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Abstract: Cold-water coral (CWC) habitats are considered important centers of biodiversity in the
deep sea, acting as spawning grounds and feeding area for many fish and invertebrates. Given their
occurrence in remote parts of the planet, research on CWC habitats has largely been derived from
remotely-sensed marine spatial data. However, with ever-developing marine data acquisition and
processing methods and non-ubiquitous nature of infrastructure, many studies are completed in
isolation resulting in large inconsistencies. Here, we present a concise review of marine remotely-
sensed spatial raster data acquisition and processing methods in CWC habitats to highlight trends
and knowledge gaps. Sixty-three studies that acquire and process marine spatial raster data since the
year 2000 were reviewed, noting regional geographic location, data types (‘acquired data’) and how
the data were analyzed (‘processing methods’). Results show that global efforts are not uniform with
most studies concentrating in the NE Atlantic. Although side scan sonar was a popular mapping
method between 2002 and 2012, since then, research has focused on the use of multibeam echosounder
and photogrammetric methods. Despite advances in terrestrial mapping with machine learning, it is
clear that manual processing methods are largely favored in marine mapping. On a broader scale,
with large-scale mapping programs (INFOMAR, Mareano, Seabed2030), results from this review can
help identify where more urgent research efforts can be concentrated for CWC habitats and other
vulnerable marine ecosystems.

Keywords: cold water corals; mapping; multibeam bathymetry; side-scan sonar; habitats; machine
learning; geographic information systems

1. Introduction

It is estimated that less than 5% of the seafloor is mapped at a resolution comparable
to similar studies on land [1]. However, over the last few decades, advances in new
technology have enabled better exploration of the deep sea, revealing new ecosystems and
environments; from micro-organisms’ communities at superheated hydrothermal vents
to complex, interconnected pelagic habitats. Nevertheless, such limited knowledge of
the deep sea limits our capacity to predict the future response of marine organisms’ to
increasing human pressure and changing environmental conditions [2]. Cold-water coral
(CWC) reef habitats are a remarkable example of such ecosystems found in shallow waters
to more than 2 km [3]. Although corals are popularly associated with warm, tropical waters,
and exotic fish, it is in the cold and dark waters of the deep ocean, that azooxanthalate CWC
species develop reefs which rival their tropical counterparts in terms of species richness
and diversity [4,5].

CWCs are long-lived and slow-growing cnidarians, encompassing stony corals (e.g.,
Scleractinia, with Desmophyllum pertusum, recently synonymized from Lophelia pertusa [6],
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Madrepora oculata and Oculina spp.), soft corals (Octocorallia, including “precious” corals,
gorgonian sea fans, and bamboo corals), black corals (Antipatharia), and hydrocorals (Sty-
lasteridae) (see Cairns, (2007) and Roberts et al., (2009) for a review). They grow, in general,
where the interaction between topographic heterogeneity and water mass dynamics (bot-
tom currents, internal waves) create moderate to strong hydrodynamics, coupled with
the occurrence of hard substrates, a high flux of particulate organic matter (POM) and
reduced terrigenous inputs [7–11]. Many CWCs develop calcium carbonate skeletons that
trap current-suspended sediments to generate structural habitats like coral gardens, reefs,
and mounds [12–14].

Several recent studies have highlighted the environmental importance of CWC habi-
tats as biodiversity hotspots because they develop complex local and regional food chains,
serving as important spawning, nursery, and feeding areas for a multitude of fishes and
invertebrates [15–18]. In particular, they support speciose, high-biomass ecosystems at
water depths where life is otherwise relatively scarce [5,19]. Since these communities
live in deep, dark parts of the ocean, they possess no light-dependent symbiotic algae
(azooxanthellate) and are therefore predominantly dependent on the supply of POM.

Nevertheless, quantitative research and process-oriented analysis that relates CWC
structure, geographic distribution, and physical settings (e.g., currents, depth, temperature,
geology, and ecology) are scarce due to their complex structure and limited accessibility [17].
Thus, we are still only beginning to understand the specific environmental tolerances of
CWCs. It is evident that there are large knowledge gaps which need to be filled by
further mapping and integrated, multidisciplinary, and multi-scale research including
integrated modeling of distribution, geology, biology, ecology, and the assessment of
human impact [20]. Given their occurrence in deep, inaccessible parts of the planet, the
most common way of understanding these habitats is through marine remote sensing
and subsequent analyses. As such, many studies are completed in isolation and are not
comparable due to methods employed or the scale of the research area.

Although there are studies pointing to the regional role of CWC reefs in organic matter
cycling and significance in local pelagic benthic couplings [17], the lack of systematic
knowledge of the global extent of the oceanic substrate covered by CWC makes it difficult
to understand their importance as control agents for biogeochemical cycles and, as a
consequence, for global climate change. Nevertheless, CWC are constantly listed as high
priority environments for conservation in several international marine environmental
protection initiatives as deep sea habitat types of special interest [15,21].

Mapping the distribution of CWCs is therefore, essential for understanding conser-
vation, habitat and organismal tolerances, as well as for marine spatial planning and
economic impacts. Here, we present a methodological review of remotely-sensed spatial
investigations of CWC habitats and subsequent methods of analysis to show overarching
trends in this field. Based on this, we present a perspective on the future needs for mapping
CWC habitats which are also relevant to other marine environments.

2. Future Mapping Perspectives

Cold-water coral communities are exposed to several types of anthropogenic threats,
which include industrial fisheries, hydrocarbon exploration, and mineral resources explo-
ration, as well as global ocean change including warming and acidification [22] and the
study of these ecosystems is a challenging task not only because of their inherent complex-
ity but also because of their crucial importance in global ecology and biogeochemistry. In
this context, a large number of surveying exploration missions shall be launched in the
coming years and new processing and analytical tools will become increasingly important
in dealing with the large number of datasets that will be produced.

In 2017, the UN proclaimed the Decade of Ocean Science for Sustainable Development
(2021–2030) whose objective is to increase knowledge of the oceans as a basis for the
implementation of management and conservation programs. Concurrently, the Nippon
Foundation-GEBCO Seabed 2030 Project issued the challenge to survey the ocean floor
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across the globe by 2030 using multibeam sonar (MBES). In addition, inter-governmental
agreements, including the Galway Statement (2013) for the North Atlantic and the Belém
Statement (2017) for the whole Atlantic, seek to encourage collaborative ocean research
with bathymetric mapping [23].

With respect to progress in CWC mapping, all this effort in the coming years should
produce an exceptionally large amount of data that will need to be modeled and ana-
lyzed [1]. However, it should be noted that there is a large difference in context between
different regions of the planet: in the South Atlantic and much of the Pacific and Indian
Ocean, where much of the current research is based on punctual data [24–27] or no in-
formation whatsoever, the mapping process should have an exploratory approach, in
which CWC habitats should be identified, delineated, and characterized. On the other
hand, in areas where there are more detailed studies such as the North Atlantic and the
Mediterranean, new survey and processing techniques must be developed to investigate
more meticulous aspects of the physiology and responses of these ecosystems to local and
global environmental changes. In either case, the production of data archives will require
the development of new methods of information management, which must be supported
by spatial data infrastructures (SDI) and international repositories that can handle the
storage and dissemination of this data that can be used to build more complex mapping
surveys and modeling.

3. Surveying Cold-Water Coral Habitats

Before modern technological advances, the location of CWCs were known from the
experiences of fishermen. For example, offshore Norway, where fishing is commonplace,
fishermen would note the location of CWCs as it was harmful to their fishing gear [28].
In recent times, the utilization of sonar (e.g., side-scan sonars and MBES) and video
data has become common place for mapping CWCs and their habitats which have led
to understanding of their occurrence, development, and aspects of their environmental
tolerances [29–47].

For CWC habitat mapping, acoustic survey methods are the most common method
used for collecting information on the characteristics of coral bioconstructions and the
surrounding seafloor context. There are several types of common acoustic surveying meth-
ods for benthic characterization and each one brings advantages and disadvantages [48].
Technical specifications and details of different acoustic mapping and background survey
methods are not part of the purpose of this review, but additional information can be found
in [49–54] and references therein.

Vessel-mounted MBES bathymetric data have been used to measure the gross mor-
phology, distribution, and orientation of large carbonate mounds, for example, in the
Belgica Mound Province, NE Atlantic [55], Campeche Mound Province, Gulf of Mex-
ico [56], Mingulay Reef Complex, NE Atlantic [57,58], and Santa Maria Di Leuca, Mediter-
ranean [38]. Vessel-acquired MBES bathymetric data on the European margin show that
CWC mound habitats can form “inherited” or “acquired” morphologies where corals
either grow upon a suitable substrate and inherit its gross morphology or where they
develop mound-shaped features as a result of their interaction with the net hydrodynamic
regime respectively [30,59]. Analysis of these data show that coral mound features can be
up to 400 km long and up to 100 m in height, occupying areas of up to 68 km2 in some
regions [37,60]. Large coral mound features have been reported to exist as elongate “chains”
in the NE Atlantic [55,61].

One major disadvantage of vessel-mounted MBES is that image resolution is a function
of water depth: the deeper the water, the more the beams spread out and the lower the
resultant map resolution. A corollary to this is that deeper water, also means a larger area
of ensonification or swathe wide, hence allowing for greater mapping coverage for survey
effort. Therefore, despite advances in MBES echosounder technology increasing resolution
and accuracy, vessel-acquired bathymetric data still suit regional seabed mapping exercises
with smaller CWC features (i.e., mini-mounds/cold water coral reefs) not readily resolved.
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For example, despite considerable vessel-mounted bathymetric mapping efforts in the
Belgica Mound Province, NE Atlantic, it was not until mapping acquisition via the deep-
towed TOBI (towed ocean bottom instrument) 30 kHz side-scan sonar that the small-sized
Moira Mound cold water coral reefs were identified [39,62]. Perhaps more importantly,
by deep-towing side-scan sonars (SSS) closer to the seabed, not only could smaller coral
mounds be revealed, but also the sedimentary structures around them [34,63]. Many of
these sedimentary structures represent sediment transport (e.g., sediment waves) or erosive
benthic conditions (e.g., seabed scour) which demonstrate that CWC habitats typically
exist in intensified current regimes [64].

Eventually, autonomous underwater vehicle- (AUV) and remotely operated vehicle-
(ROV) mounted MBES became technically feasible and overcame the resolution limitations
of vessel-based MBES giving control over the survey flight height. Although the intrinsic
pay-off between map resolution and swathe remained, users could determine what is
more important; survey detail or survey coverage. Furthermore, the advantages of MBES
data over SSS data were realized. MBES is spatially consistent and accurate, whereas SSS
data suffer from a number of fundamental weaknesses. Firstly, data are poorly positioned
with only the nadir beams directly below the sonar fish navigable. Distance away from
the nadir is measured in acoustic signal two-way travel time as an estimate for seabed
position with an assumed sound velocity. This means that secondly, water column velocity
changes produce unresolvable image distortions and geopositioning errors that become
more pronounced with increased flight height and distance from the nadir. Thirdly, image
resolution also decreases away from the nadir as the beams spread out, and finally, en-
sonification directions are opposite port and starboard of the nadir cast acoustics shadows
in opposing directions. For these reasons, SSS imagery requires expert interpretations
whereas MBES image is instantly comprehensible by the lay-viewer and georeferenced
digital data easily transformed into 3D models (called digital terrain models or DTMs) or
other derived products. Despite an improved product, the disadvantages of MBES over
SSS are increased costs, swath coverage, logistics, and computational requirements.

The application of AUV-bathymetric surveys (MBES) revealed that CWC mounds
exhibit a diverse morphological variation even across relatively small areas (e.g., NW
Atlantic) [29]. ROV-mounted MBES bathymetric data in the NE Atlantic demonstrates
similar CWC mound morphological diversity, shows the potential for these mound features
to influence their own sedimentary environment [65], their ability to survive environments
with high sediment bedload transport [66], and their occurrence on vertical submarine
cliff-face exposures [33]. Use of ROV- and AUV-mounted MBES have an advantage over
deep-towed side scan sonars as they provide morphological (bathymetric) as well as
textural (backscatter) information.

Video and image data, recorded with AUVs, ROVs, towed video and drop cameras
have been utilized to describe CWC habitats in great detail. This includes the quantification
of the abundance of live coral [57,67,68], benthic habitat characterization [69] and mound-
scale sediment facies distribution [32,70]. However, many of these studies extrapolate
findings from image data across considerably lower resolution bathymetric data. As such,
there is a need for more local scale studies with data sets (e.g., image and bathymetric data)
of a comparable resolution [71].

Manually generated image mosaics have been utilized to demonstrate the interaction
of the current with coral frameworks as evidenced by ripple type and orientation [72].
However, these image mosaics typically cover relatively small areas. More recently, 2D
photogrammetry via image mosaicking has been successfully applied to ROV image data
from CWC habitats e.g., the Piddington Mound, NE Atlantic [73]. The analysis of such
data has shown that these CWC habitats can exhibit spatial patterns that reflect fine-scale
processes. More recently, structure-from-motion (SfM) photogrammetry, which produces
3D point clouds, orthorectified imagery, and associated digital elevation models, is accurate,
precise, and repeatable [74] and has been used to quantify fine scale structural complexity
within cold water coral habitats [75,76].
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Progressively higher resolution mapping and ever-developing underwater positioning
technologies [77,78] allow effective repeat mapping, which can be utilized to monitor the
temporal dynamics in CWC habitats. Repeat SSS mapping at the Darwin Mounds, NE
Atlantic demonstrates the low-recovery rates of trawled CWC habitats over a period of
8 years [20]. Repeat video-mosaic imaging the Piddington Mound in the NE Atlantic
show that even changes in biodiversity and sediment facies can be significant over just 4
years [79,80]. Similar temporal studies using structure from motion photogrammetry have
also been completed on octocorals [81].

With methods of mapping acquisition varying from vessel-mounted MBES to ROV-
image photogrammetry, the methods of analyzing these data also vary considerably. Fur-
ther, with advances in geographical information science and spatial analyses, analyses of
these data have evolved considerably [82]. Typically, earlier processed data were visual-
ized within a geospatial environment, where seabed features were visually inspected and
interpreted manually [64]. When ROV video data was incorporated into these efforts, the
video data were inspected and classified in a standardized methodology [69]. Often, these
video observations were plotted as points (x,y) whose attributes were then extrapolated
across SSS derived backscatter based on pixels of similar spectral properties [83].

While these manual approaches have similar accuracies to automated methods, they
are considerably more time consuming and therefore automated approaches are more
viable for mapping CWC habitats over large areas [41]. A broad-scale classification of
mounds and associated seabed features has been demonstrated in the NE Atlantic (e.g.,
buried mound and channels) [84]. To do this, they outline an angular backscatter normal-
ization workflow and show that coral mound features can clearly be identified in this way.
A multivariate method, ecological niche factor analysis (ENFA), has been widely used for
identifying suitable cold water coral habitats based on presence-only predictor variables.
In the NE Atlantic, ENFA has been applied to bathymetry at multiple scales (ROV- and
vessel-mounted) coupled with ROV-video data, where terrain variables were used as pre-
dictor values and have shown to be effective at both local and regional scales [31,71]. ENFA
has also been applied at global and regional scales using publicly available oceanographic
data to show that the N Atlantic Ocean is the most suitable region for Desmophyllum
pertusum, the main framework-forming CWC [85]. However, Davies et al. [85] also note
that at a global scale, predictions are less reliable given the lack of data outside of the NE
Atlantic region.

A list of studies whose primary methods utilize spatial mapping and processing of
CWC habitats are presented in the Table 1. These studies are utilized herein to highlight
trends in acquisition and processing methods for CWC habitat mapping. As such, the
criteria for studies to be included: (a) are peer-reviewed publications of CWC reef or mound
habitats; (b) published no earlier than the year 2000 to highlight recent developments; (c)
should present the acquisition and processing of spatial, georeferenced raster data that
have been used as a primary dataset in the study and; (d) processing methods should
not include point (vector) observations derived from video or physical samples. Figure 1
summarizes the most frequent words within these publications. The lexical analysis was
based on the algorithm that calculates all occurrence of relevant words in the reference
articles [86].
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Table 1. List of studies whose primary methods utilize spatial mapping and processing of cold-water coral habitats. Mapping acquisition methods include multibeam echosounder
(remotely operated vehicle- and vessel-mounted), side scan sonar, photogrammetry, or repeat mapping. Spatial data processing methods include descriptive, manual, automated (and
semi-automated), and machine learning.

Article Year Journal Video/Image MBES ROV MBES Photogram SSS Place

Huvenne et al., 2002 [63] 2002 Marine Geology 0 0 0 0 1 NE Atlantic

De Mol., et al., 2002 [87] 2002 Marine Geology 0 0 0 0 1 NE Atlantic

Freiwald et al., 2002 [88] 2002 Facies 1 0 0 0 1 NE Atlantic

Masson et al., 2003 [89] 2003 Marine Geology 1 0 0 0 1 NE Atlantic

Beyer et al., 2003 [55] 2003 Marine Geology 0 1 0 0 0 NE Atlantic

O’Reilly et al., 2003 [90] 2003 Marine Geology 0 0 0 0 1 NE Atlantic

Kenyon et al., 2003 [91] 2003 Marine Geology 1 0 0 0 1 NE Atlantic

Akhmetzhanov et al., 2003 [92] 2003 in Mienert and Weaver eds. 0 0 0 0 1 NE Atlantic

Foubert et al., 2005 [93] 2005 in Freiwald and Roberts (eds) 1 0 1 0 0 NE Atlantic

Huvenne et al., 2005 [34] 2005 in Freiwald and Roberts (eds) 1 0 0 0 1 NE Atlantic

Roberts et al., 2005 [58] 2005 Coral Reefs 1 1 0 0 0 NE Atlantic

Wheeler et al., 2005 [62] 2005 in Freiwald and Roberts (eds) 1 1 0 1 1 NE Atlantic

Grasmueck et al., 2006 [29] 2006 Geophysical Research Letters 0 0 1 0 0 NW Atlantic

Mienis et al., 2006 [94] 2006 Marine Geology 0 0 0 0 1 NE Atlantic

Wheeler et al., 2007 [30] 2007 Int Journal of Earth Sciences 1 1 0 0 1 NE Atlantic

Dorschel et al., 2007 [70] 2007 Marine Geology 1 0 0 0 1 NE Atlantic

De Mol et al., 2007 [95] 2007 Int Journal of Earth Sciences 1 1 0 0 1 NE Atlantic

Dolan et al., 2008 [71] 2008 Deep Sea Research 1 1 0 1 0 0 NE Atlantic

Wheeler et al., 2008 [96] 2008 Sedimentology 0 0 0 0 1 NE Atlantic

Dorschel et al., 2009 [64] 2009 Marine Geology 1 0 0 0 1 NE Atlantic

Wienberg et al., 2009 [97] 2009 Deep Sea Research 1 1 0 0 0 0 NE Atlantic

Guilloux et al., 2009 [29] 2009 Deep Sea Research 2 1 1 0 0 1 S Atlantic

Guinan et al., 2009 [98] 2009 Marine Ecology Press Series 1 1 0 0 0 NE Atlantic

Guinan et al., 2009 [31] 2009 Ecological Informatics 1 1 0 0 0 NE Atlantic
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Table 1. Cont.

Article Year Journal Video/Image MBES ROV MBES Photogram SSS Place

Heindel et al., 2010 [32] 2010 Continental Shelf Research 1 1 0 0 0 NE Atlantic

Savini et al., 2010 [38] 2010 Deep Sea Research 2 0 1 0 0 1 Mediteranean

Vertino et al., 2010 [69] 2010 Deep Sea Research 2 1 1 0 1 1 Mediteranean

Davies et al., 2010 [99] 2010 Deep Sea Research 1 1 1 0 0 0 NW Atlantic

Wheeler et al., 2011 [72] 2011 Marine Geology 1 0 0 1 1 NE Atlantic

Foubert et al., 2011 [66] 2011 Marine Geology 1 0 1 0 0 NE Atlantic

Coiras et al., 2011 [100] 2011
IEEE Journal of Selected Topics
in Applied Earth Observations

and Remote Sensing
1 1 0 0 0 Mediteranean

Correa et al., 2012 [101] 2012 Marine Geology 1 0 1 0 1 NW Atlantic

Correa et al., 2012 [102] 2012 Sedimentology 1 1 0 0 1 NW Atlantic

Mazzini et al., 2012 [103] 2012 Geo-Marine Letters 1 1 0 0 1 NE Atlantic

Harris et al., 2012 [104] 2012 Seafloor Geomorphology 1 1 0 0 0 S Pacific

Munoz et al., 2012 [105] 2012 Marine and Petroleum Geology 1 1 0 0 0 S Atlantic

Wienberg ET AL., 2013 [106] 2013 Biogeosciences 1 1 0 0 0 NE Atlantic

Mienis et al., 2014 [107] 2014 Biogeosciences 1 1 0 0 0 NW Atlantic

Hebbeln et al., 2014 [56] 2014 Biogeosciences 1 1 0 0 0 NW Atlantic

Brooke et al., 2014 [108] 2014 Deep Sea Research 2 1 1 0 0 0 NW Atlantic

Savini et al., 2014 [37] 2014 PLOS One 1 1 0 0 1 Mediteranean

Lo Iacono et al., 2014 [109] 2014 Deep Sea Research 2 0 1 0 0 0 Mediteranean

Neves et al., 2014 [110] 2014 Deep Sea Research 2 1 1 0 0 0 NW Atlantic

Somoza et al., 2014 [111] 2014 Marine Geology 0 1 0 0 0 NE Atlantic

Mackay et al., 2014 [112] 2014 New Zealand Journal of Marine
and Freshwater Research 1 1 0 0 0 S Pacific

Stewart et al., 2014 [113] 2014 Deep Sea Research 2 1 1 0 0 0 NE Atlantic

Robert et al., 2016 [114] 2016 Deep Sea Research 1 1 1 0 0 1 NE Atlantic

Huvenne et al., 2016 [20] 2016 Biological Conservation 1 0 0 0 1 NE Atlantic
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Table 1. Cont.

Article Year Journal Video/Image MBES ROV MBES Photogram SSS Place

Vandthorpe et al., 2016 [115] 2016 Marine Geology 0 1 0 0 0 NE Atlantic

De Clippele et al., 2016 [57] 2016 Coral Reefs 1 1 1 0 0 NE Atlantic

Bargain et al., 2017 [45] 2017 Frontiers in Marine Science 1 1 0 0 0 Mediteranean

Lim et al., 2017 [73] 2017 Marine Geology 1 0 1 1 0 NE Atlantic

Robert et al., 2017 [76] 2017 Nature Sci Reports 1 0 1 1 0 NE Atlantic

Ramos et al., 2017 [116] 2017 in Ramos, Ramil and Sanz (eds) 0 1 0 0 0 NE Atlantic

Reolid et al., 2017 [117] 2017 Facies 1 1 0 0 0 Indian Ocean

Lim et al., 2018 [65] 2018 Marine Geology 1 0 1 1 0 NE Atlantic

Lim et al., 2018 [80] 2018 Marine Geology 1 0 1 0 0 NE Atlantic

Collart et al., 2018 [118] 2018 Progress in Oceanography 1 1 0 0 0 NE Atlantic

Diesing et al., 2018 [119] 2018 Marine Geomorphometry 0 1 0 0 0 NE Atlantic

Conti et al., 2019 [120] 2019 Nature Sci Reports 1 0 1 1 0 NE Atlantic

Hebbeln et al., 2019 [121] 2019 Marine Geology 1 1 0 0 0 NE Atlantic

Price et al., 2019 [75] 2019 Coral Reefs 1 0 0 1 0 NE Atlantic

Lim et al., 2020 [122] 2020 Nature Sci Reports 1 1 0 1 0 NE Atlantic
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4. Acquisition Methods

Research on CWC habitats have utilized spatial mapping methods at various reso-
lutions and scales in many parts of the world’s oceans (Table 1). Many of these efforts
have been in the NE Atlantic where CWC habitats have been consistently mapped since
1997 (results first published in Kenyon et al. [123]), although CWC mapping results in
the Gulf of Mexico were first published in 1985 [124] and continue episodically in the
Gulf and NW Atlantic thereafter. Although this research has been continuous although
intermittent at the start, there are regional and temporal difference in (Figure 2). Follow-
ing USA and European initiatives, there has been an increase in similar studies in other
regions also (S Atlantic, Mediterranean, S Pacific, and Indian Ocean). These efforts are not
synchronous, but rather have a stepped onset (NW Atlantic, S Atlantic, and Mediterranean
consecutively). Although it is unclear why initial studies and discoveries in the USA did
not lead to sustained surveying efforts, it may have been that deep-tow SSS acquisition
and processing (MBES did not become mainstream until the late 1990s) was still in its
infancy and technically challenging in the deep sea. In Europe, the hydraulic model pro-
posed by Hovland and Thomsen [125] led to an “explosion” of interest and EU funding
at a time when deep sea seabed mapping technology was able to produce meaningful
results. The longevity and consistency of mapping CWC habitats is probably significantly
influenced by the availability of infrastructure and fund trends of host administrations.
Despite limited early effort, US CWC surveying publications become more numerous
under the second Bush administration (2001–2009) with a notable increase in effort under
the Obama administration (2009–2017) followed by a cessation in the late Obama and
Trump (2017–present) administrations. The increase in the publications in survey results
do not seem to be affected by global economic downturn in 2008 and subsequent years
with a constriction in European NE Atlantic publications over-compensated by a burst
in Mediterranean publications. Later and short-lived interest in S Atlantic, S Pacific, and
India Ocean may be a result of an eventual spread of global interest and a desire to fund
innovative “virgin territory” research with potential for major discoveries.

Figure 2 clearly demonstrates Atlantic-centric cold-water coral spatial mapping re-
search efforts since 2002 with a particular emphasis on the NE Atlantic. This may lead
to bias in understanding of cold-water coral habitats in a global context. However, it
does provide a rich baseline of data for continued and more advanced research in the
region. Trials for new CWC mapping methods can be compared against these baseline
data. Uniquely, given a 17-year record of mapping efforts, many of the study sites within
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the NE Atlantic may offer the opportunity for repeat mapping at various temporal and
spatial scales not accessible anywhere else.
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Mapping acquisition methods in cold water coral habitats range widely from SSS to
photogrammetry, and from hull- and ROV-mounted MBES to repeat mapping in general.
Side-scan sonar data were widely used in early CWC habitat mapping efforts, especially
in the NE Atlantic [62,63]. The ability to deep-tow side scan sonars results in relatively
high-resolution spatial data sets (e.g., 0.35 m; Masson, et al. [89]) when compared to hull-
mounted mapping efforts around the same period of time (e.g., 25 m; Beyer, et al. [55]).
Although research utilizing SSS in CWC habitats have been used within a biological context
(e.g., Huvenne, et al. [20]), it is more extensively used for predominant geoscience stud-
ies [30,64,96,103]. Compared to other mapping methods (e.g., MBES and photogrammetry),
SSS is less expensive and requires less setup and post processing while providing high
spatial resolution dataset. Figure 3 shows that the number of studies utilizing SSS data has
decreased overall from 2002 to 2019, being replaced over the same period by studies utiliz-
ing MBES have increased. Seventy-six percent of the total studies in Table 1 have utilized
MBES. Utilization of hull-mounted MBES data in CWC habitats has increased consistently
since 2003 (e.g., [55]). This coincides with the onset of national MBES bathymetric mapping
programs within the NE Atlantic where data have been made publicly available e.g., the
Irish National Seabed Survey (2000), INFOMAR (2005), and Mareano (2005). Although
not all published studies utilize bathymetric data from government funded programs, the
progressive use of bathymetric data has made the benefits of such data well-known. As
such, freely available data and large government funded programs may play a large but
difficult-to-quantify role in understanding modern seafloor habitats.

Despite an overall increase in the number of studies utilizing hull-mounted MBES,
there has been a slight decline since 2015. During this period, there has also been an
increase in several other mapping methodologies including ROV-mounted MBES [57,65],
photogrammetry [73,75,120], and repeat mapping [20,80]. Many of these mapping methods
are reliant on ROV’s with high resolution positioning which have more recently been
available [126]. ROV-mounted MBES data acquisition has revealed morphologies of small-
sized cold-water coral reefs e.g., the Moira Mounds and mini-mounds at the Mingulay Reef
Complex, that were previously not resolvable with traditional hull-mounted MBESs in
deep waters. Similarly, photogrammetry has been used to map the distribution of smaller
scale CWC habitat features (e.g., Desmophyllum pertusum frameworks and rubble). The
recent use of SfM photogrammetry in marine settings requires ROV-derived video footage
and high-quality tow-video, although it offers a more affordable option when compared to
resolution and cost of ROV-mounted MBES. Photogrammetry, however, can be processing-
heavy and, although achieves a higher resolution, it typically covers a smaller spatial area.
The increase in studies using these higher resolution options has allowed for more local-
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scale studies of CWC habitats in the deep sea, greatly assisted by advances in underwater
positioning [126].
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CWC habitats rely on currents for continued growth and with global-scale increases in
circulation in the upper 2000 m of the ocean [127], amongst other well-documented marine
environmental changes, there has been more interest for marine environmental monitoring
through repeat mapping. Repeat mapping requires the study area to be re-mapped with the
same methodology and level of accuracy. Given the cost, time, and weather-dependency of
marine surveying, this is not common. The only re-mapping efforts for CWC habitats were
in the Darwin Mounds (side scan sonar [20]) and the Moira Mounds (Photogrammetry [80]),
both within the NE Atlantic. Both of these studies utilize higher resolution methods (<1 m
pixel resolution) to detect changes that occur over short timescales. Perhaps, in time, hull-
mounted MBES surveys which are lower resolution (typically 25 m pixel resolution) will
be used to detect large scale changes over longer timescales. As such, given the number
of studies reported within the NE Atlantic, these can be revisited to provide a temporal
context. The two aforementioned studies were from 2016 and 2018 respectively with other
research also discussing the significance of change on a CWC reef (NE Atlantic) albeit using
a statistical approach [79].

The number of mapping methods available since 2002 have increased overall (Table 1,
Figure 3). Although the methods are changing, this suggests that research is becoming
more multi-scaled and diverse within CWC habitats.

5. Processing Methods

Spatial data processing exercises applied to CWC mapping, as well as most other
seabed mapping exercises in general, are largely based on methods developed for terres-
trial mapping, although there are significant differences between satellite-based remote
sensing and acoustic datasets with regards to data availability, temporal and spectral reso-
lution [128]. With regards to backscatter data (function of true angle of insonification across
the seafloor [129,130], arguably the most important proxy for substrates and benthic habitat
characterization, general analyses have fair to modest reproducibility. This condition is
largely explained by the lack of control standards in calibration, acquisition, and first-level
processing steps and also the incomplete understanding of the theory of the relationships
between acoustic propagation and its interaction with the substrate, which makes it difficult
to establish libraries and protocols for automatic classification from different acquisition
systems (as they occur in well-known spectral libraries in terrestrial remote sensing data).
The work of [130] offers a complete discussion about this subject. Thus, spatial data pro-
cessing in CWC habitats based on both side scan sonar and multibeam backscatter data
has been dominated by descriptive processing (Figure 4) where spatial data is plotted and
then described qualitatively based on individual measurements or visual assessment.
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Descriptive processing was used to describe CWC mound size, morphology and distri-
bution [30], sedimentary bedforms [64] and sediment types surrounding CWC mounds [89],
and widely used through observational studies to broad exploratory data [131]. The bene-
fits of descriptive processing are that, rather than needing advanced technical processing
skills, it requires only a knowledge of the subject matter (geosciences, life sciences etc.) to
be able to interpret the object in question which will allow further contextualization of
the study area. In addition, the inherent across beam artefacts in SSS data negate robust
geospatial analysis and lend themselves to expert descriptive interpretations. Descriptive
methods typically lack the ability to precisely quantify the area covered or sizes of objects
in space.

At a higher level of descriptive analysis, objects or features can be manually delineated
within a map or a geographic information system. This can then allow characterization,
quantification, and visualization of the space occupied by features of interest. This type
of processing has been applied to bathymetric and SSS CWC habitat data on the Angolan
margin to visualize the area occupied by CWC mounds and their relationship to pock-
marks [26]. Similarly, manual recognition has been used to outline the spatial distribution
of CWC mounds, tectonic, erosional, and depositional seabed geological features [118]. As
well as its time-consuming nature, manual recognition expert-induced classification bias is
possible, which causes errors with detection of features and their correct classification [132].
However, this can be minimized by applying a standardized workflow to the dataset. For
example, previous research [69] applied a standardized manual recognition method to
ROV video data which allowed the authors to quantify coverage of coral across a relatively
large area. Manual recognition methods typically require a more detailed understanding
of geographic information as well as some technical skill which may explain why it has
been utilized less than descriptive processing (Figure 4).

Manual recognition is time-consuming and can be subjective. Automated and semi-
automated processing methods have been developed to speed up this process as well as
make it more objective and efficient. Some examples of this are pixel and object-based
classification methods. Pixel-based classification methods assign the digital numbers
associated within a raster (or set of rasters) to a pre-defined class based on its value
and are typically applied in benthic habitat mapping context, where the term “habitat”
is defined as both the physical and environmental conditions that support a particular
biological community together with community itself [48] and the term is commonly used
synonymously with “biotope” [133]. In these cases, raster information layers are combined
pixel by pixel in order to generate an output raster that, ideally, should be derived from
well-developed models linking physical factors to biological data. Pixel-based classification
has been applied to bathymetric data of CWC habitats [41]. Of note, Savini et al. [37] applied
a maximum likelihood pixel-based classification of the North Ionian Sea, Mediterranean
which identifies 5820 coral mound-like features and has shown to be useful to marine
spatial planning.



Geosciences 2021, 11, 9 13 of 20

As previously discussed, the primary data source for CWC habitat mapping are
acoustic sources, typically and predominantly now MBES [134,135]. Such systems produce
two basic types of information, the depth of the water column or bathymetry (and their
derivatives surfaces as slope, aspect, curvature etc.) and backscatter. In both instances
(bathymetry and backscatter), individual “pixel” information alone does not bring the pos-
sibility of interpretation of the CWC substrate coverage (as in the case of multi-parametric
analysis in terrestrial areas) in most cases. Thus, the use of regional analyses is necessary
where a set of geographically grouped pixels represent a meaningful unit. This process is
called segmentation and it can be done by two main strategies. Firstly, from a generalized
criteria of grouping information (bathymetry and derivatives) as classes, as is the case
with “benthic terrain modeler” (BTM) [136] which uses a combination of derived terrain
attributes to segment the seafloor into geomorphic classes according to pre-determined
parameters, loaded from a user defined library. Secondly, by the extraction of segments by
growing areas of specific similarities, part of an OBIA (object-based image analysis) method.

Once the segments are established, it is possible to classify them according to the
common characteristics that aggregate information to each of these areas. In the case of
semi-automated segmentation (e.g., BTM), the geomorphological classes are associated
with certain pre-established features such as flats, slopes, ridges (only with specific param-
eters adjusted for the area in question). Such an approach is purely geomorphological and
usually considers only the topographic parameters of the terrain. Thus, in general, identi-
fied (classified) features tend to have a clearer “functionality” or “meaning” and are also
associated with a specific scale and resolution. In the case of CWC, descriptive models such
as BTM are usually used in the geomorphological contextualization of coral habitats [137],
in the identification of mounds or other topographic features directly associated to the
coral formations or environmental (niche) modeling [138].

In the case of segmentation (e.g., the OBIA methodology), there is no pre-defined
parameter for segment generation, so in many cases, the backscatter and visual data
(video/camera imagery) have been used in conjunction with the bathymetry in the genera-
tion of these geo-objects [139]. To provide a meaningful spatial partitioning, the resulting
objects should be identical or at least quite similar in a given class of objects and at a given
scale [140]. Further, since the process does not consider “a priority” of specific character-
istics of the substrate, it is necessary to implement classification techniques to establish
meaningful relationships between the objects and what they represent. This process is usu-
ally carried out from supervised methods where regions of interest (ROIs) are identified as
training areas for an algorithm to recognize patterns of similarity and hence the generation
of benthic area maps. As OBIA analyses are more generic and scale independent, in the
case of CWC, studies have applied segmentation/classification not only at the habitat level
but also in the identification of facies [120] and also on a regional scale [43,47]. It is worth
mentioning that while the segmentation component of OBIA is an automated process, the
classification algorithm can fall under the category of machine learning (support vector
machine, random forest, neural networks, etc.). Similarly, object-based approaches have
been used to show the presence or absence of CWC mounds with high spatial accuracy
across 918 km2 [119].

For supervised classification as well as for robust characterization of CWC habitats,
machine learning (ML) processes have been widely used in the integration of many param-
eters in the search to identify patterns and establish multiparameter models. ML is a set of
processes that allow a system to automatically learn from data, resulting in the classification
or prediction of test data which has also been widely used in the natural sciences [141].
ML has already been applied to spatial data from CWC habitats but considerably less than
manual and automated methods (Figure 4). Ecological niche modeling based on a genetic
algorithm for rule-set prediction (GARP) and MaxEnt have been used to predict suitable
CWC on Ireland’s Continental Margin based on variables like temperature, salinity, BPI
(bathymetric position index), terrain rugosity, slope with over 85% accuracy [31]. ML can
also be applied to very high-resolution data. Similarly, an entire CWC reef (60 m by 40 m)
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and its facies were classified using object-oriented classification with deep neural network,
log regression, and random forest algorithms [120]. The authors report that deep neural
network (DNN) was the most appropriate machine learning classification for these types
of data. DNN was also used to train and test automatic coral framework recognition to
characterize the coral habitat and estimate the coral coverage in a CWC reef [67]. Although
this method slightly underestimated coral coverage in some cases, it was able to detect
small, live coral fragments more accurately. ML methods have also been applied to other
types of non-spatial CWC data. For example, an array of sensors, including HD cameras
mounted on a fixed position (i.e., underwater observatory) were utilized to monitor cold-
water coral reefs [142]. The authors used deep neural network, logistic regression, and
support vector machines to correlate time-series and multi-parameters (e.g., chlorophyll,
turbidity, salinity, currents) of specific polyps and structures to understand the dynamics
of metabolic and behavioral aspects in relation to the characteristics of the surrounding
environment over short (hours and days) and long (years) temporal scales. For ecological
mapping (niche scale), the major application of ML methods is related to the integration
of different types of data to predict or map variability in coral structure and distribution
in relation to environmental or morphosedimentary parameters in structural habitats or
ecoregions like coral gardens, reefs, and mounds.

6. Concluding Remarks

The progress and advancement of CWC habitat mapping has been driven by advances
in technology, underpinned by increasing computation power. It is likely that this trend will
continue and perhaps accelerate as global attention turns to increase seabed mapping effort
through national and global mapping programs to identify, manage, and secure future
resources. Increased data storage and accessibility through cloud computing and open
access internet portals makes the derived data product production increasingly feasible.

Early CWC habitat mapping was dependent on, often crude, deep-tow SSS with poor
navigation. Increasing computation power made MBES acquisition pragmatic, providing
new geographically accurate mapping data. Although accompanied by increased costs
of acquisition and greater data processing demands, it is encouraging that the scientific
community embraced this technology, overcame these challenges in order to produce
better and new data products in a quest to answer the new innovative questions that could
now be posed. Limitations of vessel-based acquisition were overcome by further technical
advances in taking MBES systems sub-sea on ROVs and AUVs.

Likewise, video and camera seabed image has benefited from increased computational
power with the development of photo-mosaicing software and the ability to build larger
byte-intensive photomosaics. SfM image rectification now offers the possibility to map
optically in three-dimensions at extremely high resolution for small areas. With most
archived video data unprocessed, the potential to revisit earlier studies and re-map in
higher resolution is now a reality and of huge potential.

The progression from SSS to MBES to SfM also sees a development from 2D to 3D
datasets. Forward-facing MBES are now exploring cryptic vertical cliffed CWC habitats [33]
and underwater LIDAR may also become more prevalent as this technology is starting to
be employed.

Despite trends driven by technological advances, the geopolitics of funding also play
a role in surveying activity globally. The desire to be innovative and explore “virgin” CWC
areas may see further interest in the S Atlantic, Indian, and Pacific Oceans. Trends suggest
the NE Atlantic and Mediterranean CWC mapping effort will continue to be a promising
playground for new innovative mapping and processing products.

Advances in computer processing have also led to a development from qualitative
descriptive analysis to more quantitative automated analyses. Such trends should only
continue with image-based ML offering new potential for further studies. The move from
2D SSS mapping to 3D MBES, SfM and LIDAR in structurally complex CWC habitats
opens the potential to move away from the tradition of data products projected as 2D
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maps. Working in 3D with 3D object-based analysis with on-line data visualization tools
to assist publications opens the potential for more realistic and meaningful appraisal of
these structural complex habitats. In this way, we see continued develops in CWC habitat
mapping driven by emerging technologies to deliver innovative and more reliable data
products to better unpin the management and our understanding of this important habitats
in a changing ocean.
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