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The topographical and hydrological complexity of submarine canyons, coupled with high substratum heterogeneity, make them ideal environments for cold-water coral (CWC) habitats. These habitats, including reefs, are thought to provide important functions for many organisms. The canyons incising the continental slope of the Bay of Biscay have distinct morphological differences from the north to the south. CWCs have been reported from this basin in the late nineteenth century; however, little is known about their present-day distribution, diversity and environmental drivers in the canyons. In this study, the characteristics and distribution of CWC habitats in the submarine canyons of the Bay of Biscay are investigated. Twenty-four canyons and three locations between adjacent canyons were sampled using a Remotely Operated Vehicle (ROV) or a towed camera system. Acquired images were annotated for habitat type (using the CoralFISH classification system), substrate cover and coral identification. Furthermore, the influence of hydrological factors and geomorphology on the CWC distribution was investigated. Eleven coral habitats, formed by 62 morphotypes of scleractinians, gorgonians, antipatharians and seapens, inhabiting hard and/or soft substrate, were observed. The distribution patterns were heterogenous at regional and local scales; the south Bay of Biscay and the southeastern flank favored soft substrate habitats. Biogenic and hard substrate habitats supported higher coral diversities than soft substrate habitats and had similar species compositions. A higher coral species turnover characterized soft substrate habitats. Substrate type was the most important driver of the patterns in both distribution and composition. Observations of coral reefs on steeper areas in the canyons and coral rubble on flatter areas on the interfluve/upper slope support the hypothesis that canyons serve as refuges, being less accessible to trawling, although natural causes may also contribute to the explanation of this distribution pattern. The results of this study fed into a proposal of a Natura 2000 network in the Bay of Biscay where management plans are rare.
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INTRODUCTION

Submarine canyons incise many continental shelves and slopes around the world (Harris and Whiteway, 2011). These physiographical features have a complex, heterogeneous topography that creates specific hydrological processes, such as accelerated (bottom) currents, internal waves and dense shelf water cascading (De Leo et al., 2010; Harris and Whiteway, 2011). These processes have an influence on the sediment accumulation within canyons and are thought to transport organic matter from the continental shelf to the deep sea and to increase the suspended particulate matter concentration (De Leo et al., 2010; Harris and Whiteway, 2011). Internal waves enhance the mixing of water masses and the release of nutrients which in turn favor the development of plankton (Pingree and Mardell, 1985; Huthnance, 1995; Khripounoff et al., 2014). This primary production will be transported into the canyons, increasing the amount and quality of food (Huthnance, 1995; Amaro et al., 2015, 2016).

Because of the heterogeneous topography, including exposed hard and steep substrate, and the hydrological patterns, submarine canyons are hypothesized as biodiversity hotspots of cold-water corals (CWCs) (Mortensen and Buhl-Mortensen, 2005; White et al., 2005; Orejas et al., 2009; De Leo et al., 2010), compared to adjacent slope areas (Vetter et al., 2010; Cunha et al., 2011). CWCs are defined organisms belonging to the cnidarian classes Anthozoa and Hydrozoa that produce either calcium carbonate or black, horn-like, proteinaceous skeleton elements (Cairns, 2007). The orders that meet this definition are Scleractinia (stony corals), Alcyonacea (soft corals, including gorgonians), Antipatharia (black corals), Pennatulacea (seapens) as well as the hydrozoan family Stylasteridae (hydrocorals) (Cairns, 2007). Most of these CWCs need hard substrate to settle, with the exception of most seapens, some scleractinians (predominantly solitary) and some gorgonian species (Roberts et al., 2009). CWCs are filter-feeders that rely on currents to deliver food particles (Wagner et al., 2012) and vertical migration of zooplankton (Carlier et al., 2009; Mienis et al., 2012; Wagner et al., 2012; Hebbeln et al., 2014).

The scleractinians Lophelia pertusa and Madrepora oculata can form reefs (Roberts et al., 2006), which function as refuges, feeding areas and nurseries for many species, including commercially important fish (Roberts et al., 2006). CWC reefs are also linked to a high biodiversity (Freiwald et al., 2004; Roberts et al., 2009). While antipatharians, gorgonians and seapens cannot form reefs, they can occur in dense aggregations (coral gardens) and may provide similar functions as reefs (Roberts et al., 2006; Buhl-Mortensen et al., 2010; Baillon et al., 2012), for example, rockfish association with gorgonians in canyons of the Bering Sea (Miller et al., 2012).

Deep-water scleractinians occur mainly between 50 and 1,000 m water depth and in water temperatures of 4°–10°C (Roberts et al., 2006), occurring in a narrow density envelope of sigma-theta 27.35–27.65 kg/m3 as proposed by Dullo et al. (2008) for the North-East Atlantic that is linked to trophic inputs. Antipatharians and seapens can occur much deeper, even greater than 6,000 m (Williams, 2011; Wagner et al., 2012). The occurrence, abundance and diversity of CWC species and/or habitat were influenced by temperature, salinity, water density, currents and trophic input (e.g., Roberts et al., 2006; Dullo et al., 2008; Yesson et al., 2012, in press; Mohn et al., 2014; Robert et al., 2015). Terrain parameters can be extracted from multibeam bathymetry and can serve as useful surrogates for habitat mapping. Slope, rugosity and Bathymetric Position Index (BPI) are examples of parameters measuring canyon topography and are known to have an influence on the presence of CWC species/habitats (e.g., Howell et al., 2011; Yesson et al., 2012; Robert et al., 2015).

CWCs are long-lived, have slow growth rates, form important structural habitats and are vulnerable to human activities, such as the fishing and oil and gas industries (Roberts et al., 2006; Ramirez-Llodra et al., 2011). Thus, CWC habitats meet the criteria of both VMEs (Vulnerable Marine Ecosystems; FAO) and EBSAs (Ecologically or Biologically Significant Marine Areas; CBD). As such, CWCs and their habitats have been listed as threatened or endangered by international organizations (OSPAR, ICES, Habitats Directives). Canyons are seen as natural refuges for these CWC habitats as well as other habitats, such as oyster banks (Van Rooij et al., 2010; Huvenne et al., 2011; Fernandez-Arcaya et al., 2017). Mapping and understanding the distribution of CWC habitats is, therefore, needed for conservation management along European margins. As a result of the importance of this part of the NE Atlantic as an integral sector or transition zone of this margin (Reveillaud et al., 2008; De Mol et al., 2011), the Bay of Biscay could potentially play a large role in persistence of those ecosystems on a global scale and, thus, potentially important for the connectivity between regions.

Habitat maps are becoming increasingly used in marine management and conservation. Areas selected for marine management and conservation can have different spatial scales, ranging from a particular zone or geographical feature, e.g., canyons or carbonate mounds, to an Exclusive Economic Zone (EEZ) of a country or areas as large as the North-east Atlantic. Classification systems aid in creating comprehensive, detailed and integrative habitat maps. An important advantage of classification systems is that they permit the use of a standardized terminology and habitat type over a large region. Classification systems may have different information or concepts, e.g., region, seascape, and biotope, depending on the goal of the marine management plan (Costello, 2009). A hierarchical system allows mapping of habitats at different scales, using a variety of data, depending on availability (e.g., different resolutions, quality, etc.); and can be adjusted to the needs and goals of the user (Costello, 2009).

A classification system comprising coral biota was developed during the EC FP7-funded project CoralFISH (Davies et al., in press). This classification system enables the comparison of coral habitats between regions in the NE Atlantic and Mediterranean using standardized terms and methods. It is a hierarchical system including biotopes (or habitats) formed by the dominant coral group(s)/species, dominant substrate type and potential geoforms, such as boulders and vertical walls (Davies et al., in press).

The continental margin of the Bay of Biscay, studied here, is incised by more than a 100 canyons and are organized into drainage basins (Bourillet et al., 2003). Eight drainage basins occur from the Goban Spur to the Capbreton Canyon (Bourillet et al., 2006). Scleractinians were first reported in the Bay of Biscay in the late nineteenth century (e.g., Roule, 1896). However, the first maps of scleractinian occurrences were produced in the following century: Joubin (1922) used fishermen reports on scleractinians causing damage to demersal trawls and Le Danois (1948) mapped coral reefs along the continental slope of the Bay. Despite this early discovery, only a few CWC studies had been undertaken in the French part of the Bay of Biscay (Zibrowius, 1980; Reveillaud et al., 2008; De Mol et al., 2011) and the largest part of this basin still remains unexplored.

Here, we report investigations of the presence of CWC habitats in the submarine canyons of the Bay of Biscay based on surveys using a Remotely Operated Vehicle (ROV) and a towed camera system. The CoralFISH coral biota classification system was used to delimit coral habitats. The goals of this study were: (i) to identify coral habitats in the canyons of the Bay of Biscay, (ii) to identify coral species and their abundances, densities and diversities within these habitats and their compositions, (iii) to investigate the distribution of coral habitats in the Bay of Biscay, and (iv) to explore the influence of other environmental factors (temperature, water density, depth, derivatives of the bathymetry) and geomorphology on the presence and distribution of coral habitats.

MATERIALS AND METHODS

Study Site

Margin Morphology

The Bay of Biscay is part of the North-East Atlantic Ocean, located west of France and north of Spain. It is a passive margin containing three parts; the Celtic, Armorican and Aquitaine margins (Zaragosi et al., 2000). Within this study, the Bay of Biscay was defined using geological boundaries (see Bourillet et al., 2006) therefore including all three margins, as the Celtic margin is part of the Celtic Sea according to hydrographical terms.

The morphology of the Celtic and the Armorican margins (Figure 1), limited by the Goban Spur in the north and the Conti spur in the south, is characterized by spurs and canyons (Bourillet et al., 2006). The continental shelf is wide, up to 200 km for the Armorican margin and more than 250 km for the Celtic margin (Bourillet et al., 2006). These two margins can be divided into three zones based on the geomorphology of the continental margins, the influences of sedimentation and hydrodynamic regimes (Figure 1): (i) the Celtic and northern Armorican margin, (ii) the central Armorican margin, and (iii) the southern Armorican margin.
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FIGURE 1. A map of the submarine canyons incising the continental slope of the Bay of Biscay. The bathymetry is available at a 100 m resolution for the whole Bay of Biscay (green-purple) and at a 15/25 m resolution for four boxes representing each zone (rainbow-colored) from Bourillet et al. (2012). The blue lines indicate the Brenot, Berthois and Conti spurs, dividing the margin into the Celtic, Armorican and Aquitaine margins.



The morphology of the first zone—the Celtic and northern Armorican margins—is complex and comprises some shelf-incising submarine canyons (Figure 1). These canyons contain several morphological features, such as cliffs, mainly formed in the head of the canyons by regressive erosion from the bottom to the top of the canyon (Bourillet et al., 2010). There are three main deep-sea drainage systems: (i) the Petite Sole drainage basin on the Celtic margin, comprising the canyons from Sorlingues to Hermine, (ii) the Chapelle drainage basin, comprising the canyons from Blackmud to Guilcher, (Bourillet and Lericolais, 2003) and, (iii) the West Brittany drainage basin, comprising the canyons from Brest to Douarnenez (Zaragosi et al., 2000, 2001). Zone 1 is under the influence of tidal currents of the English Channel (Zaragosi et al., 2001) and is linked with the drainage basins of rivers, such as the Seine, via the Channel paleo-river (Bourillet et al., 2003).

The second zone is the central part of the Armorican margin (Figure 1). This zone includes an alternation of large and narrow canyons. The large canyons, considered to be formed first, cut the continental shelf, while the heads of the narrow canyons, formed during a later stage, are located halfway down the slope (Bourillet et al., 2010). Two drainage systems are found within this part of the Armorican shelf: (i) the South Brittany drainage system, including the canyons from Audierne, south of Douarnenez Canyon, to Blavet Canyons (Zaragosi et al., 2001), and (ii) the Gascogne drainage system from the Belle-île to Yeu Canyons (also including Croisic, Saint-Nazaire and Pornic Canyons) (Bourillet et al., 2006). These canyons are not under the influence of the English Channel any longer and sediment is transported from the continental shelf to these canyons (Zaragosi et al., 2001).

The third zone comprises the southern part of the Armorican margin (Figure 1). Even though canyons still reach the continental shelf in this part of the Bay of Biscay, they are smoother than those on the Celtic and northern Armorican margins. The flanks of the canyons in this zone are regular and sedimentary, while the thalwegs are continuous with sloping banks. Cliffs are either scarce or not present in this zone (Bourillet et al., 2010). The Rochebonne drainage basin, comprising the canyons from Sables d'Olonnes, north of Rochebonne Canyon, to Oleron Canyon, north of the Conti Spur, is the only drainage system within this zone (Bourillet et al., 2006) and includes Rochebonne and Ars Canyons.

The third margin of the Bay of Biscay, the Aquitaine margin, from the Conti Spur to Capbreton Canyon, can be considered as a fourth zone of the Bay of Biscay (Figure 1). The continental shelf is narrow, with only 70 km from the shore (Bourillet et al., 2006). The continental slope of this margin is a “tectonic-dominated” margin instead of a “canyon-dominated” slope (Bourillet et al., 2006). The dominant relief, the Landes plateau, is surrounded by two majors canyons: Cap-Ferret and Capbreton. The “gouf de Capbreton” is an exceptional example of a shelf-incising canyon with a head close to the beach and a very gentle along-slope profile (Cirac et al., 2001; Bourillet et al., 2007). The flanks of the canyons on this margin have a weak slope and they do not present steps or cliffs. The Cap-Ferret and Arcachon thalwegs are broader than those of other canyons, north of this zone/margin (Bourillet, 2010; De Chambure et al., 2013).

Water Masses and Currents

In the Bay of Biscay several water masses with different origins and densities can be found (de Madron et al., 1999; van Aken, 2000a,b): (i) the Eastern North Atlantic Water (ENAW), (ii) the Mediterranean Outflow Water (MOW), (iii) the Labrador Sea Water (LSW), and (iv) the Northeast Atlantic Deep Water (NEADW). The ENAW is usually found between 200 and 600 m water depth. It originates from the Labrador Current and may contain a significant amount of Antarctic Intermediate Water (AAIW) transported to the NE Atlantic by the Gulf stream-North Atlantic Current. The more saline and denser MOW is deeper and generally flows between 700 and 1,300 m water depth. This water mass is more pronounced in the south of the Bay of Biscay and becomes less noticeable in the north of the Bay of Biscay toward Porcupine Seabight. The third water mass is the LSW and reaches to ~2,000 m depth. It is usually mixed with the MOW by internal waves near the continental slope and therefore this water mass is less apparent. The fourth and last layer is the NEADW originating from multiple water masses, including MOW and LSW. It occurs approximately between 2,000 and 2,600 m water depth.

There are several currents and other hydrological processes occurring in the Bay of Biscay that modify the temperature, salinity and density of the water masses. The slope current runs along the continental slope of the Bay of Biscay. It arrives in this basin via the Portuguese and Spanish continental slopes (Pingree and Le Cann, 1989, 1992; Koutsikopoulos and Le Cann, 1996) and is thought to be a density driven current formed by the MOW (Pingree and Le Cann, 1989). Even though the slope current is influenced by the complex morphology of the continental slope, it moves dominantly northwards/polewards (Pingree and Le Cann, 1989, 1992; Koutsikopoulos and Le Cann, 1996).

Other important processes in canyons of the Bay of Biscay are tidal currents and internal waves (Koutsikopoulos and Le Cann, 1996; Mulder et al., 2012). Tidal currents can have speeds up to 1 m/s (de Madron et al., 1999; Mulder et al., 2012; Khripounoff et al., 2014) and are weaker in the southern region of the Bay of Biscay (lower than 45°N) (Koutsikopoulos and Le Cann, 1996). These currents follow a semi-diurnal tidal frequency (e.g., Pingree and Le Cann, 1989; Koutsikopoulos and Le Cann, 1996; de Madron et al., 1999; Mulder et al., 2012) and can extend deep into the canyons (Pichon et al., 2013). Internal waves cause the resuspension of sediment and create nepheloid layers, as observed in Cap-Ferret Canyon on the Aquitaine margin (de Madron et al., 1999).

Currents have an influence on the primary production or on other biological traits within the Bay of Biscay. Tidal currents and upwelling are thought to promote water mixing and the release of nutrients. This creates a favorable environment for phytoplankton growth, thus enhancing primary production (Pingree and Mardell, 1985; Huthnance, 1995). Tidal currents and internal waves can transport the primary production into canyons, thus providing food for filter-feeders such as CWCs (Huthnance, 1995; Amaro et al., 2015, 2016).

Data Collection

Data were collected during seven cruises on the R/V Pourquoi Pas? the R/V Le Suroît and the R/V Thalassa between 2009 and 2012 (Table 1). The BobGeo, BobGeo 2 (Bourillet, 2009, 2010) and BobEco (Arnaud-Haond, 2011; Arnaud-Haond and Grehan, 2011) cruises were performed under the European FP7-funded project CoralFISH. This project “assesses the interaction between CWCs, fish and fisheries, in order to develop monitoring and predictive modeling tools for ecosystem based management in the deep waters of Europe and beyond” (http://eu-fp7-coralfish.net/). The main objectives of these cruises were the exploration for, and study of geological features and/or marine ecosystems, with a specific focus on scleractinian coral habitats in the canyons of the Bay of Biscay. The Evhoe cruises were resource surveys targeting the evaluation of fish stocks in the Bay of Biscay for multiple utilizations, e.g., stock evaluation models. Data acquired using a towed camera system (see below) on these cruises were utilized to explore the benthic communities in canyons.


Table 1. Dive information including cruise name, year, ship, the optical technique that is used and the number of dives analyzed during this study.
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In total, 46 dives using an ROV or a towed camera were undertaken: 43 dives within 24 canyons and 3 additional dives on interfluves or on the upper slope between adjacent canyons (Table 2). The latter dives were difficult to assign to either one of these two canyons; the name of both canyons were therefore used and they were, thus, treated separately (interfluve: dive BE_480 between Morgat and Douarnenez; upper slope: dive BG2_05 between Odet and Guilvinec and dive BG1_08 between Odet and Blavet Canyons; Table 2). Most canyons were named, except for the canyon north of Éperon Ostrea; to simplify the reference to this particular canyon, the term/name “La Chapelle” was used, named after “le haut-fond de La Chapelle,” an area of sand waves on the continental shelf near the head of this canyon.


Table 2. Description of the dives used to collect the image footage, including the margin of the Bay of Biscay, the number of images (total and analyzed), the location within the canyon (NW flank, north-western flank; SE flank, south-eastern flank) and the presence of coral habitat.
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A towed camera system, Scampi, was used to collect images during 33 dives performed on six cruises included in this study (Table 1). The frame was fitted with a Nikon D700 stills camera directed vertically downwards. The camera was towed ~2–3 m above the seafloor and photos were manually taken at intervals of ~10–90 s.

During the BobEco cruise, image footage for 13 dives was acquired using the ROV Victor6000 (Table 1). The ROV was equipped with multiple cameras, of which the vertically directed video camera was used within this study (Sony FCB-H11). Frame-grabs from the videos were taken at 1-min intervals using the ADELIE annotation software (Ifremer, www.ifremer.fr/adelie) to allow comparison between the ROV image footage with photos taken by the Scampi system; both frame-grabs and photos are called “images” hereafter.

Metadata, such as the navigation data and the timecodes of the videos/photos were extracted using ADELIE. A USBL system (Ultra-Short BaseLine system) was used for accurate positioning of the vehicles, but was unavailable for all Evhoe-cruises, so the ship navigation was used for these dives.

Image Analysis

Each image was subjected to a quality control prior to analysis, based on three criteria: (i) altitude; images were included if they were taken between 1 and 5 m from the seafloor, (ii) image quality; poor quality images due to sediment clouds obscuring the image, the image being out of focus or taken in low light-conditions, were removed before analysis, and (iii) vehicle movement; images were excluded during stationary phases (ROV only).

Images that passed the quality control were annotated for (i) habitat type, (ii) substrate cover (subset; see below), and (iii) fauna (subset; see below).

Habitat Type

Habitat type was visually assigned for images based on the coral biota classification system created within the CoralFISH project (Davies et al., in press). This classification system was created as a tool to standardize habitat observations across the CoralFISH regions in the North-east Atlantic and Mediterranean. The definition of a habitat given by this classification was an area “where a coherent suite of conspicuous epibenthic organisms, including CWCs, extending throughout a minimum estimated area of 25 m2 as observed by underwater cameras.” Coral biotopes (or habitats) were based on the dominant coral species or group of species, the presence of scleractinian framework, usually L. pertusa and M. oculata, and the substrate type. Large geological features, such as vertical walls and boulders, were also included in the classification.

The CoralFISH coral biota classification system is a hierarchical system consisting of three levels (Davies et al., in press): level 1, the broadest level, includes the dominant of coral type(s) and substrate type, whereas level 3, the most detailed level, includes the coral species constructing the habitat, the substrate type and possible geological features as well as conspicuous non-coral species. Due to the large variation and thus the high number of level 3 habitats over a large study area, only the first level of this classification was used (Biotope level 1).

Substrate Cover and Fauna

Substrate cover and fauna were analyzed on a subset (2,350 images) of the 4,191 images on which CWC habitats were observed (see Section Results). The subset was created by selecting images at an interval of ~1 min from the beginning of the dive. As the images acquired using the Scampi system were taken manually and at irregular intervals, images taken 15 s before or after the 1-min interval were considered for the subset.

Substrate cover, including colonial scleractinians, was measured using a 100 point grid, which was placed over the subset images using the software COVER (C. Carré, Ifremer; see Gomes-Pereira et al., 2016). Substrate types were assigned to each point and a relative substrate percentage cover of the visible part of the image was calculated for each subset image.

For each subset image, fauna were enumerated and identified to the lowest taxonomic level possible. It is difficult to identify deep-sea species to species level from images, because of a lack of associated identifications based on morphological characteristics or genetics. Therefore, they were identified as morphotypes and given an Operational Taxonomic Unit (OTU). To aid identification, a species catalog was used (Howell and Davies, 2010: http://www.marlin.ac.uk/deep-sea-species-image-catalogue/) and updated as part of a collaborative project between Plymouth University, Ifremer and NOAA. For this current study, the focus was coral morphotypes. Where possible, species were identified and/or confirmed by coral taxonomists using voucher-specimen collected during the BobEco cruise (see Acknowledgments).

For the reef-forming scleractinian species L. pertusa, M. oculata, and Solenosmilia variabilis percentage cover was measured using the same method as substrate cover. These three species were not included in any result concerning the abundances of individual organisms. However, they were included in a number of analyses (see Section Statistical Analysis). In many instances, the resolution of images did not allow for discrimination between L. pertusa and M. oculata, therefore were treated as one morphotype, since previous literature has shown that these species nearly systematically co-occur in the Bay of Biscay (De Mol et al., 2011; Arnaud-Haond et al., in press).

Habitat Segments

In order to assess the length of CWC habitats, their taxonomic composition and environmental characteristics, habitat segments were defined as all the adjacent images showing the same habitat, until another habitat was assigned to an image. The lengths (hereafter “linear”) of both habitat segments and dives were measured in 3D using ArcGIS (Table 2).

Environmental Data

Bathymetry and Derivatives

A digital Terrain Model (DTM) was available for the whole Bay of Biscay at a resolution of 100 m (Figure 1). DTMs were also available for four boxes (bob-boxes) at a higher resolution of 15 or 25 m (Bourillet et al., 2012), representing each of the four zones of the Bay of Biscay (Figure 1; Section Margin Morphology). The boxes Bob-1 and Bob-2 have a surface of ~10,000 km2 and are located on the northern and central part of the Armorican margin, respectively. The third box, Bob-3, has a surface of ~1,900 km2 and represents the southern part of the Armorican margin. The forth box, Bob-4, with a surface of ~7,000 km2, is located on the Aquitaine margin. The resolutions of Bob-1, Bob-3, and Bob-4 are 15 m, however, the resolution of the Bob-2 bathymetry is lower (25 m), due to poor weather conditions during the time of acquisition. The bathymetry for the dives on the Celtic margin and Athos Canyon (Aquitaine margin) was only available at the lower (100 m) resolution. For the consistency across the whole dataset, depth-values were extracted from the lower (100 m) bathymetry resolution. This resolution was also used to measure the 3D-length of the dives and habitat segments.

Terrain derivatives were extracted from the bathymetry using the ArcGIS extension Benthic Terrain Modeler v. 3.0 (Wright et al., 2012). Slope, direction (northness or cosAspect, eastness or sinAspect), curvature (general, plan and profile), Surface to Planar, BPI and a measure of rugosity (VRM = Vector Ruggedness Measure) were calculated. Neighborhood sizes of ~200, 300, and 500 m were chosen for the fine scale BPI and 1 and 1.5 km for the broad scale BPI. For the VRM, similar neighborhood sizes (except 200 m) were used.

Geomorphology

Geomorphological classes were produced for the entire Bay of Biscay, using bathymetry data, its derivatives, such as slope, canyon network extraction as well as expert interpretation (De Chambure et al., 2013). The geomorphological classes are available on the same resolutions as the DTMs and mapped by Bourillet et al. (2012) and are using the Coastal and Marine Ecological Classification Standard (CMECS) code (Madden et al., 2008). A total of 21 classes have been created on the higher (15/25 m) resolution for the bob-boxes and 15 classes on the lower (100 m) resolution for the whole Bay of Biscay.

One of 15 geomorphological classes at a 100 m resolution was attributed to each image for the whole dataset in ArcGIS 10.2 and one of 21 classes at a 15/25 m resolution for each image in the bob-boxes. Due to the uneven and sometimes low number of images per geomorphological class, classes were merged for statistical robustness according to three different criteria: (i) Morphology with three attributes: Canyon, Interfluve and Upper slope, (ii) Slope, with four intervals depending on the resolution: at 15 m resolution: <10°, 10–20°, 20–40°, and >40°; at 100 m resolution: <10°, 10–15°, 15–25°, and >25°, and (iii) Location, with two attributes: northwestern and southeastern flank of a canyon/interfluve (Table 2).

Temperature, Salinity, and Water Density

Seawater potential temperature and salinity data were publically available (Copernicus Marine Environment Monitoring Service: http://marine.copernicus.eu/) at a resolution of 0.083° latitude (~10 km). These variables were available for different depth layers (from 0 to 5,500 m depth). The monthly means from 15/12/2009 to 15/12/2011, available at the lowest depth layer as possible, were used to calculate mean potential temperature (in Kelvin) and salinity (in PSU). A geotiff (geo-referenced image) was created for both variables and a value extracted for each image of the data set in ArcGIS. Temperature values were transformed to °C.

The seawater density can describe the mixing of water masses. The potential density anomaly (sigma-theta or σΘ), using the potential temperature instead of in situ measured data, was calculated according to Dullo et al. (2008).

A raster of the sigma-theta was calculated using the rasters of the potential temperature and salinity data in the software program R. A value was extracted for each image using ArcGIS from a geotiff.

Statistical Analysis

Coral Community and Composition

Several metrics—abundance, density and diversity—were used to characterize the habitats and the engineering coral species. Mean coral densities per habitat type and per segment were calculated. The density was expressed per image, instead of per linear transect or surface measure for three reasons: (i) only a subset of images were analyzed for fauna which makes it difficult to give densities per linear meter, (ii) no lasers were available on both optical techniques, and (iii) the altimeter on the Scampi frame was not reliable enough to give good estimations of area of images, complicating the expression of densities by surface measure. A spearman correlation was calculated to investigate whether segment length and mean densities (in individuals/image) per segment were correlated.

Rarefaction analysis (individual based) was used to compare differences in richness of corals between habitats. The Hurlbert's index (Hurlbert, 1971) is given as a diversity index, comparing the diversity of the habitats using a random sample size equal to the smallest number of individuals observed in one of these habitat, and thus, limiting the influence of unequal sample sizes. The three scleractinians measured as percentage cover were excluded from these analyses.

A Spearman correlation tested the relationship between the mean percentage of scleractinian cover and the total abundances of other coral types, i.e., antipatharians, gorgonians and seapens, per habitat segment.

Principal Component Analyses (PCA) were computed to investigate the (dis)similarities in species composition of the different habitats. Two PCAs were performed: (i) a PCA on a covariance matrix using the Hellinger-transformed abundances of each morphotype per habitat, excluding the reef-forming scleractinians L. pertusa, M. oculata, and S. variabilis, and (ii) a PCA on a correlation matrix using the raw total abundances of morphotypes and the mean percentage scleractinian cover per habitat. The later included the three previous mentioned scleractinians. The Hellinger-transformation gives a low weight to the morphotypes with a high abundance (Legendre and Gallagher, 2001).

Habitat Distribution and Environmental Characteristics

Coral habitats were mapped in the canyons surveyed in the Bay of Biscay. The proportion of each coral habitat per canyon was used to describe the distribution of these habitats per canyon.

A PCA was computed to investigate the (dis)similarities in habitat types observed in the canyons using the Hellinger-transformed total linear (i.e., lengths) of each coral habitat (Legendre and Gallagher, 2001).

A specific principal component analysis with respect to instrumental variables, the Between-Class Analysis (BCA; Doledec and Chessel, 1987), was used to investigate if the habitats were characterized by different environmental settings. The BCA is a multivariate analysis which partitions and maximizes the variance between groups of one qualitative variable. A matrix of environmental variables (including latitude, temperature, sigma-theta, slope, northness, eastness, general, plan and profile curvature, Surface to Planar, BPI, and VRM) per habitat segment was used as the response variable and the habitats (all habitats separately or categorized into biogenic, hard substrate and soft substrate habitats) were used for partitioning. This analysis aims to discriminate the segments based on their environmental conditions and how much of this variation is explained by the habitats.

Chi-square tests were used to test for differences in coral distribution according to the three qualitative variables: morphology, slope and location. Chi-square tests were undertaken using the image data, rather than habitat segments because they involve the geomorphological classes (see Section Environmental Data) and habitat segments can cross geomorphological classes.

All analyses were performed using the open source software R. The R packages “ade4” (Dray and Dufour, 2007) and “vegan” (Oksanen et al., 2016) were used for the diversity measurements, PCAs and BCA.

RESULTS

Of the 14,874 analyzed images, coral habitats were recorded on 4,191 images, of which 2,350 images were selected for substrate cover measurements and species identification (“subset” images).

Substrate and Scleractinian Coral Framework Cover

Seven geological substrate types were encountered and divided into two main categories: (i) hard substrate, consisting of hardground/bedrock, hardground/bedrock covered by a (thin) layer of soft sediment, consolidated mud, boulders, pebbles and/or cobbles, and (ii) soft substrate, consisting of mud/sand and/or gravel.

Four biogenic substrate types were observed: live scleractinian framework, dead scleractinian framework, scleractinian coral rubble, and shell debris. Percentages of these categories were summed to obtain the percentage of total framework (live and dead) and total scleractinian cover (live and dead framework and rubble). Scleractinian framework and rubble included the reef-forming species (L. pertusa, M. oculata, and S. variabilis) as well as another colonial scleractinian Enallopsammia rostrata. E. rostrata occurred mostly, if not only, on vertical features, such as steps or walls, but did not form reefs or dense structures like the reef-forming scleractinians do. However, the cover of E. rostrata was included in the total scleractinian framework and the total cover, because of the three-dimensional structures they can form compared to solitary scleractinians that are usually only a few centimeters high.

Up to four substrate types were recorded for an image, although the seafloor was covered by either two or three substrates on most images.

Coral Habitats and Species

Eleven different coral habitats were observed (Figures 2A–J) using the CoralFISH classification: coral reef, coral rubble, colonial scleractinians on hard substrate, solitary scleractinians on hard substrate, antipatharians or gorgonians on hard substrate, mixed corals on hard substrate, colonial scleractinians on soft substrate, solitary corals on soft substrate, gorgonians on soft substrate, seapens on soft substrate and mixed corals on soft substrate. Hereafter, hard and soft substrate will be abbreviated as “HS” and “SS,” respectively, and will be used in combination with the structuring coral type to indicate the habitat. A description of each habitat is given in the (Supplementary Data S1) including their linear, their coral species composition and environmental settings.
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FIGURE 2. Example images of the coral habitats of the Bay of Biscay: (A) Coral reef (BobGeo 2009), (B) Coral rubble (Evhoe 2012), (C) Colonial scleractinians on hard substrate (Evhoe 2011), (D) Solitary scleractinians on hard substrate (BobEco 2011), (E) Antipatharians or gorgonians on hard substrate (Evhoe 2012), (F) Mixed corals on hard substrate (Evhoe 2009), (G) Colonial scleractinians on soft substrate (Evhoe 2012), (H) Solitary scleractinians on soft substrate (Evhoe 2011), (I) gorgonians on soft substrate (BobGeo 2009) and (J) Seapens on soft substrate (Evhoe 2010). Mixed corals on soft substrate is formed by the same species as (I,J); therefore, a representative image of this habitat is not added. Copyright of all images in this figure: Ifremer. Ifremer provided permission for reproduction.



The coral habitats were observed in total linears (or length; see Section Habitat Segments) from as little as 6 m to more than 10 km (Table 3). The most common habitat was coral rubble, with a linear of 18.1 km, equivalent to 10.1% of the total observed linear; followed by coral reef (linear: 10.7 km; 6.0% of the total observed linear). Both rubble and reef habitats were also observed on the highest number of segments (162 and 106 respectively). Seapens SS was the third most observed habitat (linear: 6.7 km; 3.8% of the total observed linear) and thereby the most common soft substrate habitat. Mixed corals SS was the habitat on soft substrate that was observed the least (linear: 365 m; 0.2% of the total observed linear) and the “solitary scleractinians HS” habitat was observed only once, with a linear of 6.0 m (less than 0.01% of the total observed linear). Due to this small contribution, this latter habitat was excluded from any analyses as none of the three images of this habitat was selected for the “subset” image dataset (Table 3).


Table 3. Information of the different coral habitats in the Bay of Biscay including the linear (with and without BobEco cruise, which had a sampling bias toward scleractinian corals); the environmental factors (mean and standard deviation σ); the abundances, densities, species richness, and diversity indices without Madrepora oculata (Mo), Lophelia pertusa (Lp), and Solenosmilia variabilis (Sv); the presence of these scleractinians, and the percent cover of substrate types.
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Even though rubble and reef habitats had the longest total linear, these are mainly caused by a higher sample size and a few segments that were much longer than most segments. The median segment length of coral reef (65.3 m) was similar to the median segment lengths of seapens SS (64.3 m) and solitary scleractinians SS (62.4 m) (Table 3). Coral rubble has a smaller median segment (54.5 m; Table 3).

The Coral Assemblages

Community structure

A total of 6,287 individual corals were observed belonging to 59 coral morphotypes (Tables 3, 4). Including the three reef-forming scleractinian corals—L. pertusa, M. oculata, and S. variabilis—of which coverage was measured, instead of abundances, the total added up to 62 morphotypes. Thirty-four of these morphotypes were identified down to at least genus level. The most abundant morphotypes that could be counted, comprising together 53% of the coral individuals were the antipatharian Leiopathes spp. (2,089 individuals; 33.2%), the primnoid Narella versluysi (677 individuals; 10.8%) and the seapen Kophobelemnon cf. stelliferum (581 individuals; 9.2%) (Table 4). The soft coral suborder Alcyoniina (Alcyonacea) was observed the least with 17 individuals (0.3% of the total observed coral individuals) (Table 4).


Table 4. The abundances of the coral morpho-types within coral habitats of the Bay of Biscay.
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The abundances, densities (individuals per image) and species richness varied according to the coral habitat types (Table 3). Abundance patterns between habitats did not strictly follow their sample size patterns. In particular, the most common habitat, coral rubble, had a low number of corals (672 individuals) relative to coral reef (3,208 individuals). Overall, the mean coral density within habitat segments did not correlate with the linear of the segments (R = −0.003, p = 0.955), suggesting that the size of the habitats did not influence the aggregation of corals. Mixed corals HS, antipatharians/gorgonians HS and coral reef achieved the top three highest coral densities (7.8, 6.8, and 5.3 individuals/image respectively). The highest densities on soft substrate habitats were half of those on hard substrate (solitary scleractinians SS: 3.6 individuals/image; seapens SS: 3.4 individuals/image). Similarly, the total number of morphotypes on hard substrate and biogenic habitats ranged from 21 to 32, of which coral reef and mixed coral HS are the most species rich (32 and 30 morphotypes respectively). The total number of morphotypes on soft substrate habitats ranged from 2 to 19, of which colonial scleractinians SS and seapens SS are the most species rich (19 and 12 morphotypes respectively).

Species accumulation curves showed that, with the exception of coral reef, seapens SS and mixed corals HS, habitats were undersampled as no curve reached an asymptote (Figure 3). Comparison of diversity values, even with indices limiting sampling biases, should, therefore, be taken cautiously. Some patterns, however, still stand out. The diversity of the soft substrate habitats formed by solitary scleractinians, gorgonians, seapens and a mix of these corals was very low compared to the coral habitats on hard substrate and the biogenic habitats, in line with the density and richness patterns (Figure 3; Table 3). A noticeable exception is the colonial scleractinians SS habitat, which diversity was similar to that of biogenic habitats. The two best characterized habitats, coral reef and seapens SS, shared a low equitability, as shown by the slope of the species accumulation curves. In the coral reef habitat, three morphotypes and a cluster of species were highly abundant, contributing to 84% of total abundance: the antipatharian Leiopathes spp. (1,923 individuals), the antipatharian Stichopathes gravieri (293 individuals) and the gorgonian N. versluysi (238 individuals) and unidentified antipatharians (212 individuals). For the seapens SS habitat, K. cf. stelliferum and Distichoptilum gracile contributed to 95% of the total abundance.
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FIGURE 3. Rarefaction curves of the coral habitats, excluding the reef-forming scleractinians M. oculata, L. pertusa, and S. variabilis. The number of species (y-axis) is based on the number of individuals (x-axis) in each habitat. Each color represents a different coral habitat.



In general, soft substrate habitats had a lower coral abundance, density and diversity than those of biogenic and hard substrate coral habitats. Exceptions are the coral abundance on seapens SS that is relatively high and the diversity on colonial scleractinians SS that is similar to that of biogenic habitats.

Community composition

Two PCAs were used to explore variations in coral community composition between habitats. In the co-variance PCA (Figure 4A), the relative abundances of the species are considered but for this reason, reef-forming corals were excluded. In the correlation PCA (Figure 4B), all species were included and characterized by either their abundances or percent cover, but data were normalized.
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FIGURE 4. Biplot ordination of the coral habitats (in black) and coral taxa (in red) in the two first axis of (A) a covariance PCA computed on Hellinger-transformed abundances of non-reef forming coral taxa per habitat. For clarity only those species contributing to at least 5% of the variance along one axis are represented. (B) A correlation PCA computed on raw abundances of non-reef forming corals or percent cover of reef-forming corals (M. oculata, L. pertusa, and S. variabilis). For clarity, only those species contributing for at least 3% of the variance along one axis are represented. Col. scler. HS, Colonial scleractinians HS; Col. scler. SS, Colonial scleractinians SS; Sol. scler. SS, Solitary scleractinians SS.



Without considering the reef-forming scleractinians, the coral composition discriminates hard substrate or biogenic habitats from soft substrate habitats along the first axis of the covariance PCA, explaining 42% of the variance. The only exception to this pattern is colonial scleractinian SS, which clusters with the hard substrate and biogenic habitats. This cluster of hard substrate, biogenic and colonial scleractinians SS habitats is dominated by the gorgonian N. versluysi as well as Leiopathes spp. and other unidentified antipatharians. The second axis of the PCA, explaining 18% of the variance in coral composition, discriminated the different soft substrate habitats, with gorgonian SS and mixed corals SS mainly dominated by the gorgonian Acanella arbuscula, seapens SS dominated by K. cf. stelliferum and D. gracile and solitary scleractinians SS dominated by a caryophyllid and a flabellid.

By adding the percent cover of colonial scleractinians in a correlation PCA, the coral composition further discriminates the habitats dominated by L. pertusa/M. oculata that form biogenic habitats (coral reef and coral rubble) and colonial scleractinians SS, from the habitats dominated by S. variabilis on hard substrate (colonial scleractinians HS). The former cluster of biogenic habitats is characterized by the occurrence of a mix of gorgonians and antipatharians while the later cluster of hard substrate habitats is colonized mainly by gorgonians. The only antipatharian (Bathypathes sp. 3), characterizing hard substrate habitats, was observed once. The morphotype Anthozoa sp. 7, either a gorgonian or an antipatharian, and a soft coral from the suborder Alcyoniina (Nephtheidae sp. 2) also characterizes hard substrate habitats. Solitary corals dominated biogenic reefs, on the other hand.

The abundances of antipatharians, gorgonians and seapens were significantly correlated with scleractinian coral cover (Figure 5). The abundance of antipatharians was positively correlated with each of the scleractinian cover measurements (live and dead framework, coral rubble, total framework and total coral cover), but most strongly with the total cover of framework (r = 0.315, p ≤ 0.001). Of the three coral cover measurement separately, antipatharians correlated mostly with live coral framework (r = 0.3, p ≤ 0.001) and the least with coral rubble (r = 0.148, p ≤ 0.001). The abundance of gorgonians on hard substrate was also positively, but weakly, correlated with live and dead coral framework (r = 0.162, p ≤ 0.001 and r = 0.074, p ≤ 0.001, respectively). A significant correlation was found between the abundances of antipatharians and gorgonians on hard substrate (r = 0.176, p ≤ 0.001).
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FIGURE 5. Correlation matrix between scleractinian coral cover and the abundances of antipatharians, gorgonians on hard substrate, gorgonians on soft substrate and seapens. Lower matrix: correlation plots, upper matrix: Spearman coefficient and significance of the test (p-value: * ≤ 0.05; ** ≤ 0.01, *** ≤ 0.001), diagonal data: distribution for each variable.



The abundance of seapens were negatively correlated with each of the measurements of scleractinian coral cover as well as with antipatharians and gorgonians on hard substrate (−0.123 ≤ r ≤ −0.414; p = 0.001). The correlation of the abundance of gorgonians on soft substrate was negative with coral rubble and total cover (r = −0.149 and −0.156, p = 0.001) but close to zero with the three different framework measures and antipatharian/gorgonian abundances.

Distribution of Coral Habitats

Coral habitats were observed in all 24 canyons of the Bay of Biscay that were surveyed during this study and on 39 out of 46 dives analyzed here (Tables 2, 5). On the upper slope between Odet and Blavet Canyons, no coral habitats were observed.


Table 5. A description of the canyons including the linear of observed area, the percentage of coral habitat taken from the observed area linear (both biased and non-biased for scleractinians), the environmental settings of the canyons and the mean substrate cover (in percentages; standard deviation σ between brackets).
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In most canyons, at least four different coral habitats were observed (55.6% of the canyons), up to a maximum of seven habitats in Lampaul and Odet Canyons (Figure 6, Tables 3, 5). Coral rubble was the most common (21 canyons) and mixed corals SS was the least common habitat observed (3 canyons). Reefs and colonial scleractinians on hard and soft substrate were always associated with coral rubble at the scale of individual canyons, except in Blackmud Canyon, where a small proportion of colonial scleractinians HS—scleractinians on a vertical wall—were observed (less than 0.1% of the total coral linear in this canyon), but no coral rubble. Coral rubble, on the other hand, was also observed in canyons where no live scleractinian habitats were encountered.
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FIGURE 6. The distribution of the coral habitats in the submarine canyons of the Bay of Biscay. The stacked barplots show the proportion of each coral habitat (primary y-axis) in the canyons (x-axis) of the Bay of Biscay taken from the total linear of coral habitats within that canyon that is indicated by the black lines (secondary y-axis). The canyons are arranged from the most northern canyon (Sorlingues; on the left of the x-axis) to the most southern canyon (Arcachon; on the right of the x-axis) that are investigated in this study. Col. scler, Colonial scleractinians; Sol. scler, Solitary scleractinians; Antip./gorg., Antipatharians/gorgonians.



Overall, habitats formed by colonial scleractinians were absent in the southern part of the Bay of Biscay (Figure 6). One exception was the coral rubble habitat in Ars Canyon (linear = 173.7 m; 81.6% of the coral linear in that canyon). The Aquitaine margin was dominated by coral habitats on soft substrate (total linear = 2.1 km, corresponding to 90% of the coral habitat linear on this margin) (Figure 6).

A PCA was used to investigate (dis)similarities in habitat composition between canyons (Figure 7; Table 5). The first axis (explaining 31% of the variance) discriminates canyons dominated by hard substrate and/or biogenic habitats (including colonial scleractinians SS) from canyons dominated by soft sediment habitats. The three surveyed canyons incising the Aquitaine margin belonged to this second group. The second axis (explaining 19% of the variance) discriminates canyons dominated by habitats formed by L. pertusa/M. oculata from canyons dominated by other coral species on hard substrate. The PCA thus showed that the associations of coral habitats tend to characterize three groups of canyons: (i) canyons dominated by soft substrate habitats formed by other corals than reef-forming scleractinians, (ii) canyons dominated by reef, rubble and colonial scleractinians on soft substrate, and (iii) canyons dominated by hard substrate habitats.
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FIGURE 7. Biplot ordination of canyons (in black) and coral habitats (in red) in the first two axis of a covariance PCA computed on the Hellinger-transformed linear of coral habitats per canyon. The Solitary scleractinians HS habitat was removed prior to analysis. Antip./gorg., Antipatharians/gorgonians; Col. scler., Colonial scleractinians; Sol. scler., Solitary scleractinians.



Oceanographic and Geomorphological Settings

The coral habitats were observed mostly between 600 and 1,200 m water depth (Figure 8A; Table 3). Coral rubble was the shallowest (228 m; Odet-Guilvinec) and antipatharians/gorgonians HS the deepest (2,348 m; Athos) coral habitat. Seapens SS had the widest depth range of over 2,000 m (234–2,305 m water depth), while the narrowest depth range was 332 m (solitary scleractinians SS: from 752 to 1,085 m water depth).
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FIGURE 8. Boxplots of (A) depth, (B) temperature, (C) water density (sigma-theta) for the 11 coral habitats observed in the Bay of Biscay.



Temperatures ranged from 7 to 12°C, with a mean temperature of 10.8°C (Figure 8B) and sigma-theta ranged from 27.11 to 27.64 kg/m3 (Figure 8C). Patterns of variations in temperature and water density between habitats were similar to the depth patterns.

BCAs investigated the relationship between coral habitats and habitat type and the oceanographic characteristics as well as the derivatives of the bathymetry to assess if these environmental setting vary among habitats (Table 5). Environmental multivariates were significantly different between habitats and habitat type (p = 0.001). The coral habitats, however, explained only 9.1% of the variance in environmental settings. Habitat type (hard substrate, soft substrate and biogenic substrate that included colonial scleractinians SS in this analysis) explained even less (5.3%).

The influence of geomorphology was assessed at a macro-scale by comparing the habitat distribution with the expert-supervised classification of geomorphological features. Coral habitats were observed on 12 of 15 classes on the 100 m resolution, while on the higher (15/25 m) resolution these habitats were observed on 18 of 20 geomorphological classes (Supplementary Data S2). At both resolutions, the majority of images of coral habitats were located on canyon or interfluve flanks, compared to other geomorphological classes.

The occurrences of coral habitats on the broadest scale of morphology—canyon, interfluves and upper-slope—differed from a random distribution on both resolutions (high res.: χ2 = 1,076, df = 18, p < 0.001, Figure 9A; low res.: χ2 = 289.2, df = 18, p < 0.001). At both resolutions, and for most coral habitats, occurrences were more frequent in the canyons than on the interfluves and the upper slope. The only consistent exception was coral rubble that was more frequent on the interfluves/upper slope than in the canyons. The seapens SS habitat was also more frequent on the interfluves according to the low bathymetric resolution but this pattern was not consistent at the high resolution (data not shown). The location on the northwestern or southeastern flanks of canyons and interfluves also had a significant influence on the occurrences of coral habitats (high res.: χ2 = 511.89, df = 10, p < 0.001, Figure 9B; low res.: χ2 = 598.71, df = 9, p < 0.001). At both resolutions, the occurrences of most coral habitats were more frequent on the northwestern flank than on the southeastern flank. The seapens SS and mixed corals HS habitats were coherent exceptions, with more occurrences on the southeastern flank. Finally, the influence of slope on the coral habitats was also investigated. At both high and low resolution, slope had a significant influence on the distribution of coral habitats (high res.: χ2 = 595.84, df = 27, p < 0.001, Figure 9C; low res.: χ2 = 1,140.9, df = 27, p < 0.001). The slope, however, mainly influenced hard substrate and biogenic habitats while its influence was low on soft substrate habitats. Furthermore, the distribution of coral rubble was highly skewed toward smoother slopes compared to all other habitats. These two patterns were consistent at both resolutions. The colonial scleractinians HS and seapens SS habitats were also more frequently observed on smoother slopes (<10°), but on only one of the bathymetrical resolutions, respectively the low or high resolution (data not shown).
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FIGURE 9. Standard residuals of chi-square tests of the frequency of images of each habitat on (A) the different canyon morphologies, (B) the southeastern and northwestern flank of the canyon/interfluves, and (C) the four slope intervals of the canyon/interfluves flank. If the residuals are less than −2, the observed frequency is less than the expected frequency according to a random distribution. If the residual is greater than 2, the observed frequency is greater than the expected frequency. The lower (< −2) or higher (>2) the residual value is, the stronger is the contribution of this category to the observed distribution. Col. scler. HS, Colonial scleractinians HS; Antip./Gorg. HS, Antipatharians/gorgonians HS; Col. scler. SS, Colonial scleractinians SS; Sol. Scler. SS, Solitary scleractinians SS.



DISCUSSION

This study greatly increases the knowledge of coral habitats in the Bay of Biscay including a large number of canyons and a high diversity of coral habitats representing a total linear of nearly 50 km. Thus far, there have been few studies within the Bay of Biscay. They mainly focused on scleractinian species (Joubin, 1922; Zibrowius, 1980; Reveillaud et al., 2008) and facies (Le Danois, 1948; De Mol et al., 2011; Sanchez et al., 2014) or coral habitats and assemblages, in Whittard, Dangeard or Explorer Canyons (Howell et al., 2011; Huvenne et al., 2011; Morris et al., 2013; Davies et al., 2014; Robert et al., 2015).

Le Danois (1948) described both scleractinian and sand/mud facies on the continental margin of the Bay of Biscay as one of the first studies in this basin. He observed (i) aggregations of the seapens K. stelliferum, Umbellula spp., and Pennatula spp. emerging from muddy bottoms between 500 and 1,000 m depth, particularly in the north and south of the basin, (ii) scleractinian facies formed by the reef-forming species L. pertusa, M. oculata, and S. variabilis on the Celtic and Armorican margins, and (iii) several gorgonians, antipatharians and solitary scleractinians that were associated with this scleractinian facies including some species that are also observed in the present study, e.g., N. versluysi and Antipathes dichotoma. The present study included canyons that were not visited by Le Danois (1948) and habitats were seen in situ on the image footage. However, it was not possible to precisely compare distribution patterns with the present study because of low positioning accuracy (before GPS) in Le Danois (1948)'s study.

Influence of Substrate Type

Distribution of Coral Habitats at Regional and Canyon Scales

The distribution of CWC habitats is heterogeneous in the canyons of the Bay of Biscay. The majority of canyons in this study hosts four or more and up to seven, coral habitats in the same canyon. The heterogeneity in the distribution of coral habitats seems to be largely driven by the substratum type, both at the scale of the Bay of Biscay and at the scale of canyons; the most important patterns being (i) the absence of live scleractinian habitats in canyons on the southern Armorican margin and the Aquitaine margin and (ii) the dominance of habitats on soft substrate in canyons incising the Aquitaine margin.

At the canyon scale, canyons can be divided into three groups based on their dominant substrate type, depending on their coral habitat composition. The canyon grouping matches with the mean percentage of substrate cover within each group (soft, hard, and/or scleractinians).

In general, the canyons in the southern part of the Bay of Biscay are smoother and more sedimentary without geomorphological features known for their hard substrate when compared with canyons in the northern or central parts of the Bay of Biscay which present falls and cliffs (Bourillet et al., 2010). The canyons on the Aquitaine margin also seem to have a different sedimentation regime, because of their shorter distance to the shore (Mulder et al., 2012; Schmidt et al., 2014), similar to Nazaré Canyon (de Stigter et al., 2007). The southern canyons, e.g., Cap-Ferret and Capbreton Canyons exhibit higher sedimentation rates and more recent sediment input than canyons on the Armorican margin (Mulder et al., 2012; Schmidt et al., 2014). This sediment was not being remobilized due to the low internal wave energy and lower current speeds in the canyons of the Aquitaine margin (Koutsikopoulos and Le Cann, 1996; Mulder et al., 2012), preventing erosion and, therefore, the exposure of hard substrate. This erosion is observed in Blackmud, Audierne and Guilvinec Canyons on the northern and central Armorican margin (Mulder et al., 2012; Khripounoff et al., 2014). Such a regime of higher sedimentation toward the southern Bay of Biscay likely explains both the quasi absence of scleractinian habitats and the dominance of soft substrate habitats on the southern Armorican margin and the Aquitaine margin.

Variations in sedimentation regime at canyon scale may also account for some of the variability in habitat composition and explain the statistically significant differences observed in the distribution of scleractinian and seapen habitats between the flanks of canyons. The Blackmud Canyon provides a good example. Due to its location on the Armorican margin, elevated currents and lack of recent sedimentation (Mulder et al., 2012), this canyon was a good candidate for scleractinian habitats. However, only the southeastern flank could have been explored, which turned out to be dominated by seapens on soft substrate.

This asymmetry in canyons—one eroded flank and one sedimentary flank—has been previously observed in the Bay of Biscay (Van Rooij et al., 2010; De Mol et al., 2011; Huvenne et al., 2011; Sanchez et al., 2014), in the Mediterranean (Orejas et al., 2009; Fabri et al., 2014) and off Canada (Mortensen and Buhl-Mortensen, 2005). The observed asymmetry is due to a dominated current, e.g., a westerly current in Cassidaigne Canyon, or dense shelf water cascading in Cap de Creus and Lacaze-Duthiers Canyons (Orejas et al., 2009; Fabri et al., 2014). In the Bay of Biscay, the slope current flows polewards along the slope (Pingree and Le Cann, 1989, 1992; Koutsikopoulos and Le Cann, 1996) in a dominant southeastern—northwestern direction, eroding the northwestern flank from canyons and exposing hard substrate on this flank. This important current in the Bay of Biscay has therefore been suggested to favor the development of species needing hard substratum on the northwestern flank compared to the more sedimentary southeastern flank (Van Rooij et al., 2010). In the present study, however, the occurrence of mixed corals on hard substrate on the sedimentary southeastern flank contradicts previous observations and hypothesis. This habitat occurred more often on steep areas with slopes of more than 20°, suggesting that this apparent exception may be due to the steep topography itself or the accelerated currents it forms preventing deposition of sediment. This local prevention of sediment deposition may potentially lead to the occasional exposure of hard substrate on the southeastern flank of canyons.

To summarize, the distribution patterns of coral habitats—a dominance of soft substrate habitats in canyons of the Aquitaine margin and an absence of live scleractinian habitats in the southern Bay of Biscay—can be related to the substrate heterogeneity, influenced by differences in morphology and hydrology, at the scale of the Bay of Biscay. Coral habitat distribution also varies at a canyon scale, due to an asymmetry of hydrological regimes within canyons, leading to eroded northwestern flanks that enhance the colonization by scleractinians and more sedimentary southeastern flanks favoring soft sediment habitats.

Variability of Coral Assemblages among Substrate Type

Coral habitats in the Bay of Biscay are dominated by the three reef-forming scleractinians as well as the antipatharian Leiopathes spp., the gorgonian N. versluysi and the seapen K. cf. stelliferum. Coral assemblages, however, are much more diverse than these few dominant species. A total of 62 coral morphotypes were identified in this study. The composition of coral assemblages and the correlations between coral densities or cover all indicated a clear dichotomy between soft sediment dominated habitats and hard substrate/biogenic habitats.

Corals are usually specialized in either hard or soft substrate. Seapens are adapted to live in soft sediment by a peduncle which anchors the colony in the sediment (Williams, 1995). Most antipatharians, colonial scleractinians and most gorgonians need hard substrate to settle (Roberts et al., 2009; Wagner et al., 2012). Members of the gorgonian family Isididae, e.g., A. arbuscula, can also occur in soft sediment due to a root-like holdfast (e.g., Mortensen and Buhl-Mortensen, 2005; Wienberg et al., 2009).

The biogenic and hard substrate habitats share coral morphotypes and clustered together in the PCA excluding the three reef-forming scleractinians. The coral assemblage of colonial scleractinians on soft substrate habitat also clustered with these habitats, despite the dominance of soft sediment in this habitat. Coral species preferring hard substrate could settle on the scleractinian framework emerging from the soft sediment. These corals, therefore, can be present in a habitat with a non-optimal substrate cover, as was observed in Nora Canyon in the Mediterranean Sea (Taviani et al., in press). With the addition of the reef-forming scleractinians in the analysis, the biogenic reef assemblages differed from those on hard substratum; in reef, L. pertusa/M. oculata colonies are present, while S. variabilis is absent. Additionally, the reef composition is characterized by different gorgonian morphotypes than that of hard substrate habitats and it also includes antipatharians and solitary corals, that are almost absent in hard substrate habitats.

While the biogenic and hard substrate habitats shared some species, the coral assemblages of the soft substrate habitats (excluding colonial scleractinians) differ more from each other as shown by the PCA (Figure 4A), and thus, show a higher species turnover. The alpha-diversity of these habitats is also generally lower than that of the coral assemblages of biogenic and hard substrate habitats. The mixed corals on soft substrate habitat is characterized by the gorgonian A. arbuscula, also characterizing gorgonians on soft substrate, but it also includes the seapen K. cf. stelliferum, characterizing the seapens habitat. The few segments of this mixed coral habitat are surrounded by either gorgonian or seapen habitat, what could suggest that the mixed coral habitat may function as a “transition” zone between the gorgonian or seapen habitats. Even though these three habitats share K. cf. stelliferum and A. arbuscula, the PCA does separate the seapen habitat from the other two soft sediment habitats, due to other seapen species, e.g., D. gracile, which were exclusively seen in the seapens habitat.

Influence of Internal Tides and Geomorphology on Coral Habitats

Hydrodynamics, such as downwelling and tidal currents, that may be influenced by the local seafloor topography, are important for the food transport and supply to CWCs, as shown in the Mingulay Reef Complex (Davies et al., 2009) and Rockall Bank (Soetaert et al., 2016). The Bay of Biscay is characterized by peculiar hydrodynamics mainly due to the numerous canyons and the steep continental slope. Tidal currents strengthened along the canyon seafloor and internal waves on the upper part of the slope favor exchanges between deep and superficial water masses and are reported in several canyons in this basin (Pingree and Mardell, 1985; de Madron et al., 1999; Mulder et al., 2012; Pichon et al., 2013; Khripounoff et al., 2014). Measurements from Guilvinec canyon, for example, show internal waves with vertical speeds enhancing the renewal of water with considerable daily variations in temperature, salinity and oxygen (Khripounoff et al., 2014). Thus, it increases the amount of suspended material, a potential food for CWCs, that could move to water depths up to 2,800 m (Pichon et al., 2013), corresponding to the observed maximum water depth of antipatharians/gorgonians on hard substrate habitat in this study. Coral habitats can also be related to benthic nepheloid layers, as observed in Cap-Ferret Canyon (de Madron et al., 1999) including a layer at the same depth (1,850 m) as gorgonians on soft substrate habitat.

The presence of coral habitats in this study indicates that corals are able to form habitats (with a minimum size of 25 m2 according to the CoralFISH definition) on hard or soft bottoms within the canyons of the Bay of Biscay, but the environmental factors available at the resolution in this study did not discriminate habitats. Several habitat suitability models have predicted that the canyons are indeed (highly) suitable for octocorals (Yesson et al., 2012), antipatharians (Yesson et al., in press) and colonial scleractinians (Davies and Guinotte, 2011), but temperature, salinity, water density, slope, rugosity and bathymetric position index (BPI) came out as important factors in these models controlling the distribution (Davies and Guinotte, 2011; Howell et al., 2011; Yesson et al., 2012, in press; Robert et al., 2015). Most “habitat” suitability models were, however, devoted to predict occurrences of the coral (sub)order or species only and the results may not be the same if the suitability of habitats is being predicted (Howell et al., 2011), similarly to the model of Robert et al. (2015) predicting abundances, species richness and diversity.

Nevertheless, with an estimated height between 10 and 60 cm emerging from the sediment of which the majority is dead, scleractinian reefs in the Bay of Biscay appear to be lower than those described in other areas along the NE Atlantic margins; scleractinian reefs along the coast of Norway are very high, between 2 and 33 m, and the outermost part is dominated by live L. pertusa colonies (Mortensen et al., 2001; Flogel et al., 2014) and carbonate mounds off Ireland, built up by dead scleractinian framework and sediment, can also reach up to several hundreds of meters high, covered by coral rubble on the flanks and live L. pertusa and/or M. oculata colonies (~0.75–1 m in height) on the summit (Huvenne et al., 2005, 2007; Wheeler et al., 2005, 2007). The area covered by the reefs in the Bay of Biscay also appears smaller. The minimum size of an individual Norwegian reef is ~50 m in diameter, while the largest measures ~500 m (Mortensen et al., 2001). The live scleractinian reef covering the summits of carbonate mounds off Ireland can approach 500 m in size (Huvenne et al., 2005). Approximately three quarters of the reef segments in our study are smaller than 100 m in linear and almost 15% is smaller than 25 m (26% if all coral habitats are considered). Therefore, although CWCs find suitable conditions to form habitats on hard or soft bottom in the canyons of the Bay of Biscay, scleractinian corals do not inhabit their optimal conditions here, as observed in northern continental margins of the NE Atlantic. This may be due to high sedimentation rates (that may be too high for prestige scleractinian reefs) in canyons, a potential difference in hydrology, the steepness of the topography and/or differences in food supply and quality. Nevertheless, the diversity of CWC habitats and species identify the Bay of Biscay as an essential section or transition zone for coral habitats between the north European margin and the Mediterranean, as it is suggested by Reveillaud et al. (2008) and De Mol et al. (2011).

There is a high overlap between the predicted suitable areas of these coral orders/species, including the canyons for all corals (Davies and Guinotte, 2011; Yesson et al., 2012, in press). This pattern is emphasized by the present study as the environmental factors (e.g., temperature), as well as the derivatives of the 100 m resolution bathymetry do not discriminate a specific environment for each coral habitat. In other words, CWC habitats in the Bay of Biscay share similar environmental settings, at the resolution at which these environmental factors are available. The size of coral habitats, of which most segments measured less than 100 m, compared to the resolution of the environmental factors, ranging from 100 m to 0.083° latitude (~10 km) easily explain the difficulty to discriminate particular environmental settings for the different coral habitats. The observed pattern also points out the limits of habitat suitability models which were based on a rather low resolution of oceanographic parameters (0.04°–1° latitude) (Davies et al., 2008; Davies and Guinotte, 2011; Yesson et al., 2012). Limited resolution understandably causes uncertainties in habitat mapping and suitability models (Davies and Guinotte, 2011; Rengstorf et al., 2012) whereby some local features, such as individual coral habitats, could be missed. The bathymetry is often available in high(er) resolutions for a mosaic of better studied areas associated with specific cruises. A comparison of models using different resolutions of bathymetrical data resulted into significant changes in the predictive habitat suitability maps, and a minimum resolution of 250 m was determined as necessary to identify individual coral mounds (Rengstorf et al., 2012). In our study, the slope classes (of the geomorphological classes with a 15/25 m resolution) resulted in differential coral habitat distribution; live coral habitats tend to occur on steeper areas (>10°) and coral rubble on flatter areas (<10°), an influence that appeared to be stronger for hard substrate and biogenic habitats than for soft substrate habitats.

These results suggest the importance of high resolution environmental datasets that allow to study the link between environment and habitat. Habitat maps with high resolution data, thus predicting specific habitat distributions, could feed into marine spatial planning plans.

Advantages and Limitations of a Habitat Classification System

The use of a classification system is useful for habitat mapping and therefore interesting for conservation initiatives such as OSPAR (Oslo-Paris Convention) and ICES (the International Council for the Exploration of the Sea). A classification system permits the use of a standardized habitat description over large areas. The CoralFISH classification system was developed to deliver standardized terminology across the CoralFISH regions, especially for marine management purposes (Davies et al., in press). It encompasses both species and their environment, a scale suggested to be most accurate and ecological relevant for spatial planning and conservation (Costello, 2009). Using a classification system to analyze images is less time-consuming (at least four times) than a detailed analysis to the species level. Besides, the risk of misidentification is lower at a habitat level than at species level. However, a classification system also has limitations. Firstly, the diversity associated with habitats, i.e., here 62 morphotypes, is masked by the use of only the structuring species. Second, a classification system can skew conservation efforts by assigning a higher weight to similar habitats. For example, in the present case, five hard substrate/biogenic habitats and one soft substrate habitat with similar compositions could be considered as one management unit, whereas the four soft substrate habitats with different species compositions should be considered as four different units. Third, several international organizations favor their preservation of certain habitats, including corals and sponges, but have different definitions of a habitat that cannot be all captured in one classification. The CoralFISH classification is close to the classification of FAO Vulnerable Marine Ecosystems (ICES) but is difficult to adapt to the definitions of “reefs” used by the EC Habitats Directive that considers all hard substrate, whether colonized or not (European Commission, 2013). Fourth, the habitats are a priori assumptions or hypotheses about the association of biology and physiography and therefore cannot be analyzed a posteriori to test the reliability of these hypotheses, i.e., the link between biology and geology. And finally, the habitat scale focuses on an aggregation of structuring individuals on a certain surface unit, but exclude the isolated occurrences or aggregations smaller than this unit, thus, it does not reflect the realized distribution of coral species.

Classification systems are, therefore, useful for conservation because they provide information about habitat distribution rapidly compared to analyses at the species level, yet they limit the ability to understand the biology and ecology of species.

Conservation

Threats and Canyons as Refuges for CWC Habitats

The submarine canyons in the Bay of Biscay host a large range of coral habitats, making them an important target for marine management and conservation. Coral habitats are threatened by human activities of which litter and fisheries are the main impacts in the Bay of Biscay.

Litter, including lost fishing gear, is largely present in the canyons of the Bay of Biscay (Galgani et al., 1995; van den Beld et al., in press). Corals, boulders and other features forming relief on the seafloor are important structures that can trap litter (e.g., Galgani et al., 2000) as shown by the presence of more litter items in areas with a seafloor relief formed by geological or biological features than without a relief (Watters et al., 2010; Bergmann and Klages, 2012; Schlining et al., 2013; van den Beld et al., in press).

Bottom trawling is probably one of the largest anthropogenic threats to CWCs (Fosså et al., 2002; Hall-Spencer et al., 2002; Benn et al., 2010) and this fishing activity is increasing on the rims of canyons (Martín et al., 2014b). Trawl gear can damage CWC communities by reducing or changing coral abundances, diversity and community or the removal of structuring species (reviewed by Clark et al., 2016), as shown for coral reefs of the NE Atlantic (Hall-Spencer et al., 2002) and Solenosmilia thickets on Australian seamounts (Althaus et al., 2009). In addition to damages caused by physical contact with trawl gear, trawling can have an indirect impact on CWCs. It causes extensive sediment resuspension in the water column that is transported further down the canyon and it changes the seafloor relief by smoothening canyon flanks through repeatedly scraping off the seafloor resulting in homogeneous slopes and low rugosity (Puig et al., 2012; Martín et al., 2014a). These effects can also have an impact on CWCs and associated community.

Canyons are less accessible for trawling gears than the interfluves and upper slope due to their steep and complex topography and, therefore, may function as a natural refuge for CWCs (Huvenne et al., 2011; Fernandez-Arcaya et al., 2017). The results of this present study support this hypothesis. Most (live) habitats, including coral reef, occurred more frequently in the canyons than on the interfluves or upper slope. A consistent exception was coral rubble that was more frequent on the interfluves and upper slope than in the canyon. Furthermore, live coral habitats are more frequently observed on steeper areas, hardly accessible to trawling, while coral rubble is more often observed on flatter areas. Similarly to the last result, the highest number of corals in Whittard Canyon has been observed on areas with steep slopes (Morris et al., 2013).

Impact by fisheries may have an influence on the fields of rubble on shallow areas, such as the upper slope, and the presence of live corals in canyons. Previous evidence from the 1920s show that fishermen trawling around and on the continental slope of the Bay of Biscay, had caught L. pertusa and M. oculata in their nets (Joubin, 1922).

Natural causes also influence the distribution of coral species and habitats. Live corals, such as scleractinians, may prefer steep topography over flatter areas, which could be related to for example accelerated currents. Furthermore, environmental changes over time, such as sea temperature elevation since the Last Glacial Maximum, can cause the death and breakdown of CWCs. In Guilvinec and Penmarc'h Canyons, age measurements suggested that the dead scleractinian corals, occurring in shallower waters (200–300 m), are older (~7–8 ka) than the live corals deeper (600–700 m) in the canyon (~1–2 ka) (De Mol et al., 2011). The authors suggested that both trawling and natural events could cause these dead corals.

Besides coral rubble, the seapen habitat is also observed in shallow waters (from 234 m water depth), on areas with a slope value less than 20° and is more common on interfluves than in the canyon (100 m res.). Some seapen species can retract completely within the sediment, as has been observed for Protoptilum carpenteri (Packer et al., 2007; Baker et al., 2012) and K. stelliferum, Pennatula phosphorea, and Virgularia mirabilis (De Clippele et al., 2015). This may suggest that some seapen species are resilient to trawling compared to other corals. It may be also possible that seapens (re)colonize an area more rapidly than colonial scleractinians. However, it may also be possible that trawling does not take place as shallow as certain seapens, as it is suggested for Funiculina quadrangularis (not able to withdraw in the sediment) occurring at 240 m water depth in Mediterranean canyons (Fabri et al., 2014).

In summary, our results support the hypothesis that canyons may function as natural refuges for coral habitats. Trawling may cause the observed distribution of live habitats favoring steep slopes, but the influence of natural causes cannot be excluded. Seapens exhibit specific features that may make them more resilient to trawling and may explain their similar distribution to coral rubble, compared to other coral habitats.

Conservation in the French Bay of Biscay

Submarine canyons are “hotspots” for coral habitats and could serve as natural refuges for certain coral habitats. However, conservation measures are rare in the Bay of Biscay. Until the present day, there are two measures on the Aquitaine margin. A fishing restricted area is in place around Capbreton Canyon since 1985, prohibiting certain types of fishing around this canyon (Sanchez et al., 2013). Under the EC Birds Directive, a Special Protection Area (SPA) has been designated at the head of Cap-Ferret Canyon, but does not include management measures of relevance for benthic habitats.

This study fed into a proposal to define sectors for a network of Natura 2000 sites to protect reef habitats under the Habitats Directive (MNHN-SPN and GIS-Posidonie, 2014). The designation of a Natura 2000 network comprising submarine canyons is a step forward in the protection of deep-sea habitats in the French Atlantic.

The Natura 2000 management measures will, however, not apply to soft sediment coral habitats, because this type of habitat does not fall under the Habitats Directives. Although the diversity was low, the (possible) unique species compositions may make them potential candidates for protection. The OSPAR commission does have “Seapen and burrowing megafauna communities” and “Coral gardens” listed as threatened and/or declining habitats (OSPAR, 2008) recognizing its potential vulnerability to anthropogenic impact, but most of the seapen communities remain unprotected by any form of legislation. Seapens can have an important value for humans, supported by the presence of burrows made by e.g., the commercially important crustacean Nephrops norvegicus (langoustine) (OSPAR, 2010) and associations of fish larvae, e.g., Sebastes spp., with seapens (Baillon et al., 2012).

CONCLUSIONS

This study included 24 canyons and the results reported here, thus, largely increases the understanding of the distribution of CWC habitats in submarine canyons of the Bay of Biscay. A general regional pattern can be suggested, with a dominance of soft substrate coral habitats and an absence of live scleractinian habitats in the south. Results support the importance of the substrate type on the habitat distribution at different spatial scales, with coral assemblages mostly differentiated in hard/biogenic vs. soft substrate coral communities. The latter one harbors a lower coral diversity and distinct coral compositions between habitats. The overlap of environmental conditions associated with distinct coral habitats can be due to the resolution of the habitats and environmental factors. However, it may also be possible that some discriminating differences exist that would be caused by features that could not be included in this study, e.g., current speed and exposition to current. The geomorphological classes may also provide a good indication of the kind of environment favoring coral habitat development, if data are available with a high enough resolution. Provided this link would be better understood, such classes would help inform management plans, with a less detailed and time-consuming image collection and analysis required than a species level analysis. This study may also open doors for potential management for soft substrate coral habitats, each of which appeared to be structured by a different morphotype.
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Total 3208 672 199 205 718 249 75 ) 877 16 6287

The minimum and maximum water depths (m) for each momho-type are given. If the species was observed only once (or several individuals on the same place), one depth vakse is given.
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*The canyon where these dives were performed, north of the Epiron Ostrea, does not have a name. “La Chapelie” is used 1o refer to this canyon, using the same term as the sandbank on the continental shelf near this canyon.
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