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ABSTRACT

Mesophotic reefs are located in low light conditions which, depending on the region, found in water
depths greater than ~30 m. They are less affected by ocean warming than reefs found in shallower water
depth and thus might become increasingly important for the sustainability of marine biodiversity. Here
we explore the physical mechanisms controlling the sediment distribution around a coralligenous
mesophotic reef. A detailed survey of the Bustan HaGalil Ridge offshore Israel (30 to 50 m water depth)
was carried out using an autonomous underwater vehicle with an interferometric synthetic aperture
sonar, a multibeam echo sounder, and a sub-bottom-profiler. The data were combined with surface
sediment samples, underwater photography, oceanographic data (measured and modeled current

velocity) and water column seismic reflection data. The mesophotic reefs are built as a series of
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asymmetric ridges (higher slope on the northeast-facing flanks) with coarse-grained biogenic sand to
gravel within the valleys between the ridges. Two types of sedimentary bedforms are identified on the
sediment surface - north-south elongated linear bedforms; and intersecting smaller bedforms, forming
chevron shapes. Additionally, at the western margin of the ridge, a moat-drift contourite system is
identified. The oceanographic data and modeling indicate that the northward flowing regional along slope
current is strong enough to transport sediment. This explains the contourites, the ridge asymmetry and
the increased accumulation of sediment at the southwest-facing slope of the ridges. The elongated linear
bedforms are interpreted to be ripples attributed to internal waves, which are imaged in the water column
off the shelf at the same depth as the bedforms. The chevron bedforms are suggested to be created by
the interference of the bottom current with internal waves. In conclusion, the geometries of the
mesophotic reefs, and the distribution of the sediment around them are controlled by internal waves and

bottom currents.
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INTRODUCTION

Benthic communities in poor light conditions that are found in depths between ca. 30 m and 150 m are
commonly referred to as “mesophotic” (Baker et al., 2016). Mesophotic is a general term that
encapsulates the range where light availability is reduced past its inflection point (~20%) and declines at
a slower rate. However, the available light conditions in different water depths vary regionally and
temporarily because of changes in weather, dust storms, productivity, and oceanographic processes that
affect particle suspension in the water column. The exact definition of the mesophotic zone is not
universally agreed upon (Bradford & Chang, 1987; Brokovich et al., 2008; Mitchell et al., 2000). Reefs
located in the mesophotic zone are often located below or on the pycnocline in waters significantly cooler
and more nutrient-enriched compared to shallow reefs (Kahng et al., 2019; Richardson & Bendtsen, 2019).
Mesophotic reefs might be important as a refugia from environmental stress, such as results from climate
change and anthropogenic disturbances (Bongaerts et al., 2010; Martinez et al., 2021). Despite their
importance, mesophotic reefs are understudied compared to shallower reefs, possibly because they are
more difficult to reach (Eyal et al., 2021; Menza et al., 2007). Mesophotic reefs exhibit a different benthic
community and composition than reefs in shallower waters (Kahng et al., 2014; Rocha et al., 2018), and
can have a significant coralline algae constituent (Amado-Filho et al., 2016). This coralline component
means that the sediment and framework (coralligenous) production in mesophotic carbonate factories

should be a sort of C-Type factory (sensu Schlager, 2005), with significant local grain export.



The depth in which mesophotic reefs are located implies that the processes that distribute sediments at
shallower water reefs, such as waves and tides, are not able to generate the same effects in these deeper
environments. Instead, the seafloor morphology in mesophotic environments is affected by bottom
currents, which range from slope parallel to slope perpendicular (Church et al., 1985; Silva & MacDonald,
2017; Valle-Levinson et al., 2020; Williams et al., 1984). Ocean bottom currents flowing along a slope
commonly lead to an elongated depression with an associated drift also referred to as a moat-drift system
(Miramontes et al., 2021; Wilckens et al., 2023)(Miramontes et al., 2021; Wilckens et al., 2023). However,
how these currents shape and control the sediment and nutrient transport around the reefs and shape
their sedimentary morphology is not clear to this date. For example, the genetics of communities along
mesophotic belts exhibit variable patterns (Bongaerts et al., 2013; Studivan & Voss, 2018). This may partly
be due to variable light conditions within the reef (Laverick et al., 2020). However, the interaction with
these bottom currents can also modulate the nutrient and temperature state to a level that may result in

population shifts between periods of different current regimes (James et al., 1999; James & Lukasik, 2010).

Following the initial experimental work of Cacchione (1970), it has been suggested that internal waves
may play a significant role in modulating turbidity, nutrients, heat and sediment distribution in
mesophotic settings (Cacchione & Drake, 1986; Kahru, 1983; Pomar et al., 2012; Wolanski & Delesalle,
1995) as well as influence the evolution of reefs (Leichter et al., 1998; Lesser et al., 2009; Pomar et al.,
2017; Schmidt et al., 2016; Wang et al., 2007; Wyatt et al., 2020). Internal waves are oscillations that
propagate along internal stratification boundaries in the ocean (Talley et al., 2011). These waves are
mostly generated by tides, but can be induced by wind waves as well (Nagasawa et al., 2000; Polton et al.,
2008). Similar to waves at the ocean surface, internal waves also break, transfer energy and change
frequency as they approach the seafloor. Internal waves may also break when they encounter an elevated
structure, such as a reef (Davis & Monismith, 2011a). These internal wave breaks are an important
dissipation and mixing mechanism (Lamb, 2014). The interaction of internal waves of different frequencies
with the seafloor can resuspend and redistribute sediment similarly to wind waves nearshore (Boegman
& lvey, 2009; Cheriton et al., 2014; Quaresma et al., 2007). In addition to turbulence, breaking internal
waves can redistribute heat and nutrients, significantly impacting deeper shelf / upper slope benthic
communities (Woodson, 2018). However, how these waves interact with the seafloor in the mesophotic
environment is poorly understood, as is the nature and type of bedforms they form (van Haren, 2017).
With increasing stratification of the ocean, because of a change in temperature (Li et al., 2020), internal

waves might become increasingly important in shaping reefs as well. This is true despite the significance



of bedforms, which influence sediment roughness and can enhance sediment resuspension (Soulsby et

al., 2012).

The nature of seafloor interaction with both bottom currents and internal waves in the mesophotic setting
needs to be better understood for the present and future dynamics of these systems, as well as their
sustainability. The aim of this study is to examine the role of bottom currents and internal waves in a
mesophotic reef. Using multiple data sets from the Bustan HaGalil Ridge offshore northern Israel
(southeastern Mediterranean) this work documents sediment distribution and bedforms within a

mesophotic reef system, in order to infer on the underlying mechanisms governing them.

OCEANOGRAPHIC AND GEOLOGICAL SETTING

Sediment distribution along the southeastern margin of the Levant Basin is controlled by a geostrophic
current flowing northward (Figure 1a), with a seasonally changing transport component generated in
shallower (<15 m depth) water by wave action (Almagor et al., 2000). The Levant Basin hosts several water
masses that show seasonal depth variability (Alhammoud et al., 2005; Sisma-Ventura et al., 2016). During
summer, the upper portion of the water column comprises two water masses. The warm and saline Levant
Surface Water (LSW) between water depths of 0 and ca. 60 m, and the cooler and less saline Modified
Atlantic Water (MAW) between water depths of 10 — 150 m. During winter, these two layers become
mixed (Figure 1c, d). These water masses are underlain by the Levantine Intermediate Water (LIW) at
depths of ca. 150 — 350 m, which oscillates on an interannual scale (Ozer et al., 2017). Internal waves
propagate at the density boundary between the water masses and interact with the seafloor where they

create sediment waves (Reiche et al., 2018).

In the oligotrophic to ultra-oligotrophic Levant Basin the nutricline does not overlap with the thermocline,
notably with respect to nitrite and phosphate content (Kress & Herut, 2001; Krom et al., 2005). Ongoing
warming further increases the ecological stress in the upper water column (Ozer et al., 2017; Rilov, 2016;
Sisma-Ventura et al.,, 2014). This low productivity leads to high light penetration, with the 1%
photosynthetic available light depths in the pelagic and neritic domains being at ~109+20m (n=21) and
~60£20 m (n=11), respectively (Berman et al., 1984; Megard & Berman, 1989; Stambler, 2014). Although,
this figure varies with the season and meteorological events, such as dust storms that affect the region.
Furthermore, rapidly increasing sea surface temperatures result in ongoing processes of species shift and
“Tropicalization” in the coastal area of the Eastern Mediterranean (Bianchi, Carlo & Morri, 2003;

Grossowicz et al., 2020; Rilov & Galil, 2009).
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Figure 1: A. Modeled mean surface currents over 10 years (Global Ocean Physics Analysis and Forecast from the
Copernicus network); Map of Israeli and southern Lebanese shelf showing the position of the study area and location
of the THEMO 1 observatory buoy, inset shows the location of this map relative to the globe. B. Map of the study
area, showing the overall bathymetry and location of Bustan HaGalil Ridge, areas of manual mapping of sediment
bedforms and rocks (blue and orange, respectively) as well as the location of seismic lines (green), purple polygon
delineates the outer parameter of the AUV survey. C. Annual variation in temperature at THEMO 1 in the top 150m
(data from Reich et al., 2021), dark gray band outlines the annual amplitude of the pycnocline, light gry the depth
distribution of sediment bedforms observed in this study, black line denotes the 99 percentile of effective wave
depth which we consider as our wave base (WB). D. Salinity/temperature for the top 150 m at THEMO 1. MAW —
modified Atlantic waters, LSW — Levant surface waters, LIW — Levant intermediate waters. e. Velocity data measured
at THEMO 1.



The 10 to 20 km wide Southeastern Mediterranean Sea continental shelf comprises the eastern littoral
cell of the Nile River, generally narrowing from south to north (Emery & Bentor, 1960). In general, the
seafloor sediment grain size decreases significantly across the 30 m isobath, from fine sand to very fine
sand with a significant clay and silt fraction (Almogi-Labin et al., 2012). However, in the northern part of
the Israeli shelf (north of ca. 32.6°N), at the edge of the Nilotic littoral cell (the main source of siliciclastic
grains in the region), the coarser grain fraction increases and extends past the 40 m isobath. This region
is characterized by a higher carbonate content of up to 47% (Almogi-Labin et al., 2012), indicating a higher
relative contribution of local sediment supply. Sets of generally shore parallel aeolianite ridges (locally
referred to as Kurkar Ridges) stretch along the coastal zone and the middle shelf (~30 to 40 m water depth)
of Israel (Almagor et al., 2000). These underlying aeolianite ridges have developed repeatedly in nearshore
depositional environments, under the influence of the changing sea level during different Pleistocene
glacial cycles (Mauz et al., 2013; Shtienberg et al., 2017). The offshore ridges form one of the main hard
substrates on the shelf and serve as the base of most offshore reefs in the region (Rilov et al., 2018). These
offshore reefs are presently being overwhelmed by invasive species (Peleg et al., 2020; Rilov, 2013). If
similar to their presently coastal equivalents, the underlying aeolianites are composed of a mixture of
biogenic grains (molluscan aragonite and coralline algae high-Mg calcite) and lithogenic quartz (Porat et
al., 2003). These aeolianites are usually bound by two generations of cement - an early grain-coating

micritic cement and a later pore-filling sparry cement.

Some of the most prominent aeolianite ridges are found in the shelf of northern Israel, including the study
area of the Bustan HaGalil Ridge (Eytam & Ben-Avraham, 1992; Sade et al., 2006; Figure 1b). This is an
elongated, up to 10 m tall, complex system of seafloor ridges. It extends for 7 km in the north-south
direction and up to ~1.5 km in the east-west direction between water depths of 27 to 50 m. The Bustan
HaGalil Ridge acts as a boundary between the soft (mostly silty) seafloor sediments to the west and mostly

hard carbonaceous seafloor to the east.

MATERIALS AND METHODS

An ultra-high-resolution geophysical investigation of the seafloor environment of Bustan HaGalil Ridge
(Figures 1b, 2) was carried out using the University of Haifa's ECA Robotics Inc. A18-UH deep-water
surveying autonomous underwater vehicle (AUV) SNAPIR, operated off the Israel Oceanographic and
Limnological Research Institute R/V Bat-Galim. The AUV survey was carried out on May 22, 2019, acquiring
a total of 47 km hydroacoustic data over the northern half of Bustan HaGalil Ridge, at a flight elevation of

20 to 25 m above the seafloor in water depths of 25 to 50 m. Surveying involved data acquisition with: (1)



a 337 kHz Kraken Robotics MINSAS120 Interferometric Synthetic Aperture sonar (SAS), providing acoustic
backscatter images with a swath width of 100 m to two sides and a resolution of 3 cm; (2) a Norbit WBMS
400 kHz multibeam echo sounder; (3) an Edgetech 2205 single channel Sub-Bottom Profiler (SBP) using a

2 to 10 KHz Chirp signal with a vertical resolution of ~20 cm.
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Figure 2: Bathymetric properties of the surveyed area: A. bathymetry; B. slope angle; C. aspect is divided in 4 colored
sectors for north, east, south and west with a 65% transparency and underlighting slope map in Gray (as it is shown
in B); D. density plot of the relations between aspect and slope, higher slopes occur with a NNE aspect while lower
slopes have a more southern aspect. Binning for the density plot is 1° for slope and 5° for aspect. On top are contours
in black.




The Sub-Bottom Profile (SBP) data were extracted as full-wave (Real) and were processed and interpreted
using AspenTech SSE software suite. Following real time application of the matching filter, the post-
processing scheme involved a minimum entropy deconvolution, 7.5 kHz high-cut filter and amplitude
scaling. Multibeam data was processed with QPS Qimera (version 2.6.2) and resulted in a 1 m bathymetric
grid. Spatial features were processed and analyzed in ESRI ArcGIS (Desktop version 10.8 and Pro) and QGIS
(version 3.28). The multibeam bathymetry and SAS imagery were analyzed to identify the changes in
seafloor characteristics across the study area. An analysis of the bedforms was performed across three
selected soft sediment-rich areas of interest located in the western, central, and eastern part of the ridge;
individual bedforms were manually traced and measured. Both starboard and port side imaging were
compared (Supplement 1, Figure S1-1) to verify that there was no bias from the illumination direction.
The survey was repeated with different illumination directions to compare the results and validate the
measurements of the identified seafloor features. This is especially important for linear bedforms, such
as ripples and sediment waves, as their appearance is dependent on the incidence angle (Supplement 1,
Figure S1-2). In total, the crest length and orientation of 8324 bedforms and the widths of 5143 bedforms
were measured (Supplement 2, for complete list). Visualization of statistical analysis was carried out using
a combination of ArcGIS, MATLAB (MathWorks Inc., version 2022b), R software (R Core Team, 2024) with
ggplot2 (Wickham, 2009) and QTlplot (Vasilief, 2010). In addition, 1053 rock features (small biogenic
buildups, see discussion below) were identified, and their size and distribution were also measured.
Sediment samples were collected via technical dives at selected locations, and visual documentation of
seafloor features was used for ground truthing (Supplement 1, Figure S1-3). These sediment samples were
washed with fresh water and air-dried prior to microscopy analysis. Mineralogical analysis was carried out
using a Rigaku MiniFlex XRD diffractometer. Grain size was evaluated using the collected samples and by

image analysis using Image) (of quadrats 25cm x 25¢m) collected during the dive.

Wave and velocity data were obtained from the long-term THEMO1 buoy, located ~8 km northwest of the

study area, and available from the THEMO project’s website (http://themo.haifa.ac.il/) (Figure 1a). Details

of the processing of the wave data (following Allen, 1985; Clifton & Dingler, 1984) and the raw data are
given in the Supplementary Material (Supplement 3). Brunt—Vaisala frequency was calculated based on
density data (Figure 1c) collected monthly in 2018 and 2019 next to the THEMO 1 buoy during research

cruises described by Reich et al., (2021) and available through ISRAMAR (https://isramar.ocean.org.il/);

values are included in cycles/hour and 102 rad 10! in Supplementary Material (Supplement 4). The data
were processed and visualized using R Software and MATLAB. The multi-channel seismic profile showing

data inside the water column (collected on 20.06.2016) was processed and interpreted using the SSE
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(formally Paradigm) software suite. The processing procedure included high-pass filtration, amplitude
balance, and time and time stack (using a moveout velocity of 1500 m/s). For converting Two Way
Traveltime (TWT) into meters, a constant velocity of 1500 m/s was used. The Mercator Global Ocean
Physics Analysis and Forecast model (1/12° resolution, from the copernicus network) was used to evaluate

current velocities on a wider spatial coverage (https://doi.org/10.48670/moi-00016).

RESULTS

Ridges and sedimentary features of the Bustan HaGalil Region
Analysis of the bathymetry reveals that the Bustan HaGalil Ridge is composed of multiple ~1 to 1.5 km

long generally east-west oriented rocky ridges that splay from a ~6 km long generally north-south oriented
backbone set of rocky ridges. The ridge, in its entirety, dips to the west. High-resolution bathymetry of
the northern part of the ridge shows that its eastern peaks reach water depths of ~25 mbpsl (meters
below present sea level), ~10 m above the surrounding seafloor. Its western margins submerge into the
mid-shelf sediment-covered seafloor that dip from a water depth of ~45 mbpslin the ridge’s southwestern
edge to 50 mbpsl in its northwestern edge. The splay ridges are ~50-200 m wide (Figures 1b, 2;
Supplement 1, Figure S1-4) with generally, elongated east-west trending valleys located between them
(Figure 2d). The valleys are 100-500 m along their E-W axes and 50-100 m along their N-S axes. Some of
the valleys are enclosed by the splay ridges while others are open on their western side (Figure 2a). The
valley floors are shallowest in their eastern side at ~35 mbpsl and generally deepening ~45 mbpsl in the

west.

The seafloor bathymetric gradients highlight the multi-scale variability of the seafloor morphology, with
gradients of over 15° (<1% above 15°, some of which is suspected to be artifacts), with a mean gradient
of 3.21°+3.10° (n=4,461,091), reflecting the hundreds-of-meters-scale dip of the entire ridge and its major
elements (Figure 2d). At the tens-of-meter scale, the ridges are asymmetric, with wider lower-gradient
southwest-facing slopes and narrower, steeper northeast-facing slopes (Figure 2a). At this scale, high
gradients (>5°) are associated with aspects ranging between -30° and +60° (Figure 2d). The highest
gradients at the meters scale appear at the northeast-facing slopes (Figure 2d). The northeast-facing
slopes of the splay ridges terminate sharply (gradient >10°) at their bases (Figure 3). At this scale the
topography of the northeast-facing slopes of the ridges appears smoother (Figure 3). Particularly in the
southeastern part of the study area, the soft sediment in the valleys is bounded by a small 0.5-1 m tall
step or very steep slope (~30°) (Figures 2b, 3a). The size of this step is smaller or disappears towards the

northern side of the valley (Figures 2b, 3a). The seafloors between the splay ridges and part of the

10
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southern side of the splay ridges are characterized by variable bedforms observed in the SAS data, to be

discussed in detail in sections ‘Bedforms of the Bustan HaGalil Region’.

Water depth (m

2 » /
South View ~0.5 m tall step or North View
very steep slope

25 30 35 35 45
Figure 3: 3D shaded relief views (VE=8.5, light direction: altitude 45, Azimuth 45) of the Bustan HaGalil Ridge: A. from
a south perspective and B. from a noth perspective, demonstrating the asymmetric nature of the features.

In the description below, we distinguish two types of mesophotic reef elements within the Bustan Hagalil
Ridge. Continuous rocky elements with their long axis >10 m and a distinct relief are referred to as
‘ridges/reefs’. Similarly, we define any continuous solid mass that its longer axis is <10 m and is spatially
separate from any other rocky mass as a solitary reef/bioconstruction. This delineation is based on the

observed dimensions of the non-continuous rock masses in the study area.

In SBP profiles, the Bustan HaGalil Ridge bedrock is characterized by high-amplitude, high-frequency,
disrupted to chaotic reflections. In contrast, continuous, layered, medium amplitude to low amplitude
reflections represent the sedimentary cover above the bedrock. The SBP data reveal that the main Bustan
HaGalil Ridge bedrock structure is buried at its periphery by sub-meter-thick layered sediments, with their
thickness increasing up to several meters outwards of the main bathymetric ridge (Figure 4). Some of the
buried ridge peaks outcrop on the modern seafloor as solitary rocky elements. The bathymetric data show
that northward-directed elongated depressions formed next to the western edges of the splay ridges (e.g.,
Figure 4a) and adjacent to the elongated depression are mounded morphologies. These are identified as
moats with adjacent separated mounded drifts (Figure 4c). The SBP profiles show continuous seismic
reflections extending from the moat to the drift, classifying it as a so-called constructional moat-drift
system. The layered sediments exhibit onlap patterns (Figure 4b), at times leaning against the ridges at a
slight angle. Evidence for scouring also appears in the SBP data, showing distorted and mounded layering
in the vicinity of some of the ridges' promontories (Figure 4b, c). These appear in the uppermost

(youngest) layers, as well as in some of the deeper (older) reflections imaged in the SBP.
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Figure 4: Character of the sediment on the western flank of the Bustan HaGalil Ridge. A. bathymetric and B. SAS
image. Green lines show the location of the seismic lines, and blue arrows indicate the direction of the main current.
C. interpreted seismic imaging showing the northern line. d. interpreted seismic imaging showing the southern line.

Bedforms of the Bustan HaGalil Region
SAS data reveal multiple bedforms inside the valleys. The types, sizes, and directions of bedforms change

spatially within the valleys. Some bedforms are only visible with the SAS and cannot be distinguished at
the resolution of the multibeam bathymetry (Supplement 1, Figure S1-5). Consequently, their relief is
unknown. The SAS data shows that bedforms occur in three principal forms: large linear bedforms that
look like ripples (Figure 5, 6d), short chevron bedforms that show a zigzag-like or v-shaped pattern (Figure
5, 6e), and superposition of the two (Figure 6f). Analysis of the manually traced bedforms (n=8325, Figure
1b) range in axis lengths from ~0.3 m to 70 m and wavelength from ~0.2 m up to 7 m, with the 10th to
90th percentile ranging between 0.6 and 1.9 m, respectively (Figure 7a). The linear bedforms are aligned
primarily with a north-south bearing axis. Measurement of these bedforms reveals that these bedforms
reach up to 70 m along their long axis (Figure 7b) and, for the most part, exhibit a maximum wavelength
of up to 2 m. The chevron bedforms are shorter, with a northwest-southeast or northeast-southwest axis
orientation (Figure 7c). Sometimes, chevron bedforms are observed superimposed on the linear bedforms
(Figure 6f), whereas, in a few cases, they occur as poorly developed ladder-like bedforms (small bedforms

linking adjacent larger ones) in between the linear bedforms.

12



Figure 5: Wide-scope mosaic of the SAS imaging in the western margin of the survey area showing the three main
seafloor types in the study area. See Figure 2 for location.

8 & g N R85 Y0 AR TR et ‘-t'_, K R ‘»9,,-‘
Figure 6: Representative SAS imaging of the seafloor features: A. large solitary bioconstruction (boulder size); B.
intermediate constructions; C. small bioconstruction or rocks, suspected rhodolites; D. linear bedforms; E. chevron
bedforms; F. superposition of chevron bedforms on top of linear bedforms. All scale bars are 5m, arrow in a shows
illumination direction.
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Figure 7: Bedform characteristics: A. distribution of long axis length (n=8323) and bedform wavelength (n=3557); B.
relation between bearing and wavelength; C. relation between long axis length and bearing; D. relation between
wavelength and long axis length.

Measurement of these bedforms reveals that the chevron bedforms extend to a maximum length of
~15 m and have a wavelength of up to 7 m. The bedforms are generally concentrated in stretches along
the valleys and up the southward-facing slopes of the ridges (Figures 8, 9a). There seems to be a decrease
in wavelength (from 2.5 m to 0.5 m) with increased seafloor slope or from the southern part of the valley
to the north (Figure 8), but this was not observed consistently across the study area. The linear bedforms
occur primarily in the southern margins of the valley, while the chevron bedform occurs primarily in the
northern margin (Figure 9a). However, the chevron and mixed bedforms can also occur in the south of
the valleys, but there they are very small (below 2 m along their long axis, and wavelength below 2 m).
The SBP profiles reveal that transitions between chevron and linear bedforms coincide with an increase

in sediment thickness (Figure 9b, c). The chevron bedforms are present where the sediment layer is
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thinner, while the linear bedforms correspond to a thicker layer of sediment in the valleys. There is no
clear correlation between the wavelengths and bedform axis lengths (r=<0.19, n=5143; Figure 7d) nor
either with the bearing (r=-0.01, n=5143 and r=0.01, n=8324, respectively). However, the relation
between bedform wavelengths and bedform axis lengths shows two trends (with a gradient between
them): a long axis / short wavelength cluster, which is mainly associated with linear bedforms, and a long
wavelength / short axis cluster, which is mainly associated with chevron bedforms. There is no spatial
trend concerning the wavelengths of the features, although there is a slight increase in axis lengths along

the southwestern direction.
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Figure 8: Relation between bathymetry and bedform morphology. Interlaced seafloor SAS seafloor image and
bathymetry (note: slope is steeper south of the line), blue dashed line marks the transition between bedform
morphologies. Histograms (n=100) show the change in wavelength on either side of the dashed blues line. See Figure
2 for location.
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Figure 9: Seismic line across the sedimentary fill of the valleys, A. SAS imaging of the seafloor along the seismic line,
the transition from chevron to linear bedforms marked. B. uninterpreted seismic imaging. C. interpreted seismic
imaging showing the sedimentary fill (red) and the top of the rock surface (yellow). See Figure 2 for location.
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Figure 10: Long-axis size distribution (log scale) of rocks/bioconstructions sampled from the SAS imaging (n=1053),
vertical lines denote the percentile fractions.

Solitary Reefs
Analysis of the bathymetry and SAS data reveals that the solitary reefs/bioconstructions occur in two main

forms - adjacent to a ridge (Figure 5, 6a), or scattered between bedforms regardless of any ridge (Figure
6b, c), with the former often observed to be larger in size. The solitary reefs/bioconstructions vary from
coarse gravel to boulders sizes (on the Wentworth, 1922 scale) and are observed to occur in the trough
between bedforms or at the end point of bedforms. Adjacent to boulder size rocks/bioconstructions, a
change in bedform character or direction is sometimes observed. The majority of rocky elements range
from 0.13 m to 20 m along their long axis; the size distribution is highly skewed ({i3=5.2, n=1053; Figure
10) and > 50% of the rocky elements are under 0.76 m in length. Thus, around half of the rocky elements
are classified as maerl (rhodoliths) and, as such, mobile (Hottinger, 1983). The larger
rocks/bioconstructions and ridges/reefs show a crinkly texture, and in some places, individual branches
(possibly of coralline algae or bryozoans) can be identified in the SAS images (Supplement 1, Figure S1-6),

suggesting extensive biofouling of all available ha rd substrate.
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Figure 11: A. Configuration of bedform elements within a small valley, showing all types of bedforms and the location
of subsequant subfigures. B. solitary reef/bioconstruction of encrusting organisms, notably coralline algae. C.
individual bedforms at the base of the ridge. D. sediment and grain size distribution for the mixed bedforms. E.
sediment and grain size distribution in the chevron bedforms. See Figure 2 for location.
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Sedimentary Description
Visual inspection by divers examined both the rocks/ridges and ripple-like bedforms (Figure 11a). Over

the rocks, they find an extensive biogenic cover (Figure 11b), which appears to comprise a meshwork of
encrusting algae, foraminifera, and other organisms that can be classified as coralligenous (Supplement
1, Figure S1-3). Based on dive and analysis of the SAS data, the seafloor in the Bustan HaGalil Ridge region
can be divided into three main substrate forms: reef/bioconstructions (reefs, rhodoliths, nodules etc.),
ripple-like bedforms and a near-flat sediment surface. In contrast to the layered sediments around the
Bustan HaGalil Ridge, the bedform patches within the Ridge's valleys, visible in SBP profiles, comprise a
relatively thin sedimentary fill, overlying the bedrock (Figure 9). The maximum thickness of the sediment

is ~0.6 ms (~0.5 m assuming a velocity of 1500 m/s).

The loose sediment samples collected by the divers comprise primarily calcareous grains ranging in sizes
from coarse sand to coarse gravel (calcarenite to calcirudite sensu Grabau, 1904) with a major portion
identified as fine to medium gravel (Figure 11c, d). The dive photographs of the bedforms area reveals
that coarser grain sizes mainly occur in the troughs and finer grain sizes at the crests of the bedforms
(Figure 11c). The grains are composed primarily of coralline algae nodules with other bioclastic fragments
a few mm to cm in size (Figure 11d, e; Supplement 1, Figure S1-3). The nodules are brown, black or
yellowish red, rounded, elongating or irregular in shape, ranging in size between a few mm and a few cm.
Most of the coralline algae in the nodules appear to be dead, based on the color and presence of
encrustation on some of the nodules. The encrustations are mainly formed by bryozoans, although
serpulids or other vermiforms are observed as well as possibly some encrusting foraminifera (Miniacina
sp. or Homotrema sp.). The bioclastic fragments include bivalves, gastropods, serpulids (or vermetid),
echinoderms, and bryozoans; individual coral polyps were also found. Bryozoan fragments of multiple
morphologies, including branching and encrusting forms, are common. A few larger benthic foraminifera

are present, mainly the invasive species Amphistegina sp.

Local wind and surface wave character
The surface waves on the Galilee shelf, measured by the THEMO buoy, exhibit log-normal distributions of

both the dominant period and significant wave height, with a log mean of 0.7£0.2 (4.8 m) and -0.3+0.3
(0.5 m), respectively (n=18841 for both). In contrast, the distribution of the mean period is closer to
normal, with a mean of 3.740.7 s. Calculating the wavelength from the mean period (Figure 12,
Supplement 5), results in a mean wavelength of 21.4+9.6 m (n=18686, 487 days across 2019 and 2020)

and a [i3=1.8, the 10" percentile of 13.9 m, 90" percentile of 35.4 m, and a maximum wavelength of 84
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m. This translates to a wave base shallower than 18 m for more than 90% of waves and only 1% reaching

the depths of the sediment bedforms observed in the study area.

Wave length (m)

0 20 40 60 80
4,000 . : . . . . . L . . . L . L - L
- - 100
09% 99.9%
90%
3,000 80
€
(«F]
re
Depth L 60 8.
range of S
< 2,000 . =
sediment =
bedforms E
(Chevron and Linear) 400
1,000
20
- T 1 ' T T T -0
0 10 20 30 40

Effective wave depth (m)
Figure 12: Wavelength distribution based on the THEMO 1 data, blue area marks the affected depth range in the
study area.

Water column characteristics
The calculated Brunt-Vaisala frequency distribution exhibits low values (1.6£2.3 cycles/hour, [i3=1.2,

n=563) during winter and spring months (December to April) (Figure 13). In the summer and autumn
months (May to October), the values increase (5.9%#5.5 cycles/hour, [i3=0.5, n=851). The highest
frequencies (>25 cycles/hour) are located between 20 and 80 metres below present sea level (mbsl), with
two main peaks (Figure 13) at 20 to 30 mbsl and 60 to 70 mbsl. High frequencies persist between these
two peaks represent the migration of the pycnocline through the warm summer-autumn periods (Figure
1c). These values and distribution are comparable to previously published values for the southern Israeli
shelf (Reiche et al., 2018). The high-resolution seismic sparker survey, acquired during the summer period
(on 20.06.2016), imaged wavy, semi-continuous high-amplitude reflections at water depths between 30

and 50 mbsl (Figure 13). These wavy reflections appear similar to internal waves.
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Figure 13: Distribution of Brunt—Vaisala frequencies in the water column during winter-spring and summer-autumn
(see Figure 1C for density distribution over each month); black lines denote average and blue lines the 10% and 90%
envalopes. The half-transparent background shows imaging of the water column with multi-channel seismics. This
possibly shows internal waves between 30-50 m water depth, which is also the depth between the two peaks in the
Brunt-Vaisala frequency.

Surface currents measured over 1 year at THEMO 1 have an average velocity of 21 cm/s with a standard
deviation of 15 cm/s (Figure 14). Peak velocity is over 60 cm/s and the main current direction is north to
north-east. Based on the Global Ocean Physics Analysis and Forecast from the Copernicus network
modeled current averaged over 10 years it appears that the THEMO 1 buoy is located in the center of a
main NNE flowing along-slope current, with the Bustan HaGalil Ridge also inside the same main current

but more towards its eastern boundary.
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Figure 14: Near-surface current velocity measured at THEMO 1 over 1 year (average 21 cm/s with a standard

deviation of 15 cm/s). See Figure 1a for location.
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DISCUSSION

Biogenic structure
The Bustan HaGalil Ridge is a rocky structure in the middle of the northern Israeli shelf. The elevated parts

of this structure offer hard substrates for the recruitment of various calcifying groups present in the
Eastern Mediterranean. These include coralline algae, hydrozoans, bryozoans, sponges, larger benthic
foraminifera, molluscs and potentially some corals (Albano et al., 2020; Cerrano et al., 2019; Corriero et
al., 2019; Goren et al., 2021; Idan et al., 2018). Remains of many of these groups also occur in the sediment
found in the submarine valleys of the Bustan HaGalil Ridge (Figure 11b-e). The binding, encrustation, and
accumulation of these organisms results in the development of extensive coralligenous bioconstruction.
Thus, the Bustan Hagalil Ridge is similar to other mesophotic reefs (also referred to as biogenic buildups)
in the central Mediterranean Sea (Bialik et al., 2022; Ingrosso et al., 2018). The broad geometry of the
Bustan Hagalil Ridge is similar to other Kurkar ridges in the coast and offshore of Israel. In the central
Mediterranean, these are strongly influenced by the underlying Pleistocene strata (Varzi et al., 2023), as
is likely the case here. However, the development of the biological cover and buildups is usually also
controlled by local oceanographic conditions. Currents are most likely an important nutrient source that
leads to differential biogenic growth rates on the south and north aspects of the ridges. Yet, with current
data, one cannot constrain this with an evaluation of growth rates. Most Pleistocene beach ridges in the
region are oriented north-south (Mauz et al., 2013) whereas the smaller splay ridges of Bustan Hagalil
Ridge are oriented east-west (Figure 2d). This suggests that the modern structure evolved subaqueously

through interactions of oceanography and biology.

The biogenic grains being mostly coralligenous, similar to the buildups, suggests that the fill of the
sedimentary patches between the ridge, originate from the proximate buildups. The production of most
of these components probably occurs predominantly on the highs and is then transported to the lower
areas by current and gravity. Based on the size distribution (Figure 10) of the smaller rocky elements found
on the sediment patches, and the prior description of large rhodoliths in this region of the Israeli shelf
(Dulin et al., 2020), they are identified here as rhodoliths (Figure 6c). In difference to the other fragments,
some coralline algae nodules in the sediment appear to focus on ongoing growth. Coralline algae can also
grow on mobile substrates, and as such, their fragmentation from the crust can also lead to their
transformation into nodules as they circulate by currents and animals (Braga & Martin, 1988). The
production of calcium carbonate is most likely local and limited due to high stress and low nutrient

availability in the region (Krom et al., 2005; Ozer et al., 2017; Thingstad et al.,, 2005). The limited
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production potential is most likely one of the reasons for the observed relatively thin fill of the available

relief/valleys between the ridges (Figure 8c).

Another control of biogenic contribution is the bioerosion and resuspension by fish, particularly by
invasive species. The rocky reefs of the region have experienced a large-scale invasion of Indo-Pacific biota
from the Red Sea through the Suez Channel (Edelist et al., 2013), in the process called ‘Leseppsian
migration’. Species such as the rabbit fishes Siganus rividae and S. luridus have led to a paradigm shift in
the benthic macroalgae community, thereby affecting the overall ecosystem (Rilov et al., 2018; Sala et al.,
2011). These herbivores are less abundant when compared to their occurrence in shallower reefs, but
they are still present in reefs up to 45 meters depths
(https://haifauniversity.shinyapps.io/FishsurveyApp2/). Other abundant species in the region such as
Scarus ghobban and Parupeneus forsskali contribute significantly to the bioerosion and resuspension,
respectively, in their native regions of the Red Sea (Alwany et al., 2009; Yahel et al., 2002). Although little
is known of their effect on the redistribution of biotic and abiotic components in the Mediterranean rocky
reef setting, it is likely that their role as ecosystem engineers affects the sediment composition,

particularly in the ridge-sediment boundary and sediment patches within the ridges.

Mesophotic reefs are usually not affected by fair-weather waves resuspension (Baker et al., 2016). Lateral
transport is of greater importance in mesophotic settings than deposition from the water column
(Sherman et al., 2016). This redistribution of material impacts the lateral and vertical physical growth of
the reef as well as the ecosystem that inhabits it, as is often the case in shallow water reefs (Hernandez
et al., 2009; Storlazzi et al., 2004). Here specifically, even an expanding evaluation of wave population
would only allow for less than 1% of surface waves to affect the sediment and reef (Figure 12). Yet, when
accounting to the relatively large grain size (Figure 11d, e) and maximum wave hight (Supplument 5), most

of these waves would not be able to agitate the sediments in the valleys (Flemming, 2024).

Regional along slope current
To understand the sediment dynamics in the study area (discussed in the next section) the regional along

slope current dynamics and its potential to transport sediment has to be evaluated. For the analyses of
the current dynamics, a combined approach of large-scale and long-term modeling and local
measurements is used. The model indicates a generally northward flowing along slope current and the
local measurements show average current speeds of 21 cm/s with peak velocities over 60 cm/s. To
evaluate if this current is strong enough near the seafloor to transport sediment we calculated the bottom

shear stress T = pu+%, with seawater density p and friction velocity u (Soulsby & Whitehouse, 1997). Since
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the current velocity measurements are from the sea surface the friction velocity needs to be calculated
using a logarithmic relation between the friction velocity and the variation of velocity with height, a von-
Karmdn constant equal to 0.4 and bottom roughness length equal to 0.0035 m (Soulsby & Whitehouse,
1997). To move the seafloor sediments, the calculated bottom shear stress needs to reach the critical
shear stress of 0.03 N/m? to initiate motion of sediment grain sizes in the very coarse sand to fine gravel
range (1 mm - 3 mm). This corresponds to a velocity of 50 cm/s - 100 cm/s measured at the sea surface.
The THEMO-1 measurements show that such velocities are reached during pick current periods, probably
representing storm events (Figure 14) indicating that sediment can be moved. However, the sediment
grain size in the study area is very diverse and reaches coarse gravel size in some areas. This indicates that

the regional along-slope current is able to move the sand and fine gravel but not the coarse gravel.

Sediment dynamics and bedform development
The observed asymmetry of the splay ridges suggests that sediments transported along the Israeli margin

towards the north are blocked by the splay ridges (oriented west to east) (Figures 2, 3). The sediment piles
up at the southwest-facing side of the ridges, meaning that the sediment distribution in the valleys is
asymmetric, with more sediment accumulating in the northern part. This sediment transport in the valleys
towards the north explains the lower gradient of the southwest-facing side of the splay ridges. Thus, the
sediment located in the valleys is mainly transported as bedload, which makes it impossible to cross over
the ridge, unlike suspended sediment in the water column. This observation agrees with the calculations
of the current's potential to transport sediment. Furthermore, currents that are strong enough to
resuspend sediment flowing next to a slope or an obstacle like a reef commonly lead to the formation of
moats (Faugeéres et al., 1999; Miramontes et al., 2021; Nielsen et al., 2009; Paulat et al., 2019; Wilckens
et al., 2023). This is in agreement with our observation of a moat and adjacent separate mounded drift
next to the Bustan HaGalil Ridge (Figure 4). Furthermore, the observed concentration of larger grain sizes
in the Bustan HaGalil Ridge is probably the product of winnowing of smaller grain sizes, which in other
mesophotic systems appear to be related to currents (Bialik et al., 2024). In general, the northeast-facing
side of the ridges appear more smooth. This can be related to smaller grain sizes that can be affected by
winnowing and are being deposited in the lee side of the ridges (meaning the northeast-facing side). Thus,
the combined observations of a strong current flowing from south to north, a north south ridge
asymmetry, the concentration of larger grain sizes and moat-drift systems next to the ridge all indicate

that the regional along slope current is important for the sediment dynamics in the Bustan HaGalil Ridge.
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The bedforms are located in the sediment patches in the valleys between the ridges and are large linear
bedforms showing a wavy sediment structure (hereafter referred to as ripples, following Stow et al., 2009)
and chevron bedforms that show a zigzag-like or v-shaped pattern. In general, ripples and sediment waves
can be created by oceanic along slope currents, surface waves, and internal waves (Miramontes et al.,

2021; Wynn & Stow, 2002).

To form ripples, the along slope current velocity has to be in a specific speed interval that depends on the
sediment grain size according to the Bedford velocity matrix (Stow et al., 2009). As the previous discussion
about the current dynamics in the study area has shown the currents are strong enough to move the
sediment. However, ripples created by along slope currents are orthogonal to the current, while the
north-south trends of the ripples align with the directions of the regional current observed over 10 years.
The structure of the reef could influence the direction of the regional along slope bottom current, causing
it to flow around the ridges. In the absence of current measurements close to the seafloor, it is impossible
to examine this possibility. However, such a mechanism, if it occurs, would still fail to explain why the
ripples are aligned north-south (Figure 7c) in areas that are enclosed by the reef structure (Figure 9). Thus,
the regional along slope bottom currents cannot account for the formation of the ripples.

Without considering the size of the ripples, their morphology does look similar to ripples that form near
the beach by surface waves. Since no more than 1% of the surface waves reach the depths of the sediment
bedforms (Figure 12), it is unlikely that they could be the primary mechanism responsible for their
formation. The fact that sediment is not consolidated and the badforms suggest continued agitation of
the sediment to prevent cementation (Braithwaite et al., 2000). Yet the absence of common tracks or
other indications or bioturbation suggests that this agitation is not biogenic and likely there is common
repayment which erases such tracks.

An alternative to surface waves would be internal waves that can propagate on density boundaries inside
of the water column (Talley et al., 2011). Features generated by internal waves elsewhere on the Israeli
shelf exhibit wavelengths in the range of 10s to 100s of meters (Reiche et al., 2018), while the bedforms
observed at Bustan HaGalil are at meters scale. Internal waves generated at shallower depths can be the
product of resonance with the surface waves and thus have a higher frequency (Olbers & Eden, 2016). In
this region, multiple domains and frequencies of internal waves are related to the local structure of the
water column, notably the development of a strong pycnocline during summer (Figure 1c). This pycnocline
is not depth-static but oscillates in depth and intensity throughout the year. It therefore may generate
multiple energy states that interact with the seafloor. The Brunt—Vaiséla frequency distribution calculated

based on salinity and temperature data (Figure 13) indicates that internal waves can propagate in the
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depth range in which the examined bedforms occur. This is especially the case during the summer-autumn
period when the water body is more stratified. Internal waves have also been imaged with multi-channel
seismic to the west of the study area in the same depth range of the observed bedforms (Figure 13). Thus,
internal waves are the most likely cause for the ripples. To the west of the ridge, where external currents
are more powerful, the impact of the interval waves is reduced because strong currents diminish the
impact of internal waves (Stastna & Lamb, 2008) and, as a consequence, lead to the formation of the

moat-drift systems.

The zigzag-like or v-shaped pattern of the chevron bedforms and their location within the valleys (with
preference to the northern side, Figure 11a) suggests a complex mechanism of formation. These features
also occur superimposed on the ripples. This suggests that their formation mechanism is spatially and/or
temporally varying. The superposition of the chevron bedforms on the ripples (Figures 6f, 12a) suggests
that the ripples formed first, the mechanism (internal waves) controlling them waned, and the one
generating the chevron bedforms initiates. Alternatively, a combination of both mechanisms could also
be responsible for the formation of mixed bedforms. So far, bedforms in shallower environments have
been attributed to interference patterns between surface waves and currents (Baas, 2021; Dumas et al.,
2005). In particular, the so-called tile-shaped interference ripples and ladder back ripples have a similar
morphology to the here documented chevron bedforms and superposition of chevron bedforms with the
ripples. However, the difference between the cases is that the shallower bedforms occur on cm-scale
instead of meters-scale bedforms found in the study area. Thus, a similar combination of bottom current
and waves is suggested here, where, in our case, the waves are internal waves rather than surface waves.
The confines of the valleys and the multiple obstacles in and around them could result in wave reflection
and refraction, which are known to define sediment distribution around reefs (Mandlier & Kench, 2012).
While the chevron bedforms show some variability in orientation they trend in two main directions (Figure
7b), which suggests that they represent interference patterns. Such interferences could occur either
between different refracted waves or with the incoming waves and could modify the apparent frequency,

amplitudes and directions of the internal waves (Badiey et al., 2011; Oba & Finette, 2002).

It appears that the chevron bedforms are present where the sediment layer is thinner while the ripples
correspond to thicker layer of sediment in the valleys. Based on the SBP the maximum thickness of the
sediment in the valleys is ~0.5 m. Divers in the area have reported the bedforms to have a relive in the
decimeter scale (personal communication). Possibly, a thin layer of sediment provides not enough

material for the sediment ripples to grow as high as in areas with thicker sediment layer, which makes
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them less stable. Consequently, the along slope bottom current could have a more visible effect on these
ripples. Sediment ripples that get more sediment to grow with the energy provided by the internal waves
might destroy the smaller influence from the along slope bottom current. This remains speculative
because of the uncertainty of the sediment thickness and the bedford relief. Anyways, in a current
controles setting there might also be a correlation between sediment grain size and sediment thickness.
Wish can not be evaluated because of a lack of well distributed sediment samples. However, if such a
correlation exists it could mean that the two types acutely depend on sediment grain size and not the
sediment thickness. That bedforms in principle depend on grain size is well established (Stow et al., 2009).
To evaluate this in the future more sediment samples are required or physical or numerical modeling is

needed.

The ultra-high resolution of the SAS facilitates the identification of the bedforms, as these features would
not have been well delineated by the bathymetry alone. Likely features of similar magnitude forming
elsewhere have been missed due to limitations of the imaging technology. The findings from Bustan
HaGalil Ridge support the argument that internal waves play an important role in modulating turbidity
and sediment distribution in mesophotic settings (Pomar et al., 2012). However, they are not the only
mechanism at play in this environment. The asymmetry of the ridges, the occurrence of chevron
bedforms, and the moat-drift contourite systems indicate that regional bottom currents are also
responsible for shaping the seafloor. Moreover, while coralline algae nodules require only slight agitation
(Marrack, 1999), the distribution of the sediment grain sizes (Figure 11d, e) suggests the influence of
significant transport energy. The existence of the mixed bedforms also indicates that the shaping
mechanisms vary spatially. This interaction between regional bottom currents and internal waves most
likely contributes also to shaping the coralligenous buildups. The mechanisms observed here are likely to
also be present in open ocean mesophotic systems. In the Mascarene Plateau, for example, bottom
currents and internal waves have been shown to be important agents of seafloor remodeling in
mesophotic to shallow aphotic depths (Betzler et al., 2023; Bialik et al., 2024). However, while internal
waves (Davis & Monismith, 2011b; Johnston & Colin, 2022; Marmorino, 2024; Wall et al., 2012) and
bottom currents (Correa etal., 2012; Locker et al., 2016) have both been reported interacting with deeper
reefs, there are few reports of both at play. This is possibly due to the different techniques usually used
to detect either. To further understand the observed interference patterns and especially the temporal
variability of the bedforms, repeated measurements in the same area are needed, together with mooring

stations to measure internal waves and current velocity near the seafloor.
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CONCLUSIONS

Mesophotic reefs represent a crucial but still underexplored marine niche. Sediment distribution in these
settings are still very poorly understood. In this study, high-resolution acoustic imaging of a mesophotic
reef system in the southeastern Mediterranean Sea was carried out. With cutting-edge imaging, it is
possible to observe a mosaic of hard substrate reefs and maerl (rhodolith) beds interspersed with locally
produced, coarse-grained, biogenic sediment. These sediments are redistributed by regional bottom
currents and internal waves (Figure 15). The regional bottom current transports part of the sediment as
bedload northward where it is blocked by the ridges/reef, leading to an asymmetry of the slopes. The
large linear bedforms (here classified as ripples) are likely created by internal waves. The chevron
bedforms are likely interference patterns created by the interaction between along-slope currents and
internal waves. Similar bedforms might also occur in other mesophotic reefs but have previously not been

studied in detail because of the absence of ultra-high resolution hydroacoustic imaging.

The full role of internal waves in mesophotic settings is still not fully understood. Implementation of high-
resolution imaging with large spatial coverage (acoustic and/or photogrammetry) in other mesophotic

settings is needed to improve our understanding of the dynamics in and around them.
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Figure 15: Schematic model (not to scale) of the bedform configuration and processes at play in the Bustan HaGalil
Ridge.
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