obtain the

Image of Fig. 2


Table 2
Definition or examples of benthic and lithologic cover categories. Italicized benthic categories indicate live biological cover.

Dataset Category Description or example
Benthic Hermatypic coral Live scleractinian coral and Millepora spp. (full list in Supplementary Table 4) 

Antipatharia Referred to as black corals

Soft coral Other coral without calcareous skeletons including Discosoma, Hydrozoans, and Alcyonacea

Other sessile invertebrates Including Ascidians, Actiniaria, and Bivalves

Sponges All macroscopic Porifera observed

Algae Macroalgae and turf algae

Crustose coralline algae (CCA) Identified as CCA, regardless of underlying substrate

Seagrass Halophila stipulacea (most common species; Winters et al., 2017)

Hard substrate Dead coral, beach rock, or predominately carbonate bedrock probably immoveable by hand

Gravel Unattached sediment with an approximate diameter >2 mm

Sand Unattached sediment and shell fragments with an approximate grain diameter ≤2 mm

Lithologic Hermatypic coral Live scleractinian coral and Millepora spp. (full list in Supplementary Table 4)

Crustose coralline algae (CCA) Only classified if attached to hard substrate

Coral rubble Dead, unattached rock apparently derived from coral with approximate grain diameter >2 mm

Hard substrate Dead coral, beach rock, or predominately carbonate bedrock probably immoveable by hand

Gravel Unattached sediment with an approximate diameter >2 mm, not including coral rubble

Sand Unattached sediment and shell fragments with an approximate grain diameter ≤2 mm
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values underneath themeasured sites representing themost likely esti-
mates of position and environmental factors. Given the employment of
this method, as well as our use of a 20 m polygon smoothing tolerance
and assumption of a 20m horizontal site error, our site values represent
the best available estimates of seafloor complexity and environmental
variables without necessitating rescaling raster resolution.

A Draftsman plot was generated to identify which variables required
transformation and showed co-linearity. Nine potential influencing sea-
floor complexity and environmental parameters were selected (depth,
slope, aspect, curvature, terrain ruggedness, KdPAR summer at 30 m,
KdPAR yearly at 30 m, horizontal current near-bottom velocity, and
SAPA) after normalization. Only values for terrain ruggedness were
log-transformed. The selected subset of variables was tested for signifi-
cance using 999 permutations. The BIOENV procedure has been used to
explore and identify seafloor complexity and environmental variables
that best correlatedwith the benthic community structure atmesophotic
depths (Linklater et al., 2016). Using BIOENV from the BEST tool in
PRIMER v7, the top subset of tested influential parameters was selected
by the set of seafloor complexity and environmental variables showing
the highest correlationwhich best described the overall community pat-
tern (Clarke and Ainsworth, 1993). To optimize the procedure and to
avoid redundancy, BIOENV analysis was first performed without a per-
mutation test to identify and exclude low contributing variables. Then,
the procedure was performed with 999 permutations for the remaining
variables in the datasets, with site and geomorphology as fixed factors.
To further determine specific factors that correlated with benthic com-
position, a nonparametric multivariate regression was applied between
normalized environmental and seafloor complexity variables and bal-
anced design site composition (benthic and lithologic) datasets based
on Bray–Curtis similaritymatrices implemented as distance-based linear
models (DistLM; 999 permutations). Specifically, the DistLM routine,
used to quantify the relative contribution of each environmental/geo-
morphology variable to the variability in benthic and lithologic composi-
tion, was performed with a step-wise selection procedure based on the
Akaike Selection Criterion (AICc) using PRIMER7 and PERMANOVA+.

4. Results

4.1. Regional geomorphology

Overall, 12 geomorphology features with distinct definitions
were identified within the GoA spanning the mesophotic zone
(Fig. 1a). The lower mesophotic terrace (LMT) features occupied
7

the largest portion (33.1%) of the study area; the discontinuous
(white arrows in Fig. 1d, e) upper mesophotic terrace (UMT) fea-
tures had a smaller depth range than LMT features (Table 1). Steep
gradient features covered a small area (<15%) primarily concen-
trated at depths ≥75 m (Table 1). The 12 documented mesophotic
ridge (MR) features were narrow (widths <100 m), and generally
linear and parallel to the shoreline (Fig. 1) with an average approxi-
mate maximum relief of 7.2 m ± 1.4 standard error (SE) above
neighboring features. MR zonal area distribution depth centered at
80 and 90 m (Fig. 1g). Mesophotic patch (MP) feature areas were
generally circular to oval and small (median = 4 m2). With a 0.7 m
± 0.8 SE approximate average maximum relief above neighboring
features, MPs lack the steep-sided, high relief, and larger average di-
ameter (25–35 m) characteristics of Australian Great Barrier Reef
pinnacles (Abbey et al., 2011) common at mesophotic depths. To-
gether, the 241 individual MP features detected constituted 0.2% of
the study area with a shallower minimum and maximum depth but
larger range than MR features (Table 1) and absent zonal depth
peaks at 40 m, 55–60m, and 78 m (Fig. 1g). Despite indiscernible de-
tection of rugosity differentiation (Supplementary Fig. 1i, j), qualita-
tive examination of shaded-relief (Fig. 1), bathymetry profiles, and
estimated relief calculations implied LMT features had little topo-
graphic relief compared to adjacent BPI-derived (MP, MR) and UMT
features (Fig. 1). Examination of imagery indicated boundaries
between geomorphology features were not always discrete but
often existed along transitions in benthic and lithologic cover (e.g.
black arrow in Fig. 2c).

4.2. Benthic and lithologic cover and habitats

Overhead images highlighted relatively heterogeneous surface cover
in the study area (Fig. 2b-d). However, the examination of all images per
site led to the identification of distinct trends reported as the average of
all 94 sitemedians ± the SE for each category henceforth in this section
unless otherwise stated. Given site selection criteria (section 3.2 and
Supplementary Table 1) and considering LMT spatial dominance, aver-
age cover constituted less sand than if a completely randomized sam-
pling method was used. Still, from a lithologic perspective, sand was
the most common substrate type sampled with an average median
cover between all sites of 62±4% (Supplementary Table 2). Sitemedian
hermatypic coral and coral rubble cover averaged 7 ± 1% and 8 ± 2%,
respectively. Median hermatypic coral cover was highest at sites 30–
60 m in depth whereas median coral rubble cover was highest at sites
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40–60 m in depth (only depths where some sites had >20% and >30%
average cover, respectively; Fig. 3a). However, even when using multi-
ple images per site, studymethodologymayhave resulted in lower coral
cover because reefs in the region often included sandy channels that
may average out denser coral cover areas (Fig. 2c, d). When examining
themeans of all images per site to include outliers and only considering
sites with hermatypic coral (67% of sites, averaging 12± 2% hermatypic
cover), the laminar growth-form dominated (41 ± 5%) and was the
only growth-form besides columnar and encrusting found deeper than
75 m (Fig. 3b).

Benthic point-count analyses identified 49 coral generawith the po-
tential to contribute carbonate to future reef development (Supplemen-
tary Table 4). Soft coral median cover had the greatest site maximums
(>10% cover) at depths of 30–70 m while algae and seagrass median
cover was greatest in shallower areas (>5% median cover never found
deeper than 75 m and 35 m for algae and seagrass, respectively). Me-
dian Antipatharia cover was only found deeper than 60 m and was
low but generally increased with depth to a high of 8% at 112 m
(Fig. 3c).When examining themeanof all images per site to include out-
liers and only considering sites with coral present, Leptoseris, found at
55% of all sites (83% of sites with coral), was the most common genera
on average (38 ± 5% of all coral per site). Leptoseris relative abundances
primarily increased with depth and Leptoseris was the most common
coral genera deeper than 70 m (Fig. 3d), often as small entrusting and
plating colonies (Fig. 2, SRO; also see Kramer et al., 2020). Alveopora,
found at 34% of all sites (51% of sites with coral), was the second most
common genera on average (11 ± 3% of all coral per site), especially at
depths between 30 and 70 m (Fig. 3d). Rhizopsammia (azooxanthellae
coral) was the deepest (116 m depth) hermatypic coral genera
8

identified with point-count analysis in the region and along with
Leptoseris and Alveopora (zooxanthellae corals), was the only identifi-
able coral genera found deeper than 75 m (Fig. 3d).

Cluster analysis identified ten statistically significant groups (p
<0.001) in terms of lithology (Supplementary Table 1). Eight distinct
habitats were described for the study area (Table 3) after manually con-
solidating the stony coral-dominated reef (SCDR) and the sandy rock
outcrop (SRO) habitats (each originally consisted of two groups). Two
sites (Supplementary Table 1, bolded habitat name) were regrouped
as SCDR habitats because they better fit the habitat description
(Table 3), as confirmed by manual examination of site images. SIMPER
analysis indicated within-group habitat similarity >80% (Table 3).
Sites with >15% median hermatypic coral cover were found only to
identify as SCDR and rubbly coral reef (RCR)habitats but the hermatypic
coral category was not the greatest contributor towithin-group similar-
ity. Sand was a major within-group similarity contributor for half of the
habitats; the coral rubble category was the greatest contributor for both
rubble habitats (Table 3). Sites classified as rubble habitats had a narrow
depth range (41–60 m) and were only found on upper terraces and
upper mesophotic steep gradients; sites classifiedwithin the SCDR hab-
itat were never identified below 50m but were still found on 50% of the
geomorphology featureswhere siteswere studied. Gravel habitatswere
only found on shallow steep gradient features.

4.3. Comparisons with geomorphology, seafloor complexity, and environ-
mental variables

Balanced design still imagery composition and NMDS plots grouped
by geomorphology features (Fig. 4) show different benthic and lithologic

Image of Fig. 3


Table 3
Habitat categorization and SIMPER analysis. The number of associated study sites and depth information, associated geomorphology (geomorph) features, SIMPER analysis, and descriptions are
provided for each habitat type. Italicized text indicates when only one site with the habitat classification is found within a particular geomorphology feature. Habitat categories classified as in-
cluding biogenic and/or rocky reefs are underlined. SIMPER analyses are based on the lithologic dataset including all pictures. These analyses provide the average similarity (Sim%), major lith-
ologic category contributors (cumulative similarity >70%) with the first category contributing the most, and associated lithologic category cumulative contributions (Cum%). Abbreviations for
geomorphology features include: shallow steep gradient (SSG), upper mesophotic steep gradient (UMSG), lower mesophotic steep gradient (LMSG), upper mesophotic terrace (UMT), lower
mesophotic terrace (LMT), shallow shelf (SS), upper mesophotic shelf (UMS), mesophotic patch (MP), mesophotic ridge (MR), and shelf break (SB). Standard error (SE).

Habitat
(abbreviation)

# of
sites

Depth (m)
min-max
[range]

Average
depth (m)
(± SE)

Associated
geomorph.

SIMPER analysis

Habitat descriptionSim% Contributors Cum%

Rubbly reef (RR) 5 44–55 [11] 48 ± 2 UMSG, UMT 88.90 Coral rubble 78.83 Reefs dominated (≥ 70%) by coral rubble cover but very low
(< 10%) live hard coral cover

Rubbly coral reef
(RCR)

5 41–60 [19] 50 ± 4 UMSG, UMT 85.48 Coral rubble
Hermatypic coral

39.88
71.16

Reefs with high or greater (≥ 30%) coral rubble cover and
moderate or greater (≥ 15%) live hard coral cover

Stony coral-dominated
reef (SCDR)

14a 20–50 [30] 35 ± 2 SS, SSG, UMSG,
UMS, UMT

81.76 Hard substrate
Hermatypic coral

43.75
76.63

Coral reefs with moderate or greater (≥ 15%) live hard coral
cover, very high (≥ 50%) attached substrateb cover and low
(< 15%) coral rubble cover

Rock-dominated reef
(RDR)

8 28–117 [89] 78 ± 13 LMSG, SS, UMSG,
UMT

85.01 Hard substrate
Sand

53.45
94.18

Regions of sand and rocky reefs (≥ 40% hard substrate cover
and low (< 15%) live hard coral cover)

Sandy rock outcrop
(SRO)

16 21–115 [94] 78 ± 7 LMSG, MR,
SS, UMS, UMSG

84.49 Sand
Hard substrate

56.30
90.10

Regions with very high (≥ 50%) sand cover and very low to
very high (10–50%) hard substrate cover

Gravelly rock outcrop
(GRO)

2 20–30 [10] 25 ± 5 SSG 90.62 Sand
Gravel
Hard substrate

42.48
67.27
83.50

Regions with moderate to dominant (15–70%) gravel cover
and some cover (≥ 5%) of attached substrateb outcrops

Gravel-dominated
expanse (GDE)

1 – 20c SSG – – – Gravel-dominated expanse (≥ 85% gravel cover)

Sand-dominated
expanse (SDE)

43 21–124 [103] 70 ± 4 LMSG, LMT, MP,
MR, SB, SS,
UMSG, UMT

95.35 Sand 99.50 Sandy expanse (≥ 85% sand cover), possibly surrounding
isolated, very low cover (< 10%) hard substrate outcrops
and/or overlain with seagrass

aTwo sites (OJ1 and NR1) originally clustered with RDR but were moved to SCDR because they better matched the habitat description, especially when observed from overhead images
bIncludes hermatypic coral, hard substrate, and CCA categories
cRepresents one depth, as only one site matched the criteria for this habitat
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cover distributions, particularly between the lower mesophotic terrace
(LMT), upper mesophotic terrace (UMT), and lower mesophotic steep
gradient (LMSG) features. Hermatypic coralwas found at all geomorphol-
ogy features where images were obtained (Supplementary Table 2) but
was rare (<3%) at mesophotic ridge (MR), mesophotic patch (MP), and
shelf break (SB) features and not present within the balanced design
dataset for LMSG and LMT features (Fig. 4a, b). Site median average bal-
anced design coral cover was highest on UMT features (Fig. 4a,b), which
also harbored the peak quadrat coral cover (97%, site HC3 in lithologic
dataset). Results imply coral carbonate production is currently
highest on UMT features, especially in the northern UMT, which
hosts stony coral-dominated reef (SCDR) habitats (Fig. 1f), moderate
rugosity (Supplementary Fig. 1i, j), and towering carbonate struc-
tures seen in drop camera images. Shallow and upper mesophotic
steep gradient (SSG and UMSG, respectively) and upper mesophotic
shelf (UMS) features also had a balanced design site median average
live coral cover >10%. With the highest average sand cover (Fig. 4a,
b), unbalanced design study sites on LMT features were most closely
associated with sand, followed by MR and LMSG features (Supple-
mentary Fig. 2a). Notable coral rubble site median average cover
(>20%) was restricted to (Fig. 4a), and most associated with (un-
balanced design; Supplementary Fig. 2b), UMSG and UMT geomor-
phology features; hard substrate areas were abundant, with
lithologic balanced design site median averages >20% at all but
LMT features. Peak lithologic categorial cover by quadrat was
found on UMT and UMSG features for coral rubble (100%, sites
PB7 and IUI5, respectively), and on a LMSG feature for hard sub-
strate (100%, site OJ13).

From a biological perspective, UMT features were most associated
with hermatypic and soft corals (unbalanced design; Supplementary
Fig. 3a, b), and exhibited the greatest balanced design site median aver-
age cover per geomorphology type (Fig. 4b). The coral genera Alveopora
was most commonly found associated with UMT and UMSG features;
9

Leptoseris was most commonly associated with UMSG, as well as MR
and UMS features (unbalanced design; Supplementary Fig. 3c, d).
Antipatharia and crustose coralline algae (CCA) were found on all geo-
morphology feautres that images were obtained from except on MP
(only represented by two sites) and LMT features for Antipatharia and
CCA, respectively. However, Antipatharia and CCA balanced design site
median average cover were low (<5%) and only recorded at MR and
LMSG sites (for Antipatharia; Fig. 4b). Algae was found on all features
except SBs but balanced design sitemedian average cover only exceeded
5% on UMSG and shallow and upper mesophotic shelf features (SS and
UMS, respectively). Peak benthic categorial covers by quadrat were
found on UMSG features for CCA and algae categories (52%, site IUI9
and 81%, site PB7, respectively), on SS features and shallow steep gradi-
ent (SSG) features for seagrass (100%, sites PB1, PB3, and IUI2, and 100%,
site HC1, respectively), on an UMS feature for Antipatharia (63%, site
NR5), and on an UMT feature for soft coral (100%, site IUI5).

Significant differences in overall community lithologic and ben-
thic composition between specific geomorphology features were
detected; >50% of differences (R2) were attributed to cover com-
position for both study designs (Table 4). Pairwise analysis of bal-
anced design datasets (Table 4) indicated 68% (benthic) and 54%
(lithologic) of all possible combinations had differences with p-
values <0.05. Notably, LMT features were significantly different
than all analyzed features (except LMSG features), including adja-
cent mesophotic ridges, which were also significantly different
from all other features except LMSG features as well as SS features
(lithologic perspective).

When considering balanced design benthic and lithologic assem-
blage structure, BIOENV procedure indicated results with p-values
<0.05with lower than 50% correlations at both site and geomorphology
levels (Table 5). Depth and aspect (direction)were identified as the best
combination of variables to explainmultivariate distributions at the site
level but depth and slope, and summer KdPAR best explained site
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distributions by geomorphology for the benthic and lithologic datasets,
respectively. DistLM revealed that depth and annual KdPAR explained
40% of the variation in the benthic communities while depth only
accounted for 25% of the lithologic community compositions (Table 5).

5. Discussion

5.1. Geomorphology map and mesophotic reef identification

Study results provide a new georeferenced geomorphology map
with formally defined structural features useful for interpreting past
reef development and identifying modern mesophotic reefs in the
GoA. Despite sandy lower mesophotic terrace (LMT) features spanning
nearly a third of the study area (Table 1), upper mesophotic terrace
(UMT) and lower mesophotic steep gradient (LMSG) features hosted
some sort of biogenic and/or rocky reef habitat (underlined in Table 3)
except for one site per feature. This implies at least 13.8% of the study
areamay consist of mesophotic reefs, although higher coverage is likely
considering mesophotic reef habitats were also found atop other geo-
morphology feature types (Fig. 1). While some features (UMT and
LMSG) provide a reasonable geospatial prediction for mesophotic reef
development, only half of the mesophotic ridge (MR) sites were classi-
fied as rocky reef habitats (sandy rock outcrop). Therefore, these fea-
tures cannot reliably predict the presence of mesophotic reefs. Still,
identification of habitat and geomorphology features overall improves
our ability to map MCEs in the region. Additionally, the examination
10
of still imagery and geomorphology provides new insight into GoA
modern lithologic and benthic mesophotic reef patterns and geomor-
phology formation at modern mesophotic depths.

5.2. Modern mesophotic benthic/lithologic cover and geomorphology

Beyond classifying andmapping newgeomorphology features in the
GoA, study results identified significant differences (Table 4 and Fig. 4c,
d) as well as recognizable associations between underlying geomor-
phology features and benthic and lithologic cover. Much of the study
area between 60 and 100 mwas a barren sandy expanse. This is similar
to results from Bridge et al. (2011), who suggested a lack of topographic
highs along flat terraces on Australian mesophotic reef shelf margins
could facilitate the development of extensive sandy regions. However,
GoA topographic highMR andmesophotic patch (MP) features adjacent
to the sandy expanse provided elevated substrates towering over MR
and MP sand cover that supported the proliferation of unique reefal/
rocky outcrop habitats (Table 3) with an average biological cover (ital-
icized categories in Table 2) >35% when considering all pictures and
not including the sand category in calculations.

Another major association between geomorphology and surface
cover was identified from the habitats composed of unconsolidated
coral rubble (RCR and RR; Fig. 2) and primarily unattached live corals.
Study sites categorized as these habitats were only found on upper
mesophotic terrace (UMT) features and on upper mesophotic steep
gradient (UMSG) features below terraces (Table 3; except site PB7).

Image of Fig. 4


Table 4
One-way PERMANOVA (left) and pairwise comparisons (right) for benthic and lithologic median datasets by geomorphology feature when 5–20 pictures were subsampled per site. One-
way PERMANOVA results provided for both the unbalanced and the balanced study designs. Pairwise comparisons, only provided for the balanced study design, are reported as p-values,
with values <0.05 in bold. Abbreviations for geomorphology features include: shallow steep gradient (SSG), shallow shelf (SS), upper mesophotic steep gradient (UMSG), upper
mesophotic shelf (UMS), upper mesophotic terrace (UMT), lower mesophotic steep gradient (LMSG), lower mesophotic terrace (LMT), and mesophotic ridge (MR). Degrees of freedom
(Df), not available (NA, the test statistic was negative).
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Despite lower topographic relief than coral framework-dominated
habitats, GoA rubble-dominated habitats still harbored dynamic
mesophotic reef communities with coral cover often greater than at
shallower depths (Eyal-Shaham et al., 2016). A qualitative examination
found that regional coral genera classifiedwith columnar growth-forms
(Alveopora, Euphyllia, Rhizopsammia) were the main preserved coral
rubble constituents on uppermesophotic reefs and generated unconsol-
idated vertical accumulations. We speculate rubble in these habitats
was primarily produced on flat UMT areas and also produced and/or
transported to adjacent deeper steep gradients (Eyal et al., 2019).
Conditions needed for these genera to dominate and produce coral rub-
ble field habitats (RCR and RR) were found associatedwith some (44%),
but not all sites located on UMT features (Fig. 1). The association
was greater (58%) when removing the northernmost UMT features
that were never considered rubble habitats (Fig. 1f), implying GoA
mesophotic coral rubble reef habitats are associated with UMTs and ad-
ditional unknown factors. Rubbly habitats generally had higher average
sea surface temperatures than sites categorized by other habitats found
on UMT and UMSG features (Supplementary Fig. 1 and Supplementary
Table 3). However, the differences were small, and a limited number of
sites prevented further statistical comparisons. These and other poten-
tial differences in environmental and complexity parameters were un-
clear and warrant finer-scale examination to determine what properties
or associated environmental conditions promote the accumulation of
large, low-relief live coral and coral rubble fields.

Overall, depth was identified as the largest significant contributing
variable explaining observed differences among site community compo-
sitions and geomorphologies (Table 5). However, some geomorphology
features were partially subcategorized using set depth ranges (Tamir
et al., 2019). Also, the importance of depth in structuring community
cover was evident when examining general trends in the GoA (Fig. 3)
and globally (Kahng et al., 2010). The rocky peaks of some MR, MP, and
LMSG features with topographic highs (Supplementary Fig. 1c) appeared
elevated enough to avoid complete sediment burial anddownslope trans-
port often detrimental to MCE development (Sherman et al., 2010).
However, LMSG features had lower average coral cover than MR and
MP features, especially when factoring out sand, and instead had a higher
coverage of Antipatharia. The deep depths associatedwith LMSG features
could have limited hermatypic coral development compared to MR and
11
MP features, although the latter two features still had <10% average
coral cover when factoring out sand. Additionally, the association of
coral rubble-forming Alveopora genera to UMT features (Supplementary
Fig. 3c)may not have established for LMSG and LMT features (or adjacent
MR andMP features) if this coral was unable to prosper at deeper depths.

Related to depth, additional examination of associations between
geomorphology and coral composition may be connected to chang-
ing environmental conditions along the reef slope. Using a theoreti-
cal, process-based model of light as a single quantitative framework,
Laverick et al. (2020) found shifts between distinct stony coral com-
munities with depth (down to mesophotic reefs) throughout the
world primarily resulted from varying light conditions along the
reef slope. However, additional biological and environmental vari-
ables (e.g. aragonite saturation, temperature, hydrodynamic, and sa-
linity) are expected to determine the community composition of
different species and growth forms (Kleypas et al., 1999; Eyal et al.,
2019; Turak and DeVantier, 2019; Kramer et al., 2020). As substrate
type is a fundamental criterion for coral settlement selection and
survival (Harrington et al., 2004), environmental process-based
models (Kleypas et al., 1999; Laverick et al., 2020) combined with
our study findings and additional analysis of environmental factors
will offer a wider, improved understanding of MCE coral community
spatial bathymetric distribution and habitat prediction.

Current study results highlight the explicit occupancy by coral
depth-specialists at variable substrate conditions and geomorphol-
ogies, particularly on mesopohotic reefs (Eyal et al., 2016; Eyal-
Shaham et al., 2016). The potential explanation for species-specific
selective existence on different geomorphology types (see Supple-
mentary Fig. 3) could clarify previous observations of particular
species (e.g. Alveopora spp. and Euphyllia paradivisa) primary re-
strictions to specific depths and substrates (Eyal-Shaham et al.,
2016; Eyal et al., 2016). At such a depth envelope, especially for
MCEs, the difference between variable geomorphology features
and associated habitats (e.g. sandy or rocky expanse), and suitable
settlement substrate may favor the existent of specific species. The
relative pervasiveness of Leptoseris identified in our study (Fig. 3d)
mirrors others that indicate laminar (plate-like) coral growth
forms, which are highly suitable for thriving in low-light conditions,
dominate in mesophotic environments (Kahng et al., 2010; Kahng
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tance-based linear model (DistLM) results for community composition variation, ordered from
highest to lower proportion (Prop) of total variation explained. Summer KdPAR calculated at 30 m
depth (KDS), annual KdPAR calculated at 30 m depth (KDA), Akaike information criterion (AICc).

BIOENV

DistLM

eulav-p)s(elbairav tseB)noitalerroc( ρleveL
Site 0.48;

0.35
Depth, BTM aspect; 

Depth, BTM aspect
0.001;

0.020
Geomorph. 0.48;

0.47
Depth, Slope; 

KDS
0.029;

0.031

Variable Dataset AICc Pseudo-F Prop. p-value
Depth

KDA
Benthic

225.50

225.38

16.20

2.41

0.35

0.05

0.001

0.066

Depth Lithologic 223.90 10.08 0.25 0.001

D.K. Weinstein, R. Tamir, N. Kramer et al. Geomorphology 379 (2021) 107548
et al., 2019). In the GoA, Leptoseris cover was greatest onMR, UMSG, and
upper mesophotic shelf (UMS) features (unbalanced design, Supplemen-
tary Fig. 3d) and had low relative mean coral abundance (>15%) on
shallower geomorphology features and on UMT features commonly
dominated by rubble (based on the average cover of all pictures per
site). Leptoseris can span the whole photic zone as seen throughout
many Indo-Pacific reefs (Kahng et al., 2019), thriving with little light as
a result of the optical geometry of their thin skeletons allowing for
efficient light absorption while minimizing calcification (Kahng et al.,
2020). While we acknowledge light is a primary factor controlling the
species zonation along the depth gradient (Tamir et al., 2019), we suggest
other factors play a role such as substrate type (e.g. immovable hard
substrate versus loose rubble) related to geomorphology. Still, future
settlement studies focusing on substrate contributions are needed to
better constrain species zonation.

Besides depth, slope and KdPAR were found to partially explain site
benthic and lithologic composition based on geomorphology differences
(Table 5; BIOENV), likely because these variables can impact how much
light reaches the seafloor and potential sand burial (slope). Other tested
variables provided little help explaining observed associations between
geomorphology and surface community composition. Artifacts generated
from multibeam data processing (Shaun Walbridge (ESRI), pers. com.,
2019) often resulted in noisy raster creation using the BTM (Supplemen-
tary Fig. 1). This and available resolution likely prevented the association
of distinct elevated features like MR and MP with higher relative rugosity
and curvature differences from surrounding features (Supplementary
Fig. 1). Alternatively, future examinations including more study sites
and/or quantification of additional parameters (e.g. predation, competi-
tion, nutrient levels,water chemistry, sedimentation rates)maybeneeded
to better detect and understand reasons for documented associations be-
tween surface community composition and geomorphology.

5.3. Formation history

A review of ancientmesophotic reef deposits and the limited studies
inferring mesophotic accretion imply modern mesophotic reefs have
some potential to create relief (Sherman et al., 2019). However, assum-
ing carbonate production and environmental conditionswere similar to
the present since sea level has primarily stabilized (Shaked et al., 2002),
modern benthic processes do not appear to provide an example for the
structuring of northern GoAmesophotic geomorphology. First, our anal-
ysis found benthic and lithologic compositions distinctly different upon
upper mesophotic terrace (UMT) and lower mesophotic terrace (LMT)
features and similar upon UMT features and some adjacent upper
mesophotic steep gradient (UMSG) and upper mesophotic shelf (UMS)
12
features (Table 4). These results would be counterintuitive if the same
processes were needed to create the upper and lower mesophotic ter-
races and if different processes were needed to distinguish UMT features
from adjacent features. Second, although no samples were obtained, the
underlying framework of rocky outcrop mesophotic ridge (MR) and
mesophotic patch (MP) features appeared to consist of material different
from the overlying biotic cover (e.g. SRO in Fig. 2). This suggests a non-
modern age of feature formation. Additionally, despite relief above adja-
cent geomorphology features, modern coral carbonate production on
MR and MP features was low, as evident by 2.2% and 0.4% average coral
cover of all pictures, respectively (lithologic dataset), even when only
considering non-sand categories (8.7% and 5.6% average coral cover of
all pictures, respectively). This suggests limited modern carbonate/relief
production. Horizontal linear extension rates in the GoA of Leptoseris
(0.2–0.8 mm/yr; Fricke et al., 1987), the coral genera most commonly
associatedwithMR features, and generally thin skeletal plate calcification
(Kahng et al., 2020) would prevent accretion rates needed to create the
recorded MR relief during the past ~6000 years that sea level has
remained relatively stable (Shaked et al., 2002). Even if GoA Leptoseris
grewas rapidly as onHawaiianmesophotic reefs (Kahng et al., 2020), cur-
rent abundances atopMR features could not have produced notable topo-
graphic relief in 6000 years. As such, it is unknown if some or all of these
outcrops were originally built during the last ~6000 years at mesophotic
depths by benthic organisms with different abundances than what is
presently available. Still, ~6000 years may have provided ample time for
syndepositional or subsequent bioerosion to produce or contribute to
the unrecognizable substrate observed in drop-cam images. Alternatively,
these formations may have partially formed earlier when sea level was
lower (Grant et al., 2012).

Our study results provide formal identification of GoA UMT features,
but we are unaware of formation timing estimates considering these
features appear to only have been previously described as coral carpets
(Hottinger, 2008). Bearing in mind the relative sea level curve (Grant et
al., 2012), themost recent possible non-mesophotic UMT formation age
is ~12–8 ka (Fig. 5a) as shore and beach facies and/or through erosional
processes (e.g. white arrow in Fig. 5b), even when considering 10 m of
potential vertical displacement (Makovsky et al., 2008). This possible
accumulation may have been new or added to earlier terrace develop-
ment when sea levels were near UMT depths (Fig. 5a). Terrace forma-
tion during the glacial to Holocene transition probably would not have
supported coral reef development given the relatively high salinities
that persisted in the region during the late glacial (Fenton et al., 2000).

Features similar to lowermesophotic terraces (LMTs)were previously
inferred initiating <18 ka on a “100 m step” (Makovsky et al., 2008), ~21
ka as a submarine terrace system at depths of 90–110 m representing
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Fig. 5. Sea level and geomorphology feature development. (a) Sea level (Grant et al., 2012) compared to depths of newly defined northern GoA geomorphological features. Comparisons
focus on uppermesophotic terrace (UMT), lowermesophotic terrace (LMT), andmesophotic ridge (MR) features. Depth ranges for terrace features, and depths of the two largestMRpeak
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former lowstand terraces or shorelines (Tibor et al., 2010), or 70–50 ka
(Reches et al., 1987). Results from our study cannot provide further
confirmation of these ages. We can only speculate that a long period of
time was needed to create broad, continuous LMT features. The geomor-
phological orientation of GoA mesophotic ridges and patches bare
similarities to shallow (near sea level), fringing or barrier reefs and
backstepping retreat (e.g. Abbey et al., 2011) seaward of shallower juve-
nile patch reefs within a previous lagoon or low-relief backreef system
(Fig. 5b). The proposed lagoon would now be buried under up to 5 m of
sediment (Makovsky et al., 2008), which may also account for high
sand cover over most of the MP and MR features except the most prom-
inent topographic highs (e.g. Fig. 2c). This hypothesis implicates an ~70–
30 ka range (including the range proposed by Reches et al., 1987) as the
most recent possible non-mesophotic LMT, MR, and MP formation age.
The 70–30 ka range preceded the high salinity Last Glacial Maximum
(LGM) aplanktonic interval and superseded an earlier aplanktonic inter-
val by a considerable amount of time in the northern Red Sea (Fenton
et al., 2000). Numerous low-amplitude sea-level fluctuations (Fig. 5a) be-
tween 70 and 30 ka provided potentially suitable conditions to support
coral reef development of antecedent MR and MP features near sea
level (Fig. 5b). Still, possible biaswith large classified terrace depth ranges
and a lack of physically dated samples precludes precise identification of
hypothesized initial geomorphology formation. As such, we emphasize
the need to obtain substrate and cored subsurface samples from the
mapped geomorphology features at mesophotic depths.

6. Conclusions

Determining geomorphological, lithological, and biological proper-
ties, and controls on reef distribution and biodiversity constitute key
13
questions for better understanding and managing MCEs (Turner et al.,
2019). Therefore, a comprehensive geomorphology map with 12
newly defined geomorphology features spanning mesophotic depths
was created and still imagery was collected and analyzed, primarily
over a range of mesophotic depths in the northern Gulf of Aqaba
(GoA). These products provide a new tool to reef managers and re-
searchers for identifying potential mesophotic reef distribution and
baseline data. Eight distinct lithologic habitats, some with site median
coral cover >50% at mesophotic depths, were found to reside on 10 of
the newly defined geomorphology features. Lithologic and benthic
cover distributions were found to be significantly different between
geomorphology features. Depth was identified as a main tested var-
iable to explain distinct relationships between community compo-
sition and geomorphology features, but improved bathymetry
processing, additional sites, and examination of other variables
are needed to better constrain associations. Modern processes
could not provide a definite example of geomorphology develop-
ment in the GoA. Alternatively, we suggest themost recent possible
non-mesophotic depth marine initiation range was ~12–8 ka for
newly identified upper mesophotic terrace features and ~70–30
ka for lower mesophotic terraces. However, a lack of substrate sam-
ples, potential classification bias, and a complex tectonic history
prevents further speculation on feature formation timing and dem-
onstrates the need for mesophotic reef coring. Still, identification of
mesophotic ridge and patch geomorphology features and consider-
ation of regional salinity history allows further speculation on
lower mesophotic terrace formation (Fig. 5b). This speculation,
along with imagery of lower mesophotic deposits, implies modern
GoA lower mesophotic (60–150 m) reefs do not produce substantial
carbonate deposits with vertical relief. However, the identification
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and mapping of expansive, thick mesophotic coral rubble fields
(Fig. 2b) and large (~1–2 m, vertical) coral-covered reef framework
outcrops at depths of 40–60 m suggest mesophotic carbonate verti-
cal accumulation may still be possible in the region and warrants di-
rect sampling.
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