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Abstract: Black corals (order Antipatharia) are important components of mesophotic and deep-water
marine communities, but due to their inaccessibility, there is limited knowledge about the basic
aspects of their distribution and ecology. The aim of this study was to test methodologies to map
and study colonies of a branched antipatharian species, Antipathella wollastoni, in the Canary Islands
(Spain). Acoustic tools, side-scan sonar (SSS), and a multibeam echosounder (MBES), coupled with
ground-truthing video surveys, were used to determine the habitat characteristics of Antipathella
wollastoni. Below 40 m depth, colonies of increasing height (up to 1.3 m) and abundance (up to 10
colonies/m2) were observed, particularly on steep and current-facing slopes on rocky substrates.
However, coral presence was not directly imaged on backscatter mosaics and bathymetric data. To
improve this situation, promising initial attempts of detecting Antipathella wollastoni by utilizing the
MBES water column scatter in an interval for 0.75 m to 1 m above the seafloor are reported.

Keywords: acoustic technologies; seafloor mapping; spatial analysis; bathymetry; mesophotic
habitats; Antipathella wollastoni; Atlantic

1. Introduction

In the current Anthropocene era, human activities have put the natural world
under unprecedented danger. The need to protect marine biodiversity is acknowledged by
many international frameworks, such as the Convention on Biological Diversity and the Habitat
and the Marine Strategy Framework Directives [1–3]. Information about the distribution and
extent of marine habitats is critical for identifying and understanding species life-history traits,
relationships between different ecosystems, and their resilience to anthropogenic impacts. Moreover,
decision-making processes regarding management of living and non-living marine resources,
e.g., fisheries and deep-sea mining, and marine spatial planning strategies require baseline data on the
distribution of marine habitats [4–8]. Therefore, habitat mapping constitutes a vital first step for the
sustainable management of the marine environment. The seabed has remained vastly undescribed
because of financial, logistical, and technical challenges associated with studying ocean depths.
Remote sensing technologies using sound propagation and detection are commonly used to map
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different seafloor and benthic habitats [9–11]. Exploring the possibilities and limitations of currently
available tools is essential for their optimization for seabed mapping. Two commonly used techniques,
side-scan sonar (SSS) and the multibeam echosounder (MBES), have already been deployed to
detect and study shallow-water marine habitats, such as coral reefs [12], seagrass meadows [13],
and rhodolith beds [14], but also deeper habitats, such as deep-water coral mounds [15–17]. Both
tools emit sound beams narrow in the along-track direction that cover wide swathes of the seafloor
perpendicular to the survey line and then record the sound scattered back [18]. For SSS techniques,
two sideways-looking transducers send out two across-track broad sound beams, so the acoustic
scatter properties of the seafloor (i.e., the backscatter intensity) are recorded at fixed time intervals.
This way, SSS produces sideways profiles of the seabed, which can be used to visually differentiate
between habitats based on their physical structure and terrain texture. Moreover, SSS can be towed
behind a boat, so recording devices (the “fish”) are positioned close to the seafloor and can provide
images of high resolution, even for deep seabeds [19]. However, the towing means that the geographic
coordinates of the data acquired are less accurate due to current dragging of the towfish and a flat
bottom assumption inherent in non-interferometric side-scan sonars [20,21]. Meanwhile, the MBES
separates the across-track sound beams into 256–1024 separate beams and measures, apart from
the backscatter intensity, the return and transmit angles for each beam, which enable the MBES to
produce depth profiles. The MBES can be used to create detailed bathymetric maps, three-dimensional
images of the seabed, and secondary data about terrain morphology, such as the slope, aspect (i.e., the
azimuth direction that the slope faces), or rugosity (i.e., terrain variability). The seabed topography
and structure can reveal dominant biological assemblages. In brief, terrain characteristics’ information,
commonly included in ecological habitat suitability models, can be used as a proxy for the presence
of biogenic habitats [9]. Both tools may be suited to detecting different seabed objects or may be
complementary in their detection [22,23].

One of many marine habitats that remains understudied is the animal forests created by
black corals [24]. Black corals belong to the order Antipatharia (phylum Cnidaria, class Anthozoa,
subclass Hexacorallia), a group of ca. 250 species [25], which shows wide geographical and
bathymetrical distribution, from polar to tropical latitudes [26] and from 2 m to 8.600 m depth,
respectively [26,27]. In favorable environments, black corals may form dense, three-dimensional
structures over large areas [24], which are categorized as “coral gardens” [28] (Figure 1). The black
coral gardens are different from conventional coral reefs, as they have proteinaceous skeletons (no
calcification process) and their colony morphologies vary from branched, bush-like, and feather-like
to spiraled types [24]. By bringing diversification to the seafloor, creating habitats for associated
faunal communities and changing local physical conditions, black corals act as “ecosystem engineers”
[4,29,30]. Despite limited observations, black coral gardens can provide various ecosystem functions,
particularly for faunal communities [31,32]: from the provision of habitat and shelter [33,34], food
and feeding grounds [32,35–37], to nesting and nursery sites for commercial fish species [38] and
deep-water invertebrates [39,40]. As other antipatharians, black corals show slow growth rates and
extreme longevity [41–43], which make them vulnerable to anthropogenic threats, such as bottom
fishing [30,44], illegal harvest for jewelery [45], mineral/gas/oil exploration, and construction of
underwater pipelines [30,46]. To acknowledge their importance and threat status, they are classified as
Vulnerable Marine Ecosystems (VMEs) by the United Nations General Assembly Resolutions 61/105
and 64/72 [47] and listed in the Appendix A of the Convention on International Trade in Endangered
Species of Wild Fauna and Flora [48].

Black coral communities of Antipathella wollastoni [49] (Figure 1) have been reported to form
extensive gardens in the Canarian archipelago, Spain [50], and nearby archipelagos in Macaronesia.
Data about the distribution of A. wollastoni in the Canary Islands is scarce and mostly limited down
to 50 m depth [51]. On the other hand, the Canary Islands, as other EU Outermost Regions, have
experienced increasing trends of coastal development and tourism activities in the last few decades,
with concomitant environmental pressures, which are likely to continue in the upcoming years.
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Moreover, the islands are under a high risk of heavy exploitation of marine resources (e.g., fishing,
aquaculture, marine biotechnology, and ocean energy [52,53]). From the scarce information recorded,
black coral gardens are localized close to the zones under human influences and major fishing
areas [50,54]. Thus, it is critical to increase our understanding of these sensitive and understudied
marine habitats to help policy-makers adapt their marine management and conservation programs.
An efficient method of determining the spatial extension (and changes thereof) of black corals is
essential to provide the basic information required for their conservation.

Figure 1. Antipathella wollastoni garden off the Lanzarote coast (Canary Islands, Spain). Photo credit:
Aquacine© (www.aquacine.net).

Therefore, the goal of this study was to test the feasibility of both SSS and the MBES to map and
study A. wollastoni gardens. We expected that black coral branches, which approximately coincide
with the acoustic wavelength for high-resolution SSS and the MBES, and colonies, which form dense
aggregations, are likely to increase the acoustic scatter reported by these instruments. Therefore,
although black corals do not form robust calcified mounds, they create a change in the physical
structure of the seafloor that may be detected. Thus, we hypothesized that A. wollastoni gardens have
a unique acoustic signature on backscatter data that reveals their presence and distribution in sonar
surveys. Moreover, because substrate characteristics are important in determining species distribution,
we hypothesized that seafloor morphology and structure information derived from sonar surveys can
be used to describe and predict black coral habitats on a local scale. This study aims to increase the
limited knowledge about the biological features of black coral gardens (A. wollastoni) off the Canary
Islands, promoting much desired scientific research of these keystone mesophotic antipatharians
occurring at depths of 25–100 m also in other subtropical eastern Atlantic archipelagos (e.g., Cape
Verde, Madeira, and the Azores).

2. Materials And Methods

2.1. Study Site

The field work took place off the southeastern coast of Lanzarote Island (the Canary Islands,
eastern Atlantic Ocean), outside Puerto del Carmen (N 28◦55’5"N, W 13◦40’24"; Figure 2). The site
was selected on the basis of previous records of A. wollastoni in the shallower limits of its distribution
(ca. 50 m depth [50]). Local topography is characterized by narrow rocky shelves and steep slopes,
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typical for oceanic volcanic islands [55,56]. Local hydrography is complex, with NE trade winds
affecting shallow subtidal habitats by generating wind waves and near-bottom turbulence [57].
The high nutrient load transported by currents may affect the upper limit of black coral distribution,
by either providing food or smothering the corals physically [24].

Figure 2. Study area off Lanzarote Island (Canary Islands, eastern Atlantic Ocean) (red arrow).
Polygons represent acoustic surveys’ coverage: yellow—side-scan sonar (SSS); grey—multibeam
echosounder (MBES); black points denote ground-truthing underwater camera transects. Yellow
squares denote ground-truthing SCUBA diving survey sites.

2.2. Hydroacoustic Data Acquisition

Hydroacoustic data were collected simultaneously with the side-scan sonar (SSS) and multibeam
echosounder (MBES) techniques, using an 11 m fiberglass boat on 7–9 April 2019. Acoustic surveys
were performed following the bathymetric profile (data available from Dirección General de Costas,
Ministerio de Medio Ambiente, 2000), parallel to the coast, and covered ca. 55 ha and depths ranging ca.
from 20 m to 150 m (Figure 2). The SSS, digital CM2 Towfish (C-Max, United Kingdom), was attached
to a steel cable (Figure 3a) and towed behind the boat at a constant height from the sea bottom of
ca. 20 m, with the vessel speed not exceeding 3.5 knots. The SSS was emitting signals with a central
frequency of 325 kHz and an along-track horizontal beamwidth of 0.3◦, covering a range of 100 m on
both the port and starboard sides of the boat. The resolution of the mosaics is lowest in the along-track
direction. Here, the resolution is given by the lower of ∆x = R × sin θh, where R is the range and θh
the horizontal beamwidth [19], and the distance traveled by the boat between two successive pings,
which is approximately 0.25 m. The SonarWiz 6 V6.05.0008 software (Chesapeake Technology Inc.,
Los Altos, CA, USA) acquired the backscatter data. A differential GPS, A325 GNSS Smart Antenna
(Hemisphere, USA), was used for navigation and the SSS towfish positioning in the SonarWiz 6
software. The horizontal distance of the towfish behind the boat was obtained from the towing davit
with the count cable pulley (CMAX Ltd., Dorset, England), which calculated the amount of steel
tow cable deployed. The SSS data were processed in SonarWiz 6 with empirical gain normalization,
automatic gain control, beam angle correction, bottom tracking, layback correction, and the nadir filter.
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Figure 3. Acoustic tools, including: (a) SSS towfish attached to a steel cable and ready to survey, while
being towed behind the boat; (b) the MBES (in the water) attached to a custom-made mount and ready
to survey, while being attached to the port side of the boat.

The MBES, Norbit iWBMS Bathy (NORBIT, Norway), was attached to the port side of the boat at
a depth of ca. 0.5 m with a custom-made metal mount (Figure 3b) and oriented vertically downwards.
The MBES emitted signals with a central frequency of 400 kHz and an opening angle across the
boat track of 100◦–140◦ (depending on the water depth). The measurements were performed with
a sweep time of 500 µs, while the ping rate was controlled by the water depth. The Norbit iwbms
software recorded the backscatter and depth values. An inertial navigation system, Applanix POS MV
SurfMaster (Applanix, Richmond Hill, Ontario, Canada), provided position and motion compensation
information. The sound velocity in the water was corrected using a sound velocity probe integrated
into the MBES head. The MBES surveys recorded bathymetry in a depth range of 8.5 m to 173 m.
However, the range with quality sufficient for visual interpretation was limited to ca. 120 m depth.
The data processing required to create bathymetric and backscatter grids (i.e., pitch and roll calibration,
automatic and manual removal of outliers, angular correction of intensity values and response curves
to a reference angle of 40◦) was done using the open-source tool MB-System Version 5.5 (Caress and
Chayes, 1995). Bathymetric data were processed to a resolution of 1 m. To obtain backscatter values,
a low-pass filtered backscatter map of 2 m resolution was produced using MB-System to remove
speckle noise. Darker areas in the produced map corresponded to weaker acoustic scatter intensities,
while lighter areas to stronger acoustic scatter intensities in this study.

Information about the water column was extracted from snippet information recorded by the
MBES. The Norbit system stores a 1 m long series of backscatter intensity both above and below the
detected seafloor. Unfortunately, due to an unnoticed problem (a GPS antennae of the integrated
Norbit system was shifted during camera retrieval and delivered the wrong information), data of
sufficient quality exist only for a few ground-truthing video lines. A custom script was utilized to copy
snippet information into the water column field of an s7k file (Version 3), with 2 fold downsampling
of the data to reduce the size of the resulting files. This water column information could be read and
subsequently exported as ASCII utilizing QPS Midwater (Quality Positioning Services, Groningen,
Netherlands). Only the central beam with vertical incidence (not considering the natural slope) to
the seafloor was exported. Within this beam, two 25 cm long intervals were defined. The backscatter
intensity in an interval centered on the seafloor is denoted as BSbd, while the backscatter intensity in
an interval 75 cm to 100 cm above the seafloor is denoted as BSwc. To obtain BSbd and BSwc, the root
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mean square value of all backscatter samples within each interval was calculated and converted to a
logarithmic scale:

20 × log10(
√

1
N ∑N

n=1 BS2
n) =

{
BSbd for beam interval -12.5 cm to 12.5 cm

BSwc for beam interval 75 cm to 100 cm

where N is the number of samples with backscatter strength BS in the two considered intervals of
each beam. Within each beam, 0 cm denotes the seafloor as determined by the bottom detection
algorithm of the multibeam echo sounder, and positive values denote backscatter samples located
above the seafloor. The reported backscatter values were uncalibrated, and their minimum values
were arbitrarily set. Due to the high scatter, profiles are displayed with a rolling moving average over
50 subsequent pings.

2.3. Acoustic Data Analysis

Apart from the depth, the physical seafloor characteristics important for antipatharian occurrence
are the slope and rugosity [58,59]. Thus, the bathymetric grid was input to Fledermaus 7.8.7 (Quality
Positioning Services, Groningen, Netherlands) to calculate the slope and rugosity. The slope is the
inclination of the terrain described by a plane at a tangent to a point on the surface and takes bigger
values with increasing inclination angle [60]. It was calculated from the bathymetric grids using QPS
Fledermaus 7.8.7. The slope inclination ranged between 0◦ and 83.5◦, but for the ease of interpretation,
the map color range was adjusted to show the slope range 0◦ to 64◦. The rugosity is the seafloor
topographic complexity, and it is defined as the ratio of the surface area to the planar area, taking
bigger values with more rugose (i.e., complex) terrains, and was also calculated using QPS Fledermaus
7.8.7 based on a 3 × 3 window of bathymetry values. Increased rugosity in parallel sites to the transect
lines was disregarded as ship motion artifacts.

Next to the expert interpretation of the SSS-derived mosaics, the MBES data, together with the
ground-truthing substrate information (sand/rocks; Figure 4), were analyzed statistically to check if
they could explain the occurrence of black corals. Depth, slope, and rugosity values were extracted
from mbsystem and Fledermaus software, respectively. Additional MBES-derived terrain variables,
such as aspect and general curvature, often used as characteristics for benthic habitat mapping [58,61],
were calculated from the bathymetry data using QGIS processing tools using a 9 parameter 2nd order
polynomic method [62]. The aspect calculates the azimuth direction that the steepest slope at each
grid node faces, so that 0◦ indicates north and 90◦ indicates east. To avoid the circular data problem,
the aspect was transformed into radians and then split into aspect “eastness” and aspect “northness”.
Aspect eastness takes values close to 1 if the aspect is eastward, –1 when the aspect is westward,
and close to 0 when the aspect is either north or south. Aspect northness acts likewise, except that
values close to 1 indicate northward-facing slopes. Curvature describes the curvature of the surface,
where convex areas or peaks are indicated by positive values, while concave areas or valleys show
negative values.

All the above-mentioned variables were fit into univariate Generalized Lineal Models (GLMs),
using a binomial family error distribution and a logit link function, to assess the significance of
these drivers on the presence of black corals. The assumptions of the linearity and normality of
errors were checked by a visual inspection of residuals and Q-Q plots. To minimize collinearity
between predictors, the data were limited to the 45–70 m depth range. All GLMs were performed in
RStudio Version 1.1.463 [63]. Before modeling, each pair of predictors was visualized and tested for
correlations (Spearman) through the “corrplot” R library [64]. This was necessary to limit the inclusion
of over-correlated predictor variables in the subsequent modelization of the presence of black corals.

2.4. Ground-Truth Sampling And Analysis

Underwater digital video imagery, using an Intova ConneX waterproof video camera,
with transmitting resolution at 848 × 480p@30fps VGA (Intova, Hawai USA), was used to collect
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ground-truth data about the substrates and habitats of the sea bottom. The camera was dropped
from the starboard side of the boat alongside a 100 m long cable down to the seafloor and oriented at
approximately 45◦ toward the seabed. The videos were watched in real time and recorded. The camera
was deployed at 27 sites, at depths between 25 m and 100 m, and towed for short periods of time with a
drifting boat, for a total of ca. 77 min, to ensure recording of various habitat types. The video transects
were geo-localized based on timestamps and GPS data extracted from the MBES for later comparison
with the acoustic description of benthic substrates and habitats. In the laboratory, the videos were
visualized through the VLC v2.1+ software, which allows for light adjustments; frames were then
extracted from the videos every 3 s using custom Python code. For easier visual interpretation,
the screenshots were enhanced with +20% brightness and +20% contrast. For each frame, seabed
substrate types and black coral presence were categorized according to Figure 4. All frames were
analyzed by the same person to minimize inter-observer variability. In total, there were 1.324 point
records classified, including 778 sandy and 546 rocky points, on which black corals were absent in
655 and present in 669 points. The categorized ground-truth data were georeferenced using a custom
Python code.

Figure 4. Habitat classification scheme for side-scan sonar (SSS) backscatter mosaics and video images.
SSS mosaics classified the seafloor according to substrate type (Level 1: sand or rocks), while the video
images categorized sites according to the substrate and black corals’ absence or presence (Level 2).

Population densities and colony sizes were surveyed in detail by technical SCUBA diving, using
rebreather technology (mini-quantum, Submatix, Germany), at two depths, 45 m and 60 m, and in two
zones (Figure 2). The depths were chosen to represent shallow (but deeper than local shallow limits of
A. wollastoni’s distribution, to minimize potential edge effects between habitats without and with black
corals) and deep black coral habitats. The sites were established following [50] and divers’ knowledge
of local topography. To describe the population density, divers counted A. wollastoni colonies within 5
× 5 m quadrats. The quadrat surveys were done at both depths in two different zones, each with five
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replicates (n = 20 quadrats). To describe colony sizes, divers measured the maximum height of five
randomly chosen colonies in each quadrat (n = 100 colonies).

3. Results

3.1. Seafloor Characteristics

3.1.1. Bathymetry and Derivative Parameters

The local morphology allowed differentiating four different areas in the study site (Figure 5a).
The main morphological feature was a shallow shelf down to a 36 m depth and its steep 5–15 m high
drop (Zone A, Figure 5b). Here, the seafloor dropped from depths of ca. 30 m to 43 m over less than
5 m of horizontal distance in the shelf edges. The western zone (Zone B) was characterized by a smooth
increase in water depth, with the exception of the NNE-SSW-directed ridge at water depths of 58 m
to 118 m. In the central zone (C), below the slope A, the seafloor appeared rugged, with a number of
individual mounds of circular to elliptical shapes present at the seafloor. The circumference of these
features was between 6 m and 60 m. Towards the eastern zone (D), a number of almost N-S-directed
channels were recorded. In some places, the depth differences between the ridges and the troughs
reached 15 m. The ridge surfaces appeared smooth, while individual morphological elements were
recognized in the channels.

Figure 5. Seafloor features derived from acoustic data: (a) seabed substrate map created from SSS
backscatter mosaics; (b) bathymetry map derived from the MBES data; (c) slope map derived from the
MBES data; and (d) rugosity map derived from the MBES data.

The steepest slopes were observed in Zone A (Figure 5c), especially visible in the central part
of the study area and above Part D. In these places, there were cliffs with downslope total surface
distances reaching 20 m. These cliffs constitute the steepest features in the study area (i.e., slopes
above 60◦). Slopes within Zone C ranged mostly between 40◦ and 55◦. The mounds in this zone
oscillated in slope between 40◦ and 50◦, but few bigger seafloor features, such as the east-facing side
of the most western trough in zone C, reached inclinations higher than 60º. Part B, apart from the
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NNE-SSW-directed ridge with slopes reaching above 50◦, had very smooth and uniform slopes of
mostly 20◦ to 30◦. Slope values for Zone D varied, with gradually sloping platforms expanding over
200 m along the coast, as well as numerous steeper areas. Most of the steep slopes are related to the
aforementioned ridge and trough system in Zone D. The steepest slopes in this zone, with inclinations
above 60◦, were located at the troughs ends, between 67 m and 76 m.

Generally, the rugosity index (Figure 5d) appears related to the slope, as steeper areas were
commonly rougher. The shallow shelf of Zone A was smooth, which coincided with sandy bottoms in
the area, whereas the shelf edges showed the highest values of rugosity. Zone B was characterized
mostly by low rugosity. Zone C could be divided into two areas of different rugosity: Directly below
the cliff of Zone A, the seafloor was mostly smooth, with the largest continuous areas of smooth
sea bottom extending there down to 72 m depth. Below, the seafloor exhibited intermediate to high
rugosity. The rugosity of Zone D followed the slope pattern, with a rougher seafloor at the sites with
steeper slopes. The ridges and the floors of the trenches between them had a low rugosity. The big
platforms with gentle slopes generally also showed a smooth surface.

3.1.2. Backscatter

Both the MBES (Figure 6) and SSS (Figure 4) backscatter did not provide direct visual clues about
black coral occurrence when comparing locations in the backscatter mosaics with ground-truthing data.
According to the SSS backscatter signatures (Figure 4), two main seafloor types were differentiated for
the purpose of this study. Areas of low backscatter intensity, interpreted as sand, covered 80.5% of the
surveyed seabed and corresponded to 44.2 ha. High backscatter intensity, accompanied by acoustic
shadows, was interpreted as rocks and covered 19.5% of the area, corresponding to 10.7 ha.

Backscatter	
intensity	

High	Low	

Figure 6. Backscatter mosaic derived from the MBES data. Higher backscatter intensities are displayed
in brighter colors.

The backscatter mosaic map (Figure 6), as well as the backscatter intensity values used for further
statistical analysis (Figure 7g) were created from the MBES data. On a large scale, the backscatter of the
western zone (B) was generally low; the middle zone was high (C); and the eastern zone (D) showed
varied intensities. In general, the brightest areas (strongest backscatter signal) occurred in zones with
the highest rugosity. Zone A was the closest to the shore and revealed a shallow shelf covered by
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sandy substrates, which ended with cliffs, characterized in the SSS mosaics by exposed rocks and
high rugosity in the bathymetric data. Zone B constituted the western section of the studied site and
was the second most sandy area after Zone A, with the exception of rocks on the most eastern side of
the surveyed area, from a 10 to a 40 m depth, and a few patches in the deeper waters, including one
large NNE-SSW-oriented group of boulders. Zone C was the rockiest area, with substrates generally
becoming sandier below an 80 m depth. Zone D was the most heterogeneous part, with many sandy
areas and patches of rocks.

3.2. Underwater Video And Diving

Underwater video and diving demonstrated differences in coral density and height with depth.
Generally, the corals increased their heights with depth, also becoming denser. The results for the five
transects in each area are reported in Table 1.

Table 1. Black coral population densities and colony heights at surveyed areas split by depth strata
(mean ± SE). In each area, five independent transects were surveyed.

Depth Zone Number of Average Density Average Height of Average Height
Colonies per 5 m2 per m2 Colonies per Zone (cm) (cm)

shallow 1 32/38/11/13/23 0.94 ± 0.21 92.4/74.8/102.0/96.0/91.2 91.28 ± 4.53
shallow 3 12/12/25/9/10 0.54 ± 0.12 82.4/85.4/106.2/96.4/115.4 97.16 ± 6.21

deep 2 35/48/38/47/46 1.71 ± 0.11 100.4/117.4/126.6/102.8/92.6 107.96 ± 6.15
deep 4 33/50/21/22/47 1.38 ± 0.24 126.2/127.2/87.4/100.8/131.0 114.52 ± 8.64

3.3. Statistical Analysis

Univariate GLMs showed that depth, slope, substrate, rugosity, and aspect eastness were, in order
of decreasing importance, the strongest predictors of black coral presence, while backscatter, general
curvature, and aspect northness were not significant (Figure 7 and Table A1). As Figure 7 shows,
black corals were recorded in the ground-truthing videos between 40 m and over 103 m, with a major
preference at larger depths (z = −12.57, P < 2e−16; Figure 7a). The presence of corals was detected
across a wide range of slopes, from almost flat (2.5◦) to very steep (51.7◦) zones. However, there were
more black coral occurrences on steeper slopes, with a median value of 28.1◦ (z = 11.35, P < 2e−16;
Figure 7b). The rugosity index of areas both with and without black corals varied between 1.01 (not
rugose, smooth terrain) and as high as 2.39 (very rough, complex terrain); antipatharian habitats were
generally more rugose (z = 8.130, P < 4.30e−16; Figure 7c). Moreover, there were significantly more
black corals on westward-facing slopes (z = −7.43, P = 1.07e−13; Figure 7d). Most ground-truthing
locations were on southward-facing slopes, despite there being no significant effects (z = 1.12, P =
0.262; Figure 7e). The general curvature index agreed with the visual interpretations of the studied
area terrain features, indicating a heterogeneous morphology with some peaks (positive values) and
valleys (negative values) (z = 1.21, P = 0.228; Figure 7f). However, as most ground-truthing was done
in the plain areas, both black coral presence and absence records were mostly in the plain terrain areas.
In agreement with the visual interpretation of the MBES backscatter mosaic, the backscatter intensity
was not correlated with black corals presence, and the backscatter strength at ground-truth sites with
and without antipatharians oscillated between values of 39 and 178 (z = 1.31, P = 0.190; Figure 7g).
Finally, black corals were found significantly more (z = −9.51, P < 2e−16; Figure 7h) on substrates
classified as rocks (346 records) than substrates classified as sand (298 records).

The best-fitted model with uncorrelated predictor variables (Figure A1) showed that depth, slope,
aspect eastness, and substrate type affected black coral occurrence (Table 2). The presence of black
corals increased with depth (estimated: –0.08, P = 3.12e−8, Table 2), slope (estimated: 0.08, P = 2.26e−10,
Table 2), and aspect eastness (estimated: –0.80, P = 3.25e−6, Table 2). Meanwhile, a lower presence
of black corals was observed on sandy relative to rocky substrates (estimated = −0.53, P = 5.66e−6,
Table 2). Similar results were observed when we restricted the analysis to the deeper data subset (45 to
70 m), although black corals’ presence was mostly predicted by the slope and aspect (Table A1).
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Figure 7. Effects of the MBES-derived seafloor terrain characteristics: (a) depth, (b) slope,
(c) rugosity, (d) aspect eastness, (e) aspect northness, and (f) general curvature; (g) backscatter
intensity; and ground-truthing-derived (h) substrate type on black coral occurrences derived from
ground-truthing. Boxplots indicate the first and third quartiles; the thick line in the boxplot indicates
the median; whiskers show the minimum and maximum values; and circles indicate outliers.

Table 2. Results of the GLM, using a binomial family distribution of errors and a logit link function,
to assess the effect of habitat predictors on the presence of black corals. The P-value is < 0.001 for
all cases.

Estimate SE z-Value

Intercept –6.48 0.92 –7.06
Slope 0.08 0.01 6.34

Aspect Eastness –0.80 0.17 –4.65
Depth –0.08 0.01 –5.53

Substrate: Sand –0.53 0.19 –2.77
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3.4. Water Column Data

As direct imaging of the corals was not possible and the correlation of backscatter intensities with
coral occurrence was poor, we attempted to recognize the presence of black corals by scatter intensities
in the water column data. Based on the average coral height (Table 1), the acoustic energy 75 cm to 100
cm above the bottom was considered and compared with the backscatter energy in 25 cm intervals
centered on the bottom detection point.

A line recorded parallel with video ground-truthing (Figure 8) shows the transition from absent
to sparse corals to coral with increasing densities towards deeper water depth. While corals are
absent, the difference in scatter BSbd and BSwc is about 15 to 20 dB. Towards increasing abundance and
deeper waters, a decreasing difference in scatter intensities of the water column and bottom detection
samples is noted, which is clearly observed in the accompanying scatter plots of two snippets from
the beginning and the end of the profile. The presence of rocks and boulders at the beginning of the
profile does not reduce the distance between BSbd and BSwc. The correlation between BSbd and BSwc is
0.44 for this line, while BSwc and depth correlate with –0.74.
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Figure 8. (a) The water column scatter BSwc plotted above an MBES-derived backscatter mosaic
(higher backscatter intensities are displayed in brighter colors). The profile crosses an area of rocky
outcrops (1), crossing into a sandy patch with few corals (2), into a field with dense black coral
occurrence (3). (b) The according cross-section shows the decreasing difference between BSbd (gray)
and BSwc (black) with increasing coral density. The two insets show example snippets from the
beginning and the end of the profile.
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Two additional lines were recorded downslope from water depths of less than 20 m to a depth of
100 m (Figure 9). The beginning of the first line (Figure 9b) shows a clear differentiation between BSbd
and BSwc, with differences exceeding 15 to 20 dB, in the shallow waters of seafloor Zone A, which are
of predominately a sandy seafloor above the minimum depth of black corals’ occurrence. Around Ping
200, a first increase of BSwc is related to the transition of seafloor Zones A to C and a corresponding
steep slope at around a 30 m depth. A strong increase BSwc occurs around Ping 450, situated at a depth
of approximately 50 m slightly below the shallow diving sites. Towards deeper waters, the difference
between BSbd and BSwc diminishes quickly. The correlation between BSbd and BSwc is 0.16, while the
correlation between BSwc and depth is –0.64. For the second downslope line (Figure 9c) located further
towards the east, the corresponding increase in values only occurs at greater depths of around 60
m. For this line, it can be observed that BSwc is not affected by the seafloor of changing backscatter
composition or changes in depth from around 25 m to 50 m. Correspondingly, the correlation between
BSbd and BSwc is –0.05, while the correlation between depth and BSwc remains at –0.73.
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Figure 9. (a) The water column scatter BSwc plotted above an MBES-derived backscatter mosaic
(higher backscatter intensities are displayed in brighter colors). The profiles shown run downslope
from 20 m, with no to few corals observed in the vicinity (1), to a 120 m water depth into a dense coral
field (2). (b,c) The according cross-section shows the decreasing difference between BSbd (gray) and
BSwc (black) with increasing coral density. Increasing BSwc are also observed between Pings 180 and
300.
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4. Discussion

4.1. Detection of Black Corals in Acoustic Data

This study tested the effectiveness of acoustic methodologies to map and characterize the habitat
of A. wollastoni. Both the MBES and SSS differentiated seabed sediment types (Figures 4 and 5),
but did not directly reveal the presence of black corals. The arborescent structure of A. wollastoni
includes a canopy of thin and complex (i.e., cm scale) branches that form a large surface (Figure 1).
The individual branches are comparable to or slightly larger than the utilized acoustic wavelength
of 0.003 to 0.005 m and located in the transitional zone between the Rayleigh and geometric scatter
regime [65]. Therefore, a noticeable acoustic response of the branches would be expected [66], denoting
the detection of black corals. Prior to the survey, it was expected that A. wollastoni would be directly
recognizable on side-scan sonar backscatter mosaics. The absence of a visual signature of the black
corals may be explained by the interference of rocky substrates that mask the black coral acoustic
pattern [67]. The high elevation of the towfish above the seafloor (to avoid contact with the seafloor
in this challenging environment) may have contributed to the loss of the signatures of individual
corals. Still, this does not convincingly explain why coral patches situated on sandy seabeds were not
reliably differentiated from the surrounding seafloor by the towed side-scan sonar towfish (Figure 4).
A possibility is that the side-scan sonar frequency of 325 kHz interacts unfavorably with the black
coral branches, especially given their proteinaceous skeletons [24], limiting their detectability. Further
studies using dual-frequency SSS located closer to the sea bottom to decrease acoustic footprints and
increase mosaic resolution are recommended.

In contrast to side-scan sonar data, the MBES-derived data were not expected to identify individual
coral patches due to the extended footprint size in 40 m water depths and greater. However, the system
provided ample morphological and derived information about the habitats where black corals occur
(Figure 5). Slope and rugosity data were correlated, which is expected because steeper areas tend to
be rougher, due to a lack of sediment accumulation and, consequently, the exposure of the volcanic
substratum [68]. The statistical analysis revealed the relationship between antipatharian presence and
the data (i.e. habitat features) produced by the MBES. Our statistical model showed increased presence
of black corals at greater depths and in areas with rocky substrate, steep slopes, and high rugosity.
Based on bathymetric data, the best option to detect black corals could be the observed relationship
between black coral occurrence and their impact on seafloor topography, here expressed by rugosity
(Figure 7). In this study, rugosity was calculated using a 3 × 3 kernel operating on the bathymetric
grid. The resolution of the rugosity analysis could be much improved by operating directly on the
pre-grid point cloud data of the multibeam echo sounder [69], a method that was recently suggested
by [70] for the detection of seagrass.

An additional advantage of modern multibeam echo sounder data is the collection of
backscatter information around the bottom detection point (snippets), which can be used for seafloor
classification [71,72]. As displayed in Figures 8 and 9, based on the available ground-truthing, the water
column backscatter BSwc is sensitive to the occurrence of black corals, with the coral skeletons
increasing scatter in the water column. Comparable approaches were recently utilized to detect
giant kelp forests in MBES-derived water column data [73]. The water column scatter at 0.75 m to
1.0 m above the seafloor is in principle not affected by the geological seafloor composition (rock/sand),
as clearly demonstrated by the low correlation between the water column signal and the backscatter
around the bottom detection point.

However, misclassification occurs in areas of steep slope, when the footprint of the system
encompasses a significant morphology. For vertical incidence in a long-pulse regime [66], footprint
sizes of the NORBITiwbmse system used (0.9◦ × 1.9◦ resolution) changed from 0.16 m2 (20 m water
depth) to 0.65 m2 (40 m water depth) to 2.6 m2 (80 m water depth). In the long-pulse regime, the entire
footprint is insonifed simultaneously, and steep local morphologies can appear as increasing water
column scatter in the snippet time series. Especially in rough and steep environments, these effects
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can be expected to become more significant with depth. It is furthermore difficult to disentangle the
correlation of BSwc with depth and coral occurrence, as the black corals also are increasingly abundant
and larger with depth (Figure 7, Table 1). However, the partial decrease of water column scatter with
depth (Figure 9, Profile B) and the different increases of water column scatter with depth for the two
downslope profiles (Figure 9, Profiles B and C)—in line with nearby ground-truthing stations—are
promising indications that BSwc is at least partially impacted by black coral skeletons and can be used
to map their presence.

An additional limitation of this study is the recorded snippet range of 1 m above and below
the bottom detection point. Since black coral colonies are frequently larger, especially in deep
waters, the onset of corals is missed and more advanced snippet characterization [71] not meaningful.
The problem becomes worse for oblique beams, which are also increasingly affected by natural changes
of morphology within their footprint. Therefore, it is suggested for future surveys to record water
column scatter up to 2 m above the bottom detection point for all incidence angles.

4.2. Implications for Black Coral Habitats Offshore Lanzarote

Despite being unable to produce A. wollastoni distribution maps, the acoustic tools provided
information about seabed morphology and structure, which allowed constraining the A. wollastoni
habitat offshore Lanzarote. A number of studies have used the digital terrain data obtained from the
MBES bathymetry to improve local scale (i.e., 10 to 100 km2) models of species distributions [61,74–76].
The ground-truthing data of this study were limited to maximum depths of ca. 100 m. Therefore, it
is not possible to state what is the optimum range and maximum depth for A. wollastoni. However,
the data showed that the upper depth limit for this species off the Lanzarote coast is ca. 40 m, which is
supported by previous studies in the Canary Islands [50,51]. The antipatharians showed a preference
for rocks as the substrate, which confirms that many black coral species require a hard substrate for
attachment [77,78]. The fact that some black corals were recorded on sandy bottoms may be because the
sites were actually hiding rocks beneath a layer of sand. The penetration of the high frequency acoustic
waves used (> 300 kHz) into sand is less than a few cm; therefore, underlying rocks are not captured
by the acoustic methods. Increased sediment retention is one of the characteristics of gorgonian coral
gardens [79], and it is likely that the antipatharian aggregations studied do the same. Here, using
additional low frequencies for mapping—found to be advantageous for habitat mapping in several
instances [80,81]—could provide additional information about areas covered by a few centimeters of
sand only.

Increased occurrence on rocks, as well as on large slopes and rugged grounds, may hint at A.
wollastoni’s preference for specific terrain features, such as cracks and depressions on steep ledges;
similar patterns have been observed for Hawaiian black corals (Antipathes spp.; [82]). It is also possible
that the species’ preferred features are topographic forms that may experience increased hydrodynamic
energy [83], promoting antipatharian performance, as strong currents provide more food for these
filter-feeding animals [24]. This explanation stays in agreement with observations by [84], where strong
currents are a common feature in A. wollastoni-dominated habitats in the Canary Islands. In this regard,
an interesting finding in this study was the importance of the slope, with the black corals found
more often on the more west-facing slopes. This may be due to stronger local currents operating on
the west-facing slopes. However, current information on such a small scale is not available, and the
underlying causes of this finding need further investigation.

5. Conclusions

Black corals gardens were not directly mapped in backscatter mosaics and bathymetric maps
recorded by the multibeam echo sounder or side-scan sonar. The use of water column scatter measured
by multibeam echo sounder data to detect coral skeletons above the seafloor appears promising
and should be further explored in future studies to obtain full-coverage spatial maps. Additionally,
a correlation between the occurrence of A. wollastoni and seafloor rugosity was found, which could
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be further exploited in the future by utilizing point-based classification techniques on MBES data
combined with high-resolution photogrammetric techniques. Offshore Lanzarote, A. wollastoni gardens
occur with increasing abundance at depths below 40 m, particularly at steep slopes with rocky
substrates and complex topography. Colonies of A. wollastoni occurred more often on westward slopes,
which may be related to local oceanographic conditions.
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Appendix A

Table A1. Results of the GLM, using a binomial family distribution of errors and a logit link function,
to assess the effect of habitat predictors on the presence of black corals.

Factor z-Value P-Value Reduction in Deviance

full dataset: all depths (25 m–100 m)

Depth –12.570 <2e−16 202.40
Slope 11.350 <2e−16 149.60
Rugosity 8.130 4.3e−16 80.50
Aspect eastness –7.432 1.07e−13 58.30
Aspect northness 1.122 0.262 1.30
General curvature 1.207 0.228 1.50
Backscatter 1.310 0.190 1.80
Substrate: sand –8.231 <2e−16 98.00

Data subset: 45 m–70 m depth

Depth –5.005 5.58e−7 26.71
Slope 7.312 2.64e−13 62.27
Rugosity 3.632 2.81e−4 14.44
Aspect eastness –5.898 3.68e−9 37.46
Aspect northness 1.539 0.124 2.38
General curvature 1.747 0.081 3.08
Backscatter –0.365 0.715 0.13
Substrate: sand –2.486 0.013 14.41



Remote Sens. 2020, 12, 3244 17 of 21

Figure A1. Correlation matrix for the MBES-derived variables for a data subset containing the 45 m–70
m ground-truth. The numbers are Pearson correlation coefficients, with color intensity proportional to
the strength of the correlation: blue—negative correlation; red—positive correlation.
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