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Abstract :

The Lacaze-Duthiers Canyon is located in the western Mediterranean Sea and is long known for hosting
cold-water coral colonies in the canyon head region at depths ranging from 250 to 550 m. In 2019 during
the CALADU cruise, three kinds of 3D-reconstructions were applied to better understand the distribution
of coral colonies, their habitat and their skeleton morphologies.

The canyon's flanks were mapped using a hull-mounted echosounder and an ROV multibeam
echosounder. Digital terrain models were built with resolutions of 5 and 1 m and examined in three
dimensions. ROV bathymetric data collected on the canyon's flanks made it possible to highlight a series
of sub-parallel structures identified as lithified sedimentary strata along which coral colonies grow.

Coral assemblages were explored at four locations and photographic images were assembled using
structure from motion techniques to build photogrammetric models. Coral assemblages reconstructed in
3D enabled geo-localizing and recreating coral colonies on 16 models over a total area of 4370 m2. Two
colonial species, Madrepora oculata and Desmophyllum pertusum were plotted and reported on
bathymetric models to interpret their location at the scale of the canyon. The coordinates and depth of the
colonies were used to calculate the vertical distribution (limited to our small bathymetric exploration,
between 339 and 214 m depth) and density of populations (up to 4.3 colonies per m2). The spatial
coverage of the 16 assemblages measured between 100 and 600 m2 each. The sizes of the colonies
were measured to analyze the population structures of both species (mean sizes of 28 cm for D. pertusum
and 18 cm for M. oculata, maximum sizes 1 m and 0.5 m, respectively, bushes 2.5 m long). In addition,
lost fishing gears were quantified, longlines measured and their densities calculated (0.16 m/m2, up to
0.30 m/m2). An area with exuberant orange colonies of D. pertusum was discovered for the first time in
the Lacaze-Duthiers Canyon.

Five deep-sea scleractinian species were collected and micro-tomographic scans computed to view their
intrinsic skeleton organization. Micro-CT scans of M. oculata, D. pertusum, Desmophyllum dianthus,
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Caryophyllia smithii, and Dendrophyllia cornigera enabled longitudinal and transversal cuts, highlighting
morphological criteria for species identification and the multidirectional examination of specimens. We
observed a thin canal connecting calices along the axis of D. pertusum colonies, and separate calices
along the axis of M. oculata colonies.

Highlights

» Canyon walls were mapped with a MBES installed with a 45° angle. » A surface of 4370 m? was
reconstructed on Cold-Water Corals ecosystem. » The highest density of coral colonies among the
Mediterranean canyons. » Coral colonies faced prevailing currents coming from canyon head incisions.
» A thin canal connects buds of successive generation in Desmophyllum pertusum.

Keywords : HR Bathymetry, Photogrammetry, Micro-computed tomography, Cold-water corals,
Seafloor mapping, Lophelia pertusa



1. Introduction

The oceans have long remained an unknown world and man has always dreamed of being able to
empty them to observe the reliefs of their beds. The General Bathymetric Chart of the Oceans (GEBCO)
provides publicly-available bathymetric data on the world’s oceans. It incorporates data derived from
both single-beam and modern high resolution Multibeam Echo-Sounders (MBES), superimposed on a
base derived from satellite altimetry (Mayer et al., 2018). For remote areas, altimetric satellites were
used to measure the height of the ocean’s surface, which is affected by, among other things, the
gravitational effects of topographic features on the seafloor (Wolfl et al.,, 2019). Thus, large
geomorphological features of the ocean floor were revealed by such topographic maps and then
bathymetric precision on oceanic ridges, continental margins, seamounts and canyons helped to
improve understanding of their geological evolution. At the European scale, EMODnet
(www.emodnet.eu) also provides free bathymetric information, mainly oriented towards European
waters. However, better spatial resolutions are needed to perform detailed geomorphometric
analyses (Lurton, 1998).

In the western Mediterranean, the Gulf of Lion and its canyon system have been intensively surveyed
and mapped (Loubrieu and Satra, 2010) to better understand the morphodynamics of the continental
margin (Berné et al., 1999; Baztan et al., 2005; Berné and Gorini, 2005; Sultan et al., 2007; Dennielou
et al., 2009). The Gulf of Lion drains alluvium and particles from the Rhone river, the 2nd largest river
flowing into the Mediterranean Sea after the Nile (Durrieu de Madron et al., 1999; Durrieu de Madron
et al., 2000; Palanques et al., 2006). It is also the location of dense water formation during wintertime
and where dense shelf water cascading overflows occur (Durrieu de Madron et al., 2005; Canals et al.,
2006; Palanques et al., 2012). The steepest parts of canyon flanks are often exposed to these intense
cascading currents, providing ideal habitats for sessile fauna dependent on currents for food intake.
Long inaccessible to humans, these harsh environments gradually came to light with the arrival of
manned submersibles, Remote Operated Vehicles (ROV) and Autonomous Underwater Vehicles (AUV).
MBES installed on oceanographic vessels generate accurate maps that provide valuable information
of the seafloor morphology, but when MBES are installed on underwater robotic vehicles, it is possible
to get closer to the bottom and thus to increase the resolution of bathymetric maps and even detect
the presence of coral mounds and coral reefs (Huvenne et al., 2011; Savini et al., 2014; Fabri et al.,
2017; Robert et al., 2017). Three-dimensional representations of under-water landscapes make it
possible to better understand the drivers of ecosystem distribution, like hard substrates, vertical walls
and even overhanging habitats (Lim et al., 2021).

Marine habitats are being studied by underwater vehicles in an increasingly methodical way, and
habitat mapping is becoming an essential tool not only for scientists but also for habitat conservation
and the sustainable use of marine resources (Buhl-Mortensen et al., 2015). Advances in map resolution
and in the accuracy of underwater-vehicle navigation (Raugel et al., 2019), combined with algorithms
capable of using the position of under-water vehicle and camera settings, now allow accurate spatial
positioning. The assemblage of several images of the same object allows its reconstruction in 3
dimensions. The final model is a representation of a marine habitat, perfectly scaled and located in
space (Arnaubec et al., 2015). These photogrammetric models allow ecologists to measure various
parameters useful for understanding benthic populations and environments. They are particularly
useful when a 2-dimensional map does not provide a good representation of habitat complexity (Fabri
et al., 2019; Price et al., 2019).

Photogrammetric models are useful to create an overview of a marine ecosystem, allowing
measurements of surfaces and sizes, and giving access to quantitative parameters. The necessity to
quantify ecosystem status is becoming an urgent need with the recent regulations put in place in

1


http://www.emodnet.eu/

European waters. The Marine Strategy Framework Directive (MFSD) issued in June 2008 was adopted
to achieve good environmental status in the EU’s marine waters and to protect resources of
socioeconomic interest (European Commission, 2008). The MFSD also includes deep-sea waters, the
seabed and the subseafloor; however, at present it has mostly focused on shallow coastal habitats
(Danovaro et al., 2020; Orejas et al., 2020). Descriptors requested by the MFSD to evaluate the state
of benthic ecosystems are based on the surface area and percentage of impacted areas. Therefore,
the use of photogrammetric models, a non-intrusive method allowing the reconstruction of scaled and
georeferenced parts of the seafloor, is becoming more and more popular for the assessment of
vulnerable ecosystem statuses. Our study is an attempt to apply this method for evaluating the status
of cold-water corals in the Lacaze-Duthiers Canyon.

Images taken by underwater vehicles make it possible to recognize and quantify the different species
that make up an ecosystem. Some of these many species are called “ecosystem engineers” because of
their ability to build 3D habitats for other species (Buhl-Mortensen et al., 2010). To better understand
how these species are constituted and organized, we used a micro-Computed Tomography (micro-CT)
technique, so far predominantly used for medical diagnostics (Latief et al., 2017) or for inspecting
industrial components (Makeev et al., 2010), and recently used to explore the living world (Rawson et
al., 2020). The micro-CT technique is a non-destructive method able to provide the 3D morphological
and contextual details of collected specimens taking a series of x-ray radiographs of a subject and
reconstructing it, including its intrinsic composition.

In this paper, we focus on showing the contribution of 3D-representations at different scales to study
marine ecosystems. 3D-reconstructions are presented as 2D-views and internet links to videos are
provided, enabling users to navigate in the 3D environments. Our study area is located in the Lacaze-
Duthiers Canyon in the Gulf of Lion (western Mediterranean Sea) where hard substrates and vertical
walls are covered by extensive cold-water coral assemblages built up by structure-forming
scleractinians. We focus on: (1) 3D-bathymetric maps (5-m and 1-m resolution) to analyze the
geological complexity of the substrate where coral colonies settle; (2) 16 photogrammetric models of
cold-water coral assemblages (2 cm accuracy), showing how species are organized in the ecosystem;
and (3) micro-CT scans (20-100 um resolution) of five deep-sea scleractinian species to understand
their intrinsic organisation (Madrepora oculata, Desmophyllm pertusum, Desmophyllum dianthus,
Caryophyllia smithii, Dendrophyllia cornigera).

2. Materials and Methods
2.1.3D-Reconstructions produced with acoustic data for the geological setting scale (Bathymetry)

Acoustic data was collected during the CALADU expedition in October 2019 (R/V L’Europe; Ifremer
https://doi.org/10.17600/18000929). We used a hull-mounted MBES Kongsberg ME70 (90 kHz) to
collect bathymetric data of the canyon’s flanks at a grid cell size of 5 m. We also used a Kongsberg
EM2040 (300 kHz) mounted on the hybrid ROV (H-ROV) Ariane operated by Ifremer to build higher
resolution maps at a grid cell size of 1 m. We initially used the MBES installed on the H-ROV in a
downward-looking position, but afterwards it was changed to a configuration with a 45° angle position
(Fig. 1), to collect data on vertical cliffs, while navigating ~50 m away from the seafloor.
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Figure 1. Image of Ariane H-ROV with the Kongsberg EM2040 Multibeam Echosounder installed with a
45° angle.

We collected bathymetric data with Ariane’s MBES during three dives (Fig. 2): Dive 139-01 with MBES
in a downward-looking position and Ariane navigating along the western flank; Dive 140-02 with MBES
installed in a 45° position and Ariane navigating up-slope across the western canyon flank (this was a
very short survey because Ariane was trapped in a longline and had to cut the optical fiber which ended
the dive); Dive 141-03 with MBES installed in a 45° position and Ariane navigating up-slope in the head
region and mapping several walls and overhanging reliefs.

Post-processing of MBES data was carried out with the software GLOBE, ©lIfremer (GLobal
Oceanographic Bathymetry Explorer) that offers processing and display solutions of multi-sensor data
within a single 3D environment represented as a globe. The software is mainly used at present for
processing, analyzing and displaying acoustic data (Poncelet et al., 2020).

2.2.3D-Reconstructions produced with photographic images for the coral assemblage scale
(Photogrammetry)

The images collected with the H-ROV Ariane were recorded using a tilt-mounted photo camera (Nikon
D5200). Images were used to build 3-Dimensional (3D) models of coral assemblages living in the
Lacaze-Duthiers Canyon. During each dive, one hour was dedicated to photo and/or video acquisition
intended for later mosaic building. This acquisition required a specific navigation procedure in order
to obtain several images of the same scene from several viewpoints; also, these images must overlap
by at least 50% (Arnaubec et al., 2015). 3D-models were built using the ‘Structure from motion’
technique available in the Matisse software available on a github (Arnaubec et al., in prep.). The
number of images used to build 3D-models were 1913, 1065, 1560 and 2676 for dives 142-04, 143-05,
144-06 and 145-07, respectively.

The Ifremer 3D Metrics software was used to visualize photogrammetric models and geolocalize, count
and measure two different species of coral colonies: D. pertusum and M. oculata. Coral densities
(colony number per m?) were calculated by dividing the number of colonies plotted on each 3D model



and the measurement of the reconstructed 3D surfaces at each location. Lost fishing gears were also
mapped, lines were drawn on the models to measure their lengths, and their density (line number per
m?) was calculated at each location. Statistical analyses were then performed using XLSTAT 2020 for
Excel (Addinsoft, 2019). Non-parametric Mann-Whitney tests, validated with 1000 Monte Carlo
simulations, were applied to compare depth distributions of both species at each site.

Height measurements, from the bottom to the top of each colony, were used for sizes (cm) as
described in Fabri et al. (2019). When corals were hardly nested, making inaccessible the base of the
colony for measurements, the total heights of colonies were thus slightly underestimated. We
assumed precision of measurements to be of 1 cm (Istenic et al., 2019). A non-parametric Kruskal-
Wallis test was used to compare mean heights of D.pertusum and of M. oculata at the four locations.
The non-parametric Kolmogorov-Smirnov test was used to compare the height distributions on sites
(two-by-two), for each species. Gaussian mixture models were run to identify the different size
groups at each location for the same species.

3D representations make it possible to visualize a scene of several square meters, so many colonies
could be observed at a single glance in the same place. We noted that the colonies were all facing the
same direction at the same location. Following the hypothesis that coral colonies face prevailing
currents (Freiwald et al., 2009; Vertino et al., 2010), we were able to deduce those from the general
orientation of the colonies on each 3D model. As the 3D models are georeferenced in space, we
entered this orientation in a GIS and deduced the dominant currents on each location for which we
had a photogrammetric model.

2.3.3D-Reconstructions produced with radiographic data for the individual scale (Micro-Computed
Tomography)

Coral samples were collected with Ariane H-ROV in the Lacaze-Duthiers Canyon and were immediately
frozen on board (-40°C). The samples were examined after defreezing without any particular drying
treatment. The soft tissues may have evolved slightly during the scan, but since they occupied a small
relative volume, the reconstruction of the skeleton was only slightly affected. Micro-CT analysis allowed
investigating the morphology of our samples skeletons in a non-destructive manner. Micro-CT imaging
involves the recording of two-dimensional x-ray images (over 1000) from various angles (trough 360°)
around a sample, with a circular (1440 projections) or helicoidal (up to 8640 projections) trajectory.
The digital radiographs reveal the attenuation capability of the sample. The 3D dataset is then
reconstructed and the resultant 3D-rendered volume allows for the multidirectional examination of a
sample. Micro-CT imaging produces a 3D distribution of linear attenuation coefficients that are related
to mass density. However, because we did not add a calibration phantom, the images are not calibrated
and density values cannot be compared accross samples. Coral skeleton densities can be highlighted
with different colors. We have chosen to represent the density gradient in color, from high densities in
pink, to blue and yellow for low densities. When necessary, some density classes were represented in
a transparent color in order to enable an interior view of the skeleton.

The micro-CT instrument we used (Easy Tom XL / RX Solutions) uses a tungsten x-ray source with 20-
150 kV energy and 0-500 pA intensity. It is equiped with a 1516x1920 pixels CCD camera and builds 3D
images with a minimal voxel size of 4 um. Specimens were scanned with 100 kV and 300 pA source
settings, and a 1 mm aluminium high-pass filter. The x-ray source and detector were fixed around a
rotating sample, giving access to resolutions in the micrometer range (4-150 um; higher image



resolution for smaller samples; higher voltage for dense or thick material) (du Plessis et al., 2017). The
micro-CT scanning was performed at the SUBATECH Laboratory (UMR6457 — IMT Atlantique — CNRS -
University of Nantes, France). 3D representations of the scleractinians were post-processed and
visualized with the MeVisLab software. Dynamic views of the micro-CT scans were produced using the
Dragonfly 2020.2, Object Research System (ORS) Inc, Montreal, Canada, 2020
(www.theobjectscom/dragonfly).

3. Results

3.1 3D-Reconstructions produced with bathymetric data for the geological setting scale (Bathymetry)

The bathymetry acquired with the hull-mounted MBES provided higher resolution morphological
information at a 5 m grid, compared to the previous bathymetry from the same area collected back in
1997, at a 25-m grid resolution (Fig. 2). The seafloor representation allowed better definition of the
canyon’s flanks and morphological features, where rough and steep areas with sharp edges and rocky
outcrops were clearly evidenced. Those areas were selected and dedicated to collecting higher
resolution maps using the MBES mounted on the H-ROV.

This high-resolution bathymetry (1 m) allowed observing lithified sedimentary strata along the flanks
of the canyon, with alternations of steep and hard rocky terrains with flat areas covered by fine
sediment (Fig. 3). Such layering reflects the stratification of the sedimentary deposits in which the
canyon incises, and seems to have been carved out by currents, causing harder materials to protrude
and form small overhanging ledges. This is particularly noticeable at the head of the canyon. When
overhangs of lithified sediment strata are no longer stable, they break down and collapse creating a
boulder field, clearly visible at the foot of the north cliff (Fig. 3, dive 142-04). A fly-through video
showing sharp bathymetric structures in the canyon is available on
https://image.ifremer.fr/data/00746/85829/ (Fabri et al., 2022c).

All these geological morphologies were checked with optical imagery during exploration dives. We
could see that both hard substrates, lithified sediment and boulders, were often used as places of
fixation for benthic organisms such as scleractinians (M. oculata and D. pertusum, but also D. dianthus,
C. smithii and D. cornigera), oysters (Neopycnodonte cochlear) or many sponges and serpulids.
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Figure 2. Lacaze-Duthiers Canyon head. A: Location in the Gulf of Lion, Western Mediterranean Sea. B: Previous
hull-mounted multibeam bathymetric data with 25-m pixel size are shown in grey scale, new hull-mounted
multibeam bathymetric data with 5-meter pixel size are shown in green scale, H-ROV multibeam data with 1-m
pixel size are shown on a color scale and the tracks of exploration dives with optical images are represented as
red lines.
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Figure 3. 3D-Representation of the canyon’s flanks, with high resolution bathymetry (1-m pixel size on sites
of dives 142-04, 143-05, 144-06 and 5-m pixel size on the site of dive 145-07). Navigation tracks are
represented as red lines. Coral colonies have been reported from photogrammetric models. Colonies of M.
oculata and D. pertusum are reported as green and yellow dots, respectively. Asterisks (black or white)
indicate locations of 3D representations shown in Fig. 7.



3.2. 3D-Reconstructions produced with photographic images for the coral assemblage scale
(Photogrammetry)

Coral assemblages were reconstructed at several locations in the canyon. Both colonial species, M.
oculata and D. pertusum, were plotted on photogrammetric models, so they could be geolocalized in
space, with coordinates and depth. Dots plotted on photogrammetric models were then reported on
bathymetric models (Fig. 3). A traveling video giving a 3D-representation of cold-water coral
assemblage is available in open access on https://image.ifremer.fr/data/00746/85828/ (Fabri et al.,
2022a).

3.2.1. Spatial and vertical distribution of both coral species

The northernmost reconstructed area was on a wall of the northern spur of a western tributary of the
canyon head (Dive 142-04; depth range 237-340 m; Figs. 2 and 3). We started to explore the foot of
the wall to check the rough area visible on the bathymetry and saw they were hard blocks on which
few colonies of D. pertusum had settled, at a depth of 340 m. Then, we explored the wall and as soon
as we encountered coral colonies, we navigated to follow coral coverage. This obliged us to proceed
horizontally between 260- and 280-m depth. We initially moved East along the stratum, following the
coral colonies, then returned along the same track (Fig. 3).

We also explored the two spurs of the eastern canyon head tributary (Dive 144-06; depth range 203-
335 m) Figs. 2 and 3). We started at the bottom of the northern spur, 335 m depth, and went up the
slope until we found several corals, then we followed the coral colonies. They were aligned along strata
at 255-m and 272-m depth. However, they were not present along the entire length, and their
occurrence depended on the orientation of the stratum and were mostly found on substrates oriented
northward (i.e. up-canyon). When we finished exploring the stratum at 272-m depth on the northern
spur, the ROV traveled through the water to reach the stratum at the same depth on the southern spur
where we also found and observed coral colonies. We finished this dive by exploring the top of the
spur where we saw some blocks with coral colonies.

The other two explorations took place on the western flank of the canyon (Dives 143-05 and 145-07;
depths ranges 334-384 m and 189-313 m respectively; Figs. 2 and 3). The targeted areas were steeply
sloping regions (>50°), suggesting the presence of cliff failure scars. Indeed, we found the most
abundant colonies on these two target sites. We started explorations at the bottom of the cliff, 384 m
and 313 m depth, then followed the coral colonies as soon as we found them. Areas with big colonies
of high density were in highly complex environments. The more complex the topography, the taller
the colonies were, the more entangled lost fishing longlines were present. At a very complex location
explored during dive 145-07 we found orange colonies of D. pertusum, next to white ones (Fig. 4). At
the periphery of these high-density areas, where substrates were no longer visible, colonies were still
aligned along the geological strata inferred on the bathymetric map. At the location of dive 145-07,
the 3D-reconstructions clearly shows that colonies were spread over consecutive strata heads at 330,
308, 292, 386, 273, 255 and 220 m depth, especially on outgrowths facing north (Fig. 3). In this rugged
environment, lost fishing longlines were numerous and made navigation dangerous. Sometimes it was
even difficult to get close to the cliff because the consecutive longlines increased the risk of entangling
the H-ROV.
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Figure 4. Orange colonies of D. pertusum seen on the western flank of Lacaze-Duthiers Canyon (dive
145-07, depth 280 m). Scale bar is 25 cm.
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Figure 5. Bathymetrical distribution for both species for each dive. A and B: Histograms of depth distribution for
each of both species, for each dive; C: Box plot of depths distribution, D. pertusum (Dp) on the left, M.oculata
(Mo) on the right for each dive. Mann-Whitney tests were performed to confirm the differences in depth
distribution between both species at each site. Blue dots represent average depths, horizontal bars in boxes
represent medians. “n” is the number of colonies for a species; “%” is the percentage of species colonies out of
the total number counted on the 3D representations for each dive.

Bathymetrical distributions observed during the CALADU cruise ranged from 339 to 254 m deep for D.
pertusum and from 339 to 214 m deep for M. oculata. At three sites (dive 142-04, dive 144-06 and dive
145-07), colonies of D. pertusum were observed deeper than those of M. oculata (Mann-Whitney
unilateral test, p-value < 0.01) (Fig. 5). For dive 143-05, a significant difference between depths of both
species was also found (Mann-Whitney unilateral test, p-value < 0.01), D. pertusum were conversely
located at shallower depths (332 m) than those of M. oculata (333 m), and were found in higher
proportion than at other sites (31% of the coral colonies) (Table 1). This location is also the most



southerly one, the furthest from the head of the canyon. Conversely, the shallowest locations (Dives
144-06 and 142-04; 262 m) are where we found the highest proportion (97 and 96 %) of M. oculata.
Those locations are at the head of the canyon and on the eastern flank.

3.2.2. Surface coverage and colony densities of both coral species

A total area of 4370 m? at the head of the Lacaze-Duthiers Canyon was reconstructed, corresponding
to 1041, 568, 1290 and 1471 m? at dives 142-04, 143-05, 144-06 and 145-07, respectively (Table 1).

The coral populations had a mean density of up to 4.3 colonies per m? including both species together.
Populations of M.oculata and D. pertusum had maximums of 4 and 2.8 colonies per m?, respectively
for dive 145-07, but on different strata heads (Table 1). This density calculation was performed using
the complete reconstructed area, which was correct for M oculata as they are widely distributed;
however D. pertusum colonies had a more concentrated distribution. In some areas, D. pertusum
density reached 4 colonies per m? over areas of about 100 m?; these high density areas were
northwards oriented locations on dives 143-05 and 145-07 (Table 1). For M. oculata we measured
several areas ranging between 100 and 600 m? with densities exceeding 3 colonies per m? (Table 1).
We intentionally targeted high density coral areas so these densities are not indicative of general
canyon habitat coverage.

We can also noticed that the global density of D. pertusum was higher (0.6 and 0.5 col./m?) at both
sites located on the western flank (dives 143-05 and 145-07) compared to the two others (0 and 0.1
col./m?) located in the head of the canyon (Table 1).

Table 1. Mean depths and surface coverage of the 16 3D-models, colony numbers for both species (D. pertusum
and M. oculata), as well as lengths of longlines (m) measured on each surface reconstructed in 3D (m?) and their
densities. Percentage (%) gives the number of colonies of one species out of the total number of colonies on 3D
representations. * Locations where D. pertusum density was 4 colonies per m? when considering only the area
where the species is present (100 m?) and not the whole mosaic.
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D. pertusum M. oculata Both species Longlines

Mean
Surface @ Number Density Percentage | Number Density Percentage | Number Density length Densities
SITE (m?) | (m) {col./m?) % [col/m?) % (col./m?) (m)  (m/m?)
142-04 1041 | -270 75 0.1 4 1941 19 96 2016 19 132 0.13
Bottom 422 =320 66 0.2 47 0.1 113 0.3 16 0.04
wall 619 -267 9 0.0 1894 3.1 1903 3.1 116 0198
143-05 568 -333 361 0.6 31 816 14 69 1177 21 110 0.19
Stratum 333 m 315 -335 9 0.0 422 13 431 14 82 0.26
*Strata 333 m {North face) 253 -332 332 14 334 1.6 746 2.9 28 011
144-06 1290 | -262 46 0.0 3 1667 13 97 1713 13 243 0.19
Stratum 255 m 360 -256 10 0.0 830 2.6 840 2.6 108 0.30
Stratum 272 m 436 -272 0.0 221 0.5 221 0.5 71 0.16
272 m (North Face) 310 -272 36 0.1 470 1.5 306 1.6 53 017
South summit 184 -224 0.0 46 0.3 46 0.3 17 0.09
145-07 1471 | -288 666 0.5 15 3821 2.7 85 4587 3.1 230 0.16
Stratum 223 m 247 -221 0.0 143 0.6 143 0.6 16 0.06
Stratum 235 m 235 -256 0.0 733 3.1 733 3.1 57 0.24
Stratum 272 m 171 -272 [ 0.0 612 3.6 618 3.6 43 0.25
*Central part 286 m {North Face) 366 -287 399 11 1181 3.2 1580 4.3 75 0.20
Stratum 252 m 54 -293 0.0 13 0.2 13 0.2 15 0.27
Stratum 308 m 202 -307 17z 0.1 &06 4.0 823 4.1 14 0.07
*Stratum 330 m (North Face) &8 -329 244 2.8 52 0.6 296 34 o 0.00
Stratum 330 m Eost side 108 -330 0.0 375 3.5 375 3.5 11 o.10
TOTAL 4370 1148 0.3 12 8345 19 88 9493 2.2 721 0.16

3.2.3. Size structure of coral populations

A total of 5387 colonies were measured, 851 colonies of D. pertusum and 4536 colonies of M. oculata.
Desmophyllum pertusum had an average height of 28 cm (standard deviation sd = 15 cm) while that of
M. oculata was 18 cm (sd = 7 cm) (Fig. 6).

The maximum height of D. pertusum was 88 cm, and the maximum height of M. oculata was 50 cm,
they were seen during dives 143-05 and 145-07 at around 330 m depth. There were several bushes of
similar big colonies close together; the size of the bushes reached 2.5 meters in length for D. pertusum
and 1.8 meters for M. oculata (Fig. 7).

Both species showed differences in average height between sites (non-parametric Kruskal-Wallis test;
p-value <0.05) (Fig.6).

With regard to D. pertusum populations, the size-frequency diagram shows a different pattern in size
distribution at each dive location (Fig. 6). At the location of dives 142-04 and 144-06, only 47 and 76
colonies respectively could be seen and measured, and they were only small ones (average size of 16
cm). On the western flank for dives 143-05 and 145-07, we performed 362 and 370 measurements of
D. pertusum, showing 3 and 2 statistical groups, respectively, according to Gaussian mixture models
(Fig. 6). For dive 143-05, 33% of the population was in the small size group (mean size 16 cm), while
the rest of the population was in groups of mean sizes of 28 cm (42%) and 52 cm (25%). For dive 145-
07, there were only two groups of colonies, with mean sizes of 26 cm (71%) and 44 cm (29%).

With regard to M. oculata populations, the size-frequency diagram shows a similar pattern in size
distribution for each dive location (Fig. 6). When looking at all the sites together, the population
structure is composed of 3 statistical groups according to Gaussian mixture models, the largest group
(53% of the population) is composed of colonies with a mean size of 18 cm (Fig. 6). The rest of the
population is distributed in groups with mean sizes 12 cm (26%) and 27 cm (21%). This distribution is
similar to that of dive 145-07. At the three other sites, M.oculata populations showed similar
distributions (Kolmogorov-Smirnov, p-value > 0.01). Colonies were distributed in two groups of mean
sizes 15 cm (70%) and 23 cm (30%).
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Figure 6. Height distribution of both species measured from photogrammetric models. Size frequency and
Gaussian mixture models of the whole population and the population at each dive location for D. pertusum (A
and C) and M. oculata (B and D). E: Zoom on a model showing colonies of both species of more than 25 cm; F:
Zoom in a model showing a bush of M. oculata approximately 2 meters long.
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Figure 7. Top and front views showing 3D-representations of coral assemblages. The white asterisk on the top
views shows where the front viewpoint is located. Arrows show current flows deduced from the orientation of
colonies, the blue and black arrows show currents coming from the canyon flank tributaries, pink and white
arrows show currents in the main canyon axis (as on Fig. 10). The locations of these representations are indicated

by asterisks on Fig. 3.
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3.2.4. Coral colony orientations

Following the hypothesis that coral colonies face prevailing current (Freiwald et al., 2009; Vertino et
al., 2010), we can deduce current flows from the photogrammetric models (Fig. 7).

On the eastern flank, at dive location 144-06 (Figs. 2 and 3), all the coral colonies were clearly oriented
in the same direction, all facing north (i.e. towards the main canyon head) at the canyon’s axis.
However, they were facing east in gullies as the prevailing current at those locations likely came from
the tributaries at the eastern canyon head (Fig. 7).

Similarly, on the western flank, for dive locations 143-05 and 145-07 (Figs. 2 and 3), all the coral
colonies were clearly oriented in the same direction, all facing north (i.e. towards the main canyon
head) in the canyon’s axis, but facing west in gullies as the prevailing current likely came from the
tributaries at the western canyon head (Fig. 7).

For dive location 142-04 (Figs. 2 and 3) on the northern wall, coral colonies did not show a preferential
orientation though mainly faced downwards (Fig. 7).

3.2.5. Lost fishing gears

A total length of 721 meters of longlines was measured on a surface area of 4370 m?, which mean 0.16
m of longlines were observed on each square meter reconstructed (Table 1). Among the four surveyed
sites, the highest longlines densities were observed at dive locations 143-05 and 144-06 on both flanks
(0.19 m / m?), with a maximum (0.30 m/m?) observed at dive location 144-06 at 255 m depth (Table
1).

It should be noted that only old longlines, covered by epifauna (oysters, coral colonies, tube worms)
could be reconstructed and measured. Recent longlines, not yet covered by epifauna, were too thin to
be seen on the photogrammetric models. In addition, as lost longlines floating in the water were
hazards for Ariane, because it could get snagged in the structure and tangled in the optic fiber, they
were avoided when seen. Thus, they do not appear on the photogrammetric models (Fig. 8). For these
reasons, the census of longlines was under-evaluated.

In addition to longlines, four fishing nets were observed and reconstructed on photogrammetric
models (Fig. 8). At dive location 142-04 a piece of net was seen on a large rock (1 m?), at dive location
143-05 two large nets were seen (46 and 50 m? at 334 and 280m depth, respectively) and at dive
location 145-07 one very large net was measured (130 m?2 at 223 m depth). No nets were observed at
dive location 144-06. Nets were usually seen covered by oysters.
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Figure 8. Lost fishing gears. A and B: 3D-Representations of a longline (dive 142-04) and a net (dive 143-05)
highlighted as green lines; C. Longlines dive 143-05; D. Image of the net reconstructed above on which we can
see oysters hanging, dive 143-05; E and F. Longlines, dive 145-07.
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3.3. 3D-Reconstructions produced with radiographic data for the individual scale (Micro-Computed
Tomography)

This dataset was created with the purpose of visualizing the morphological criteria of coral skeletons
in three dimensions. The specimens looked at are scleractinians, also called stony corals because of
their external skeleton made of aragonite. Scleractinians belong to the subclass of Hexacorallia
because of their hexameral symmetry. The skeleton is composed of solitary or colonial calices
depending on the species. Calices are composed of internal vertical partitions (radiating lamellae
named septa), and optional ornamentations (a columella is the junction of septa at the bottom of the
calice, a pali is an ornamentation on a septum) arising from the basal plate and arranged in multiple
cycles of several alternating orders (Zibrowius, 1980; Altuna et al., 2019). Videos of the inside of the
skeleton of the five scleractinian species sampled during the CALADU cruise are available on
https://image.ifremer.fr/data/00745/85674/ (Fabri et al., 2022b).

Madrepora oculata (family Oculinidae) is a colonial species with a zig-zag shaped skeleton forming
large-size colonies. The calices examined are around 6 mm high and 3 mm in diameter, voxel size 9
pm. Micro-CT scans show the skeleton composed of carbonates of different densities (Fig. 9A). High
density material (pink) composes the external part of the main skeleton of the colony. Intermediate
density material (blue) is located inside the skeleton between the basal part of a calyx and the calyx
underneath. Low density material (yellow) composes the internal ornamentations (speta and
columella). Longitudinal cuts show that calices are separated from each other. Transversal cuts show
that calices harbor 24 septa organized in 3 alternating cycles. First order septa are very close together
at the bottom of the calice and are joined so that they form a columella. The branched surface shows
narrow, slightly concave furrows. The position of a polyp underneath the polyp of the previous
generation attests that budding occurs by external extension of the side of a calyx (extracalicinal).

Desmophyllym pertusum (syn. Lophelia pertusa, family Caryophyliidae) is a colonial species with a
skeleton that occupies space multidirectionally (Fig. 9B). The calices examined are those from a distal
branch and measured around 9 mm high and 4 mm in diameter, voxel size 10 um. High density material
(pink) composes the external part of the main skeleton of the colony. Intermediate density material
(blue) composes internal parts of the skeleton and calices, and is covered by a lower density material
(yellow) arranged to form the internal organization. Low density material (yellow) covers both the
inside and the outside of the main skeleton. Micro-CT scans clearly show that calices communicate
with each other by a thin canal connecting buds of successive generations. Calices harbor 24 septa
organized in 3 cycles. First order septa are very close together at the bottom of the calyx and are joined
by thin horizontal structures in the basal parts of each calyx (Fig. 9B, green arrow). No columella is
present. First order septa are larger and ornamented with granularities. The branch surface is smooth.
The position of recent buds on top of previous generation buds attest that budding occurs by lateral
extension of the calice border (intracalicinal).

Desmophyllum dianthus (family Caryophyliidae) is a fixed solitary coral. Our specimen was collected
broken in its basal part and is 5 cm high and 3.2 x 2.7 cm in diameter, voxel size 25 um (Fig. 9C). The
skeleton is composed of carbonates of different densities, high density outside the calyx (pink) and
intermediate density inside (blue), especially at the top of the calyx where septa expand. In this top
part the septa are composed of even less dense material (yellow). Carbonate density is not regularly
distributed. The basal part shows thin internal horizontal structures (Fig. 9C, green arrow). The septa
are arranged in 5 cycles, creating a total of 96 septa on our specimen. Large specimens can show 6
cycles of septa leading to 192 septa (Zibrowius, 1980).
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Caryophyllia smithii (family Caryophyliidae) is a solitary coral that was sampled on hard bottoms and
measures 1.7 cm high and 2 x 1.5 cm in diameter, voxel size 16 um. Micro-CT scans show granulations
on the external part of the skeleton and on first order septa, and the skeleton is composed of
carbonates of different densities (Fig. 9D). The external part of the skeleton is composed of granular
hard material (pink) oriented longitudinally in prominent ribs (costae). Septa and columella are of
lower density material (blue). On transversal cuts we can observe 4 circles of septa with palli. Septa of
the first order S1 and second order S2 are sub-equal, while S3 and S4 are shorter. Hexaradial symmetry
is not obvious as there are 8 S1 and 8 S2, but fewer S3 and S4. A fascicular columella composed of
twisted lamellae is clearly present with very dense material in its basal part (pink) and intermediate
density material in its upper part (blue).

Dendrophyllia cornigera (family Dendrophylliidae) is a colonial species composed of successive
generations of budding (Fig. 9E). Calices of our specimen are around 4 cm high and 2 cm in diameter,
voxel size is 58 um. The skeleton is composed of material of different densities arranged along a
longitudinal axis, as can be seen on the micro-CT images. The external part of the skeleton is composed
of hard density material (pink) arranged in streaks with longitudinal ribs. Transversal cuts show septas
arranged in multiple cycles following a “Pourtales plan” with septa forming triangles, and a central
columella. The septa and main skeleton are porous.
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A - Madrepora oculata (Linnaeus, 1758)

C— Desmophyllum dianthus (Esper, 1794)

\\n’///

Figure 9. Tomographic models of five scleractinian species found in the deep Mediterranean Sea. S: septa, p: pali;
c: columella. Green arrows show thin internal horizontal structures in the basal part of calices of Desmophyllum
genus. Density is represented in color, from high densities in pink, to blue and yellow for low densities. The images
are not calibrated and the density values cannot be compared between samples.
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4. Discussion

In this paper, multiple imaging methods of varying scales and resolutions were employed to illustrate
the contribution of 3D-visualization techniques for studying marine benthic ecosystems.

4.1.3D-Reconstructions produced with acoustic data for the geological setting scale (Bathymetry)

Recent studies in the Lacaze-Duthiers Canyon dealing with cold-water corals have mainly focused on
their microbiome (Chapron et al., 2020a; Chapron et al., 2020b; Chapron et al., 2021) and their growth
with regard to anthropogenic impacts like plastic exposure and climate change (Lartaud et al., 20173;
Lartaud et al., 2017b; Galand et al., 2018; Mouchi et al., 2019; Galand et al., 2020). Habitat mapping
and exploration were not completed after the Medseacan cruise in 2009 (Fiala-Medioni et al., 2012;
Watremez, 2012; Gori et al., 2013; Fabri et al., 2014), therefore, no recent bathymetric data has been
collected in the Lacaze-Duthiers Canyon since the CALMAR cruise in 1997 (Berné et al., 1999). Our
investigation provides up to date data in the head of the canyon, collected with the use of a MBES
installed with an angle of 45° in front of the H-ROV Ariane able to provide information on the complex
topography in which cold-water corals settle and live, such as the flanks and walls of canyons (Lastras
et al., 2016; Robert et al., 2017; Lo lacono et al., 2018; Price et al., 2019).

The geological features were mapped in 3-dimensions which revealed very sharply defined features
with vertical walls created by sub-parallel lithified sedimentary strata (Fig. 3). These stratigraphic
deposits correspond to sedimentary sequences built on the Gulf of Lion margin during glacioeustatic
(interglacial/glacial) cycles over the last 540,000 years (Rabineau et al., 2005). The network of
submarine canyon incisions in the Gulf of Lion corresponds to the imprint of turbidity currents that
eroded these sedimentary deposits during phases of connection to rivers (hyperpycnal turbidity
current), most likely during low sea levels, when a high detrital sediment supply (due to glacial abrasion
upstream) increased the flow of sediments delivered to the canyon heads (Baztan et al., 2005).
Therefore, erosion by such currents formed the vertical and overhanging structures under which cold-
water corals in Lacaze-Duthiers Canyon have mainly settled and developed. These structures were
previously described as overhanging rocky walls (Fiala-Medioni et al., 2012; Gori et al., 2013; Fabri et
al., 2014) but not as sub-parallel lithified sedimentary strata. The access to high resolution bathymetric
data allowed reaching the scale of a community and mapping the extent of the habitat at a very local
scale (see Fig. 10 for a global map). We calculated the slopes on the flanks of the canyon where we
had high-resolution data, and followed the most prominent and outcropped sedimentary strata along
the flanks of the canyons.

In addition to the outcropped strata, we were able to observe another type of habitat for cold-water
corals, consisting of boulder fields presumably generated after rock avalanches from the collapse of
overhanging strata on canyon walls, likely eroded and weakened by contemporary currents affecting
the base of the cliffs. Moored oceanographic equipment at the head of the Lacaze-Duthiers Canyon
revealed that near-bottom currents can reach up to 60 cm/s during regular dense shelf water cascading
events (Ogston et al., 2008), and such strong currents can even reach deeper canyon regions (>1000
m water depth) during intense cascading events (Durrieu de Madron et al., 2011; Palanques et al.,
2012). Presumably, the coral colonies previously described in the Lacaze-Duthiers Canyon as coral
colonies growing in sedimented areas further south in the canyon (Fiala-Medioni et al., 2012; Gori et
al., 2013; Fabri et al., 2014) correspond to coral colonies living on top of eroded blocks.
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Cold-water corals are generally observed as isolated colonies in canyons (Wienberg and Titschack,
2017). However, canyons are often vast and difficult to access so have not yet been extensively
explored. Access to rugged environments with underwater robotic vehicles and a new application (45°
angle) of a traditional (MBES) mapping technology makes it possible to discover new ecosystems
hidden in unlikely places.

Canyons contiguous to Lacaze-Duthiers, in the western Gulf of Lion, such as Cap de Creus, La Fonera
and Blanes canyons have been recently explored and described as hosting cold-water corals on their
walls (Gori et al., 2013; Lastras et al., 2016; Lo lacono et al., 2018; Santin et al., 2021). Generally, in the
Mediterranean Sea, canyons are being increasingly explored, and new cold-water coral sites are
described regularly, i.e. the Cassidaigne Canyon in the eastern Gulf of Lion (Fabri et al., 2019); the
Levante canyon in the Ligurian Sea (Fanelli et al., 2017); the Dohrn canyon off Naples (Taviani et al.,
2019); the Nora canyon off Sardinia (Taviani et al., 2017); and the Bari canyon in the Adriatic Sea
(Angeletti et al., 2014). In the north-east Atlantic canyons are also found to be habitats for cold-water
corals, for example, in the Bay of Biscay (van den Beld et al., 2017) or further north in the Whittard
canyon, where a similar study using an inclined MBES on an ROV and photogrammetric models also
evidenced highly complex topographic environments and vertical walls to be preferential habitats for
coral populations (Robert et al., 2017). These cold-water ecosystems are composed of engineering
species capable of sheltering a multitude of other species, and when they are close to the coasts, they
often undergo anthropogenic pressures. It is our duty to identify their habitats and map them so that
they can be protected in parks in which regulations can be enforced. New developments in submarine
technologies, like the use of an MBES in an inclined position to map vertical structures, show great
potential for describing new habitats for cold-water corals. The use of a similar configuration to that
used for this study will be developed and probably lead to improvements in habitat mapping dedicated
to canyons.
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Figure 10. Global map of the head of the Lacaze-Duthiers Canyon gathering all the information deduced from 3D
representations. Lithified sedimentary strata (evidenced by slopes > 50°) are represented in blue; Coral colonies
of M. oculata and D. pertusum are reported as pink and yellow dots, respectively. Blue and black arrows show
current flows deduced from 3D-representations; pink and white arrows show the prevailing current. High
resolution bathymetry is a mix of Hull-mounted and Ariane MBES data.

4.2.3D-Reconstructions produced with photographic images for the coral assemblage scale
(Photogrammetry)

The presence of coral colonies in the Lacaze-Duthiers Canyon has been known since the 1960s (Reyss,
1964), and has been subject to many studies (Fiala-Medioni et al., 2012; Gori et al., 2013; Lartaud et
al., 2013; Maier et al., 2013; Lartaud et al., 2017b). However, our study sheds new light on cold-water
coral distribution in this canyon using innovative techniques like photogrammetry, allowing accurate
measurements to be taken in three dimensions. Underwater photogrammetry accuracy mostly
depends on sensor resolution, the distance to the scene and navigation data quality (Istenic et al.,
2019). Given the acquisition configuration of the H-ROV Ariane in our study, we can expect an accuracy
around 1cm.

We constructed 16 3D-models of approximately 300 m? each (from 54 to 619 m?2). These models are
distributed over four locations, on the cliffs and flanks of the Lacaze-Duthiers Canyon, where colonies
of cold-water coral (CWC) are found. 3D-models provide an overview of these CWC habitats at the
local scale. This scale is larger than what is seen in the field of view of a camera and allows having an
overview of a marine ecosystem cleaned of the turbidity and color attenuation that are inherent to
the underwater environment (Arnaubec et al., 2015; Istenic et al., 2019). In addition, 3D-models are
georeferenced in space and scaled, which means we have access to reliable and reproducible
measurements. Repeated mapping is an effective tool for monitoring the temporal dynamics of coral
habitats, both in relation to climate change and increasing human pressure (Lim et al., 2021). The
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ability to manage and protect marine habitats depends on detailed knowledge of the benthic
ecosystem, including its state of health and signs of human impact (Buhl-Mortensen et al., 2015).
Specific gaps in research knowledge have been identified, among which seabed mapping is frequently
listed (Buhl-Mortensen et al., 2015). Using acoustic technologies such as hull-mounted multibeam
echosounders, it is possible to acquire high-resolution, full-coverage imagery of the seafloor over
extensive areas. In addition, visual inspection using an underwater video camera not only provides
detailed information on the general features visible in multibeam data, they provide an excellent basis
for biological investigation across a range of bottom types. However, the geomorphology of the
seafloor imposes limitations on what type of video exploration can bring information. When bottoms
are relatively flat, on cold-water coral mounds, 2D-mosaics are commonly used by the scientific
community for habitat mapping, such as those on Porcupine Seabight, NE Atlantic (Lim et al., 2018).
However, cold-water coral ecosystems are increasingly being reported in canyons where they are
located on rocky outcrops and steep slopes (Fabri et al., 2014; Taviani et al., 2017; van den Beld et al.,
2017; Ayma et al., 2019). Those rough environments provide shelter to cold-water coral communities
(Puig and Gili, 2019) but are not suitable for 2D-mosaic techniques (Fabri et al., 2019). However,
guantitative measurements are essential for mapping habitat extent and for implementing
management and conservation programs (Danovaro et al., 2020). Thanks to advances in computer
processing, the development of new techniques allowing 3D-reconstructions over large areas, offers
new potential for scientific studies on structurally complex habitats (Lim et al., 2021).

3D-reconstructions in the Lacaze-Duthiers Canyon will be a testament to what we observed in 2019,
and they will be a reference for future monitoring programs. These measurements have been used in
an attempt to quantify the surfaces covered by vulnerable populations for the needs of the Marine
Strategy Framework Directive (MFSD) (European Commission, 2008, 2017). The MSFD commits
European Union (EU) Member States to implement 6-year monitoring and regulation cycles to reduce
anthropogenic impacts with the aim of achieving the good environmental status (GES) of their marine
waters by 2030 (Danovaro et al., 2020). Our study in the Lacaze-Duthiers Canyon is the first step to
assess the spatial coverage of these cold-water corals considered Vulnerable Marine Ecosystem (VME)
by several European organizations (OSPAR, 2010; FAO, 2016; GFCM, 2018).

4.2.1. Spatial and vertical distribution of both colonial coral species

Thanks to the photogrammetry technique we could create large mosaics of extensive vertical areas
that we used to interpret the 3 dimensions of a scene in great detail. These techniques allowed placing
individual visual observations within their direct spatial context instead of looking through the lens of
a camera. Therefore, from our data, we can report that D. pertusum colonies cover surface areas of up
to 100 m? at strategic places in the canyon, while M.oculata covers surface areas ranging from 100 and
600 m? along lithified sedimentary strata shown by fine scale bathymetry. We were able to document
colonies aligned along strata up to 80 meters long. The same values were reported from the mapping
of vertical cliffs in Whittard canyon, NE Atlantic, with an MBES mounted on an AUV (Huvenne et al.,
2011; Robert et al., 2017).

Previous studies in the same canyon, based on only 555 and 97 colonies of M. oculata and D. pertusum
respectively, reported information from a larger range of depths (220 m to 540 m depths) (Fiala-
Medioni et al., 2012; Gori et al., 2013; Lartaud et al., 2017b) than we do (250 m to 350 m depths). M.
oculata was reported to be 10-fold more abundant than D. pertusum, which is what we found at dive
locations 142-04 and 144-06. However, in some areas of the western flank, M. oculata was present in
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lower proportion, as it represented 70% and 85% of the coral population (Table 1), which means M.
oculata was only 2.2 and 5.6-fold more abundant than D. pertusum.

A recent in situ study in the Lacaze-Duthiers Canyon focused on a transplant experiment between two
sites (300 and 530 m depth) and on bacterial associations of both coral species, and concluded that M.
oculata prefered shallower habitats whereas D. pertusum did not show such a preference (Lartaud et
al., 2013; Chapron et al., 2020a). This is in line with the bathymetric distribution we observed in the
canyon, where M. oculata was always seen at shallower depths than D. pertusum, but on dive 143-05
we found both species at similar depths (332 and 333m), although M. oculata was statistically deeper
than D. pertusum simply because both species were located on the same stratum (Fig. 3), and all the
M. oculata colonies were aligned slightly deeper than the D. pertusum colonies.

Our study is the first to show images of orange colonies of D. pertusum in the Lacaze-Duthiers Canyon.
These large colonies were colored, but also thriving and mixed with white colonies. They formed
groups of 2-meter long bushes at 280 m depth (Fig. 4). This was an unexpected finding for two reasons:
(1) D. pertusum was generally observed as isolated colonies in canyons of the Mediterranean Sea
(Wienberg and Titschack, 2017); (2) coral mounds are thought to be the favored features on which
thriving populations of D. pertusum would be found in the Mediterranean Sea (Savini et al., 2016;
Corbera et al., 2019). However, these bushes of white and orange colonies in the canyon were thriving
populations, and suggest that the orange color of the colonies is a sign of good health, but it could also
be related to the quality of the organic matter they ingest. The orange color has already been described
for D. pertusum colonies in canyons the Bay of Biscay in the Atlantic Ocean (Huvenne et al., 2011; van
den Beld et al., 2017), but also on a Cabliers Coral Mound in the Alboran Sea (Corbera et al., 2019). We
hypothesize that food quality is at the origin of the color of D. pertusum colonies.

4.2.2. Surface coverage and colony densities of both colonial coral species

We georeferenced 9503 coral colonies on an area of 4370 m? reconstructed in Lacaze-Duthiers Canyon,
which gives a mean density of approximately 2.2 colonies per m? over 4500 m?2. The average densities
of each species were 1.9 col./m? of M.oculata and 0.3 col./m? of D. pertusum, with maximum values
up to 4 and 1.4 col./m?, respectively. These values are higher than those reported in the contiguous
Cap de Creus Canyon, where average densities were found to be up to 0.3 col./m? of M.oculata and
up to 0.08 col./m? of D. pertusum (Orejas et al., 2009). In the Levante Canyon in the Ligurian Sea, M.
ocualata show a mean density of 0.6 col./m?, which is also lower than what we found, and no D.
pertusum was seen there (Fanelli et al., 2017).

Colonies were not equally distributed and we found several areas on the western flank with colony
densities exceeding 3 colonies per m2. The maximum densities for both species were 4 colonies per m?
over surfaces of around 100 m? for D. pertusum, and up to 600 m? for M. oculata. This diversity in
colony densities at local scale depends on several factors such as the availability of a free hard
substrate for larvae settlement (Strémberg and Larsson, 2017; Stromberg et al., 2019), food supply of
organic matter, which depends on water currents (Palanques et al., 2006), but also seafloor
characteristics such as slope, rugosity or aspect widely used in predictive habitat suitability models
(Bargain et al., 2018). These environmental factors combined with biological ones such as reproduction
strategies (Waller and Tyler, 2005; Pires et al., 2014) may lead to different spatial distributions for each
coral species. Therefore detailed mapping is important and provides a measure of the habitat extent
of each species, the first step toward ecosystem management (Buhl-Mortensen et al., 2015).
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A location, described as a massive coral framework structure in the Lacaze-Duthiers Canyon, visited
previously in 2009 during the Medseacan cruise and on which no measurement was performed (Gori
et al., 2013), was explored on dive 143-05. With the 3D-models we built, we can now place in context
the colonies seen in 2009 and understand that they were part of a bush around 2.5 m long, and that
there were other bushes (Fig. 7) that had settled in a complex topographic area covering at least 250
m? on the western flank of the canyon (dive location 143-05, north face).

In the Cassidaigne Canyon, located on the eastern side of the Gulf of Lion, 33 photogrammetric models
were built to evaluate the status of M. oculata populations at four locations in the canyon, (Fabri et
al., 2019). Colonies were seen in higher density (9 colonies / m?) under an overhang of around 300 m?
on top of a wall. However, the colonies there were very small, with mean sizes ranging from 10 to 13
cm. Since they were upside down and coral rubble covered terraces below the overhang, it was
assumed they had fallen due to their own weight and because of their downward orientation. Colonies
would thus naturally be unable to reach a large size at this location (Fabri et al., 2019). On the main
site, at a depth of 200 m, the M. oculata population having a mean density between 7 and 12 colonies
/ m? was restricted to small surfaces areas ranging from 3 to 9 m?, with the largest knoll (n°3) showing
7 colonies / m? over 100 m2. The location at a depth of 500 m in Cassidaigne Canyon was that which
resembled most what we saw in the Lacaze-Duthiers Canyon, with a mean density of 4 colonies / m?
over a surface area of 924 m?, stretching along a rocky ledge.

The density values reported from several canyons of the Bay of Biscay, NE Atlantic, show lower
densities of M. oculata and higher densities of D. pertusum than those in the Lacaze-Duthiers Canyon,
with average densities of M. oculata and D. pertusum up to 1.64 and 0.69 col./m? respectively (Arnaud-
Haond et al., 2017). Likewise, on Rockall bank (Logatchev mounds) off Ireland, where densities reached
1.04 and 1.41 col./m? respectively, whereas densities were lower on coral mounds off Iceland for both
species (0.12 and 0.26 col./m?) (Arnaud-Haond et al., 2017). And in SE Atlantic, on coral mounds off
Angola, a recent study also reported average densities of M. oculata colonies with lower values than
those in the Lacaze-Duthiers Canyon (0.53 col./m?) (Orejas et al., 2021). On the contrary, on Cabliers
Mound, described as the only known coral mound province in the Mediterranean Sea with a currently
growing reef, maximum values of coral density are higher than what we saw, up to 6 col./m? of M.
oculata and 5 col./m? of D. pertusum, but average densities are lower with 0.81 and 0.14 col./m?
respectively (Corbera et al., 2019).

The average densities of coral colonies in the Lacaze-Duthiers Canyon are the highest compared with
what was found in other canyons of the Mediterranean Sea, and comparable to what was found on
Cabliers mound in the Alboran Sea. Therefore, we assume canyons, like coral mounds, can be a place
of development for thriving coral colonies. This is in line with a recent study in which submarine
canyons have been identified as highly suitable areas for D. pertusum using ecological niche modeling
(Matos et al., 2021).

4.2.3. Size structure of both colonial coral populations

Our measurements show an average height of the D. pertusum colonies (28 +/- 15 cm) taller than that
of M. oculata (18 +/- 7 cm). The difference was even more obvious for maximum heights, reaching
around 90 c¢cm for D. pertusum and 50 cm for M. oculata. A previous study in the same canyon also
reported large colonies for D. pertusum (diameter larger than 40 cm) and smaller ones for M. oculata,
but larger M. oculata colonies were seen (diameter between 20 and 40 cm) at deeper zones (340 m)
than at shallower ones (250 m) (diameter between 10 and 20 cm) (Gori et al., 2013). This is not in line
with our results which reflect a uniform height distribution at the four locations we explored, which
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are in the same range of depths (250-340 m). The difference in size distribution between both studies
in the Lacaze-Duthiers Canyon is probably due to (1) the size of datasets (555 colonies against 4536
colonies) and (2) the method used, as 3D reconstructions probably allow more accurate measurements
than videos and laser beams. But, even if the colonies were seen in the same range of depths, they
may not have been seen in the same range of slopes (cliff vs boulder). Colonies on vertical parts may
break and fall under their own weight and thus their height can be limited there. Coral colony size may
not be related to depths, but to slopes.

By comparison with other measurements carried out on coral colonies, we can see that M. oculata can
exceed heights of 1 meter, although we did not observe this in our study. In the Levante canyon, in the
Ligurian Sea, the tallest colonies of M. oculata were measured and the maximum height was around
80-90 cm, with one colony of 100 cm height presented in a photo which shows a colony oriented
upwards (Fanelli et al., 2017). In the SE Atlantic, on coral mounds off Angola, M. oculata colonies show
average heights of 61 cm, with maximum up to 125 cm (oriented upwards) (Orejas et al., 2021). In our
study, we explored the vertical parts of the canyon where colonies grow horizontally, implying that
they may have difficulty supporting long branches; this could explain the difference in size compared
to sites where colonies grow upward. On coral mounds off Angola (Orejas et al., 2021) coral colonies
formed bushes like those we observed on our photogrammetric models, with smaller sizes (1.2 m)
than those we measured in the canyon for M. oculata (1.8 m), and even smaller than the bushes
formed by D. pertusum (2.5 m).

In our study, the size structure of the M. oculata population is similar at the four sites and is composed
of 3 statistical groups, the largest group (53% of the population) is composed of colonies with an
average height of 18 cm. The rest of the population is distributed in groups with mean heights of 12
cm and 27 cm. On the contrary, D. pertusum populations showed a different pattern in height
distribution at each location. The head of the canyon (dives 142-04 and 144-06) had only small size
colonies (mean height 16 cm). And on the contrary, on the western flank, where we encountered
thriving colonies, populations harbor at least 2 statistical groups of large colonies (over 40% with mean
heights of 26-28 cm and less than 30% with mean heights of 44-52 cm). These large colonies formed
several bushes of 2.5 meters long and can be seen at https://image.ifremer.fr/data/00746/85828/
(Fabri et al., 2022a).

These size groups may be the result of inter-annual variability in environmental conditions induced by
hydrological processes. A recent study showed that coral growth was different depending on episodic
meteorological events and that episodic hydrological events inside the canyon, like dense shelf water
cascading and winter storms, are likely to modulate the quality and quantity of food available for cold-
water corals (Chapron et al., 2020b). High sedimentation rates and the transport of coarse sediments
at the canyon head environments (Gaudin et al., 2006) can negatively impact the budding rate and
linear extension because exposure to sediment limits access to food and oxygen for the polyp and
leads to physical abrasion of the coral tissues. Thus, recurrent cascading events and severe winter
storms can generate enhanced down canyon currents that prevent excessive sedimentation but may
have a negative effect on linear extension, with the currents being too strong to allow polyps to catch
their food (Chapron et al., 2020b). Therefore, the optimal growth for both species in the Lacaze-
Duthiers canyon seems to be favored by episodic winter down canyon events of moderate intensity.
However, both species may respond differently to moderate events, and while D. pertusum may
present a linear extension, M. oculata may not follow the same pattern, because the quality of
nutrients transported from surface to deeper areas depends on the time of year, thus providing
different types of food supply. Also, M. oculata may be more sensitive than D. pertusum to
environmental variations (Chapron et al., 2020b). Consequently, coral colony growth (budding rate
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and linear extension) differs between the two species and varies from year to year depending on the
type of hydrological event (Chapron et al., 2020b). This could explain the different size distribution
between the two species.

In addition, stronger episodic cascading events inside the canyon could induce strong current
acceleration on the canyon seafloor, flushing coarse sediment particles (Canals et al., 2006; Palanques
et al., 2012; Puig et al., 2012) that are likely to erode the sedimentary strata along the canyon flanks
and may lead to the dislodging of blocks as was seen at the foot of the cliffs on the tributary canyon
spurs. These eroded strata provide exposure of fresh hard substrates which are potentially attachment
areas for coral larvae. Both species are believed to have different colonization strategies, with M.
oculata producing multiple cohorts of gametes, thus taking advantage of every newly available ground,
while D. pertusum may reproduce seasonally (Waller and Tyler, 2005; Pires et al., 2014). Therefore,
the difference between size groups of both species evidenced by the statistics could be a consequence
of the alternation of episodic events in the canyon, favoring food supply in case of moderate events,
and the availability of free hard substrates in case of strong events, combined with the colonization
strategy of each species.

Another study based on measurements from photogrammetric models was performed in the
Cassidaigne Canyon in which only one cold-water coral species lives, M. oculata (Fabri et al., 2019).
Generally, colonies of M. oculata were smaller in the Cassidaigne Canyon than in the Lacaze-Duthiers
Canyon, with 60% of the population belonging to groups of small size colonies (6-9 cm and 10-16 cm).
The surface of the area colonized by the species is also lower in the Cassidaigne Canyon (1650 m?) than
in the Lacaze-Duthiers Canyon (at least 4370 m? reconstructed in this study). Environmental conditions
in the Lacaze-Duthiers Canyon may be more favorable to cold-water corals than those in the
Cassidaigne Canyon, which can be explained by several factors: (1) the industrial wastes (bauxite
residues) expelled in the Cassidaigne Canyon for more than 50 years might have reduced cold-water
coral populations by suffocating them and by covering all the hard substrates, preventing larvae from
settling (Fabri et al., 2017); (2) Cascading events occurring in the western canyons of the Gulf of Lion
have already been described as generating dense costal and shelf waters exported down canyon
(Palanques et al., 2006; Puig et al., 2008; Sanchez-Vidal et al., 2008; Ulses et al., 2008a; Ulses et al.,
2008b; Sanchez-Vidal et al., 2009; Pasqual et al., 2010) and being decisive for coral populations
(Chapron et al., 2020b); (3) storm induced downwelling events occurring in the western Gulf of Lion
without involving cascading (Martin et al., 2013) might be also more favorable than the general
upwelling occurring in the Cassidaigne Canyon (Millot, 1990, 1999).

4.2.4. Coral colony orientations

Coral colonies were seen oriented northward along lithified sedimentary strata on the flanks of the
canyon, and towards the east and west in gullies on either side of the axis (Fig. 7). Since cold-water
corals rely on water currents for food, they adapt their morphology in response to environmental
stressors, orienting branches in the main current direction (Sanna and Freiwald, 2021). In our study,
coral colonies of both species faced prevailing currents coming from canyon head incisions.

Looking more precisely at the distribution of each species, we could observe that D. pertusum colonies
settled at strategic locations on both flanks of the canyon. They were located at the spurs formed
between the canyon flank tributaries and the main canyon axis, where the topography forms
outgrowths on the canyon flanks (Fig. 10). Flows coming from both directions, along the main canyon
and from the canyon head tributaries, can converge there, probably creating a local disturbance in the
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water column, which could be an element in favor of D. pertusum growth, particularly on the western
flank, where the largest sizes of D. pertusum were observed.

Colonies of M. oculata were seen living around colonies of D. pertusum at these strategic places, as if
they were at the periphery of a hot spot (Fig. 10, both dives on the western flank). We can hypothesize
that competition between both species occurs regarding settlement at the best location (i.e. on the
canyon flank spurs). We encountered mainly dense populations of M. oculata over large areas along
lithified sedimentary strata in the main canyon axis, with almost no D. pertusum. In this part of the
canyon, the current flow is probably more steady and unidirectional. Additionally, the continuous
reproductive strategy of M. oculata to take advantage of any available hard substrate for larval
colonization (Waller and Tyler, 2005) is likely an effective way to expand its spatial distribution in an
unstable environment such as a canyon.

The north of the canyon, at dive location 142-04, harbored mainly M. oculata colonies along the
lithified strata of the main wall (270 m depth). Madrepora oculata colonies did not show any particular
orientation (east or west), which led us to think that the currents there came from both sides, east and
west. At the foot of the cliff, colonies of D. pertusum were seen among M. oculata colonies, located
on the blocks of a boulders field (320 m depth). Since the edge of the wall is so abrupt, there might be
circulation vortexes behind the obstacle that might create a near-bottom recirculation from the down-
canyon currents coming from the main canyon head. This local turbulence might also favor D. pertusum
settlement in the boulder field.

In any case, the further away from complex topographic areas, the fewer coral colonies were observed.

4.2.5. Lost fishing gears

An evaluation of anthropogenic marine litter compiled at the European scale reported that the highest
density occurs in submarine canyons, compared to seamounts, banks, continental shelves, continental
slopes, and ocean ridges (Pham et al., 2014). In addition, litter density is reported to be at least 2 times
more important in the Mediterranean Sea than in other European seas (Tubau et al., 2015).

The lost fishing gears seen in our study were longlines and nets, as often reported in canyon heads at
water depths less than 500 m (Tubau et al., 2015). In the adjacent canyons (Cap Creus and La Fonera)
lost fishing gear was evaluated to be 11% of the total marine litter (852 items seen along 32.7 km),
which gives 2.8 fishing gears/km. This is in line with what was found in the Lacaze-Duthiers Canyon
where fishing gear was previously reported with an average density of 3 items/km, which was the
maximum observed among all the French continental canyons (Fabri et al., 2014). In this study we
measured longline lengths on photogrammetric models and calculated the length found on the
reconstructed surface. We found an overall density of 16 cm of longlines per m? over a surface of 4370
m? reconstructed at the head of the canyon. The highest density of longlines (30 cm per m?) was seen
on both flanks, at dive locations 143-05 and 144-06. Longlines were either entangled in coral colonies,
or used as substratum, mainly by oysters (Neopycnodonte cochlear) but also by coral colonies, crinoids
and polychetes. This density of longlines of 16 cm/m?, although impressive, is under-evaluated for two
reasons: (1) only colonized longlines could be reconstructed because very thin plastic strings could not
be seen on videos or on 3D-models; (2) longlines are dangerous for ROV navigation, therefore they
were avoided when seen during ROV dives in order to avoid being trapped by them.

During the CALADU cruise in October 2019, we met a Spanish longliner fishing boat, mooring its
longline in the morning and recovering it in the afternoon, always at the same location on the western
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flank of the canyon. We located both ends of the longlines on our synthetic map, and it appeared along
the western flank, stretching for 4 km, where lithified sedimentary strata were detected by HR
bathymetry (slopes > 50%) (Fig. 10). The fisherman arrived early in the morning, every day except
Sunday, which prevented us several times from diving with the ROV on the western flank for security
reasons. This flank of the canyon was (1) either the closest site from its home port, or (2) a very
productive fishing site. We think that the western flank of the canyon, with its thriving communities of
cold-water corals providing shelter, food and a breeding ground for various species, has long attracted
fishermen as well.

In addition, we also observed 4 nets covering a total surface area of 227 m?2. A few times nets were
seen to be used as substrate by oysters (N. cochlear). No direct harm on organisms was observed,
however no coral colonies were seen settled on the nets.

In the context of the MFSD (European Commission, 2008), one of the descriptors of ecosystem status
is the measurement of anthropogenic impact, reporting on the number of species adversely affected
by marine litter. With regard to vulnerable cold-water coral ecosystems, although we did not count
the number of colonies entangled in longlines, we can report that there were longlines everywhere.
We can hardly find an image without a piece of longline in the Lacaze-Duthiers Canyon. If we try to
draw a parallel with what a terrestrial ecosystem would look like with a level of pollution similar to
what we have seen underwater, it would be intolerable. As already reported, longlines are harmful at
the time of impact with colonies because they can be broken, either during hauling or during recovery.
If the line gets trapped in the coral structures, the longliner in its attempt to encircle the site to
disentangle the line, may cause damage or destruction to the habitat (Ragnarsson et al., 2017). But
once the longline is lost for the fisherman, it becomes an artificial substrate on which many species
can grow (Tubau et al., 2015).

We regret that even if the Lacaze-Duthiers Canyon has been located in the marine park of the Gulf of
Lion since 2011 (Fabri et al., 2014), regulations do not exist on fishing practices ten years after its
creation.

4.3. 3D-Reconstructions produced with radiographic data for the coral species scale (Micro-Computed
Tomography)

Micro-computed tomography (micro-CT) and three-dimensional (3D) visualization techniques have
become an increasingly popular tool used in many fields of life science, especially in taxonomy
(Faulwetter et al., 2013). The advantage of this imaging technique lies in its power to construct high-
resolution, cross-sectional views of skeletons without causing damage during the analysis. The five
scleractinian species found in the Lacaze-Duthiers Canyon, called “stony corals” because of their
external calcified skeleton, were ideal candidates for this internal inspection using X-rays.

Scleractinian corals form 3D-structures that provide various ecological niches for associated fauna and
therefore are called “ecosystem engineers” or “Deep-water Reef-forming corals” thanks to their
skeleton (Rogers, 1999). The skeletal growth of calcifying species occurs through the periodic addition
of carbonate, but also by the addition of new polyps at the apex of each branch of the colony (Lartaud
et al., 2017b). The communication between each polyp of a scleractinian colony (tropical and cold
species) is external, through the soft tissue (ceonosarc) covering the skeleton. However, the
comparison between the skeletons of D. pertusum and M. oculata, showed that calices of successive
generations were connected by a thin canal in the D. pertusum skeleton but not in the M. oculata
skeleton (Fig. 9). This is in agreement with a recent complementary study performed by the dissolution

28



of calcified skeletons, which reveals soft tissues connecting two polyps living in successive calices
(Lartaud et al., 2019). Both species are composed, among other things, of the ceonosarc covering the
skeleton, but only D. pertusum harbors mesenterial filaments connecting polyps inside the skeleton
(Lartaud et al., 2019; Mouchi et al., 2019). In our study we observed that D. pertusum coral colonies
can build 3D skeletons higher than M. oculata ones (1 m and 0.5 m). The reason could be that the
skeleton built by D. pertusum might be higher due to the presence of these thin canals connecting
calices, allowing (1) efficient communication between polyps, (2) a protected communication with
regard to external attacks. This would allow D. pertusum to better develop its skeleton over time,
which M. oculata cannot do.

The skeleton of these organisms is dedicated to colony structure, and the protection of soft tissues
against predators and chemical threats (Lartaud et al., 2017b). Cold-water corals produce carbonate
growth increments, and due to their growth by the addition of new polyps, the radial cross-section of
a branch corresponds to the radial cross-section of a polyp, and therefore reflects only a small part of
the colony’s growth history (Lartaud et al., 2017a). In addition, two growth centers were revealed by
staining experiments, one on the outer edge of a calyx and another one on the inner edge near the
septa (Lartaud et al., 2013). On our micro-CT scans, we can identify the densest areas (pink) that bear
most of the mechanical loads due to the weight of the colony and allow resisting water currents,
whereas less dense areas (yellow) are dedicated to the protection and support of the polyps (internal
organization). We also observed material of intermediate density (blue) inside the dense skeleton,
where a calyx is inserted over the previous one. This intermediate density skeleton could be due to the
complex bi-directional growth structures described previously (Gass and Roberts, 2011; Lartaud et al.,
2013), and be attributed to polyp producing growth increments both inside and outside the calyx.

By comparing two species of the genus Desmophyllum, a colonial (D. pertusum) and a solitary species
(D. dianthus) with the micro-CT technique, we were able to observe that the genus Desmophyllum
lacks pali and columella as already described in a genetic study merging the two species into the genus
Desmophyllum (Addamo et al., 2016). We were also able to observe the presence of thin horizontal
structures in both species at the bottom of calices. These skeletal structures were referred to as
dissepiment or tabulae in a study describing D. dianthus in detail (Lazier et al., 1999). No function has
been attributed to these horizontal structures, and they do not prevent communication between
calices because they exist only between contiguous septa and do not cross the calyx from side to side,
so they might exist to consolidate series of vertical septa.

Because of their long lifespan and calcified skeletons, deep-sea corals have long been examined to
identify possible patterns that could reveal a chronology for paleoceanographic reconstruction (Lazier
et al., 1999; Risk et al., 2002). Growth bands were observed on different parts of their skeletons (septa
and outer theca) after being sliced and examined in reflected light or with a scanning electron
microscope (SEM) (Lazier et al., 1999; Risk et al., 2002; Adkins et al., 2004; Gass and Roberts, 2011;
Lartaud et al., 2013). Using the micro-CT technique, growth bands in the theca wall of D. pertusum
skeletons were clearly seen but on a smaller sample than those used in our study (pers. comm. X. de
la Bernardie). The 3D representations we produced in this study have minimum voxel sizes of 9 and 10
pm and did not allow us to clearly see the growth bands. Indeed, to highlight the density bands it would
be necessary to subsample the specimen, i.e. separate a septa from the individual or cut a piece of
theca, in order to obtain a closer view of the samples in X-ray scans. A definition close to 4 um could
then be reached, which is necessary to highlight (1) growth bands that have been previously described
and are less than 100 um thick (Lazier et al., 1999; Mouchi et al., 2017), and (2) calcification centers or
areas of rapid accretion deposition constituting growth bands that can be observed using electron
backscatter diffraction in D. pertusum (Mouchi et al., 2017).
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Our 3D-representations of a whole corallite or a piece of a colony have definitions ranging from 9 to
58 um voxel size and allow observing taxonomic criteria. Videos of each species are available on
https://image.ifremer.fr/data/00745/85674/ (Fabri et al., 2022b). Morphological characteristics useful
for identifying Scleractinia species (Zibrowius, 1980; Cairns and Kitahara, 2012; Altuna and Poliseno,
2019) are easily identified using micro-CT without sectioning the samples.

Micro-CT is a technique previously used for the identification of fossils because it allows the 3D
visualization of calcified organisms that have become stones (Reid et al., 2018). Desmophyllum
pertusum has already been observed using micro-CT to visualize its response to bioeroding sponge
infestation, but not for its taxonomic characteristics (Beuck et al., 2007).This technique has also been
used successfully for the description of a new species of marine invertebrate, a crustacean decapod
(Landschoff et al., 2018) and to examine foraminiferan tests (Gooday et al., 2018), but was proven not
so useful for soft-bodied invertebrates such as polychaetas (Paterson et al., 2014). Micro-CT was also
considered to quantify the effect of ocean acidification on the calcareous skeletons of octocorallians
(Enochs et al.,, 2015) and foraminiferans (Ilwasaki et al., 2015). 3D-reconstructions of specimens
produced by micro-CT will potentially be part of museum collections and will be a support for
taxonomic research (Faulwetter et al., 2013).

5. Conclusions

3D-representations of bathymetric data obtained using an inclined MBES allowed mapping vertical
walls and locating overhangs that are privileged coral habitats in canyons. We observed two habitats
for cold-water corals in the Lacaze-Duthiers canyon, sedimentary strata and boulder fields formed by
the collapse of overhanging strata.

3D-representations of ecosystems using photogrammetry techniques were used to measure
guantitative parameters for populations. We measured (1) proportions, and found that D. pertusum
comprised up to 31% of the coral population; (2) depths distribution, and found that M. oculata was
mostly seen at shallower depths than D. pertusum; (3) size structure, and observed a uniform and
heterogeneous distribution for M. oculata and D. pertusum, respectively, when comparing the four
locations; (4) densities, and found that the average densities of coral colonies were the highest
compared with what was found in other canyons of the Mediterranean Sea, and comparable to what
was found on Cabliers mound in the Alboran Sea. The coral colonies faced the prevailing currents and
we deduced the current flows from their orientation. Surfaces covered by pristine ecosystems and
surfaces of the ecosystems adversely affected by anthropogenic impacts can be calculated. The lost
fishing gears seen in our study were longlines and nets, with an overall density of 16 cm of longlines
per m?, up to 30 cm per m?, over a surface of 4370 m?. The photogrammetry technique also allowed
preserving a 3D image of an ecosystem as a whole and will give the opportunity of monitoring its
evolution through time by returning to the area at regular intervals, as requested by certain European
directives like the Marine Framework Strategy Directive (6-year interval).

3D-representations of specimens using micro-CT allowed analyzing the morphological characteristics
of species and visualizing internal parts at will to obtain transversal and longitudinal sections. The
comparison between the skeletons of D. pertusum and M. oculata, showed that calices of successive
generations were connected by a thin canal in the D. pertusum skeleton but not in the M. oculata
skeleton. This technique can also be used to acquire information on skeleton densities without
damaging the specimen. 3D models of specimens can be archived in the collections of Natural History
Museums and provide another dimension for taxonomy. Thus, models can be shared with everyone,
unlike physical specimens preserved in museums today.
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