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by
David Michael Price

Cold-water corals, like their shallow-water counterparts are capable of forming reef habitats that
are important for their local environment. Cold-water corals are under increasing anthropogenic
pressure and thus, the need to map their occurrence and understand their fundamental ecological
role is essential in order to plan effective conservation measures. Cold-water coral reefs promote
biodiversity with the introduction of structural complexity and substrate heterogeneity. Whilst the
role of structural complexity is important and is a key criterion of Vulnerable Marine Ecosystem
designation, we typically lack high-resolution data that can quantify such metrics. Ship-borne
multibeam echosounder (MBES) data is typically low resolution, missing vital geomorphological
features and the detailed video coverage is minimal in comparison. This results in lll-matched
datasets for mapping coral extent through predictive mapping and insufficient resolution to
quantify cold-water coral reef structural complexity. We deployed an Autonomous Underwater
Vehicle (AUV) to collect high-resolution MBES data and Remotely Operated Vehicles to collect
images for Structure from Motion (SfM) to bridge the gaps in data resolution and undertake novel
fine-scale investigations. We aimed to utilise high resolution data to accurately predict cold-water
coral distribution and to use 3D photogrammetry to quantify the influence of cold-water coral reef
structure on associated taxa diversity and distribution.

The results in this thesis show that by resolving fine-scale geomorphological features with high-
resolution bathymetry, additional locations suitable for cold-water coral growth can be identified.
The results further highlighted the importance of vertical walls in Explorer Canyon, NE Atlantic, as
a habitat for cold-water coral. This thesis also demonstrates how SfM can be used to quantify cold-
water coral structural complexity. Cold-water coral reef in Explorer Canyon introduces significant
structural complexity on a centimetric scale, promoting local biodiversity and providing a distinct
cold-water coral habitat when coral coverage was greater than 30%. Further investigations reveal
that cold-water coral associated taxa are not randomly distributed within cold-water coral reefs,
instead local geomorphic properties such as rugosity and inferred biotic interactions are conducive
to localised clustering of reef associated species. The combination of scales of analysis quantitively
depict how important cold-water coral are to their local environment and more accurately indicate
their true spatial extent providing useful information for marine spatial planning.
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Chapter 1

Chapter 1 Introduction

1.1 A background on corals

Corals are marine invertebrates best known for their reef formations and vivid colours. Corals can
form reefs which are important for biodiversity, human food resource, economy (tourism),
medicinal discovery and coastal protection. Their importance for biodiversity is well documented
and coral reefs are often referred to as the “rainforests of the sea” due to their associated
biodiversity (Knowlton et al., 2010). Estimates for the number of reef associated species span
618,000-9,477,000 species according to one study (Reaka-Kudla, 1997) and approximately 3.2
million in another (Small et al., 1998). Their role in a socio-economic sense through the provision of
seafood has been well quantified on local scales, and there are a predicted 6 million reef fishers
across the globe (Teh et al., 2013). Furthermore, societal relationships and cultural services such as
aesthetic, artistic, educational and spiritual value are considered important (Costanza et al., 1997).
Through the provision of disturbance regulation, waste treatment, biological control, habitat
refugia, food production, raw materials, recreation and cultural services, it is estimated that coral
reefs are worth 3.75 trillion dollars per year (Costanza et al.,, 1997). A range of natural and
anthropogenic stressors put pressure on coral habitats, locally and globally (Wilkinson, 1999), and
as coral are slow growing organisms, recovery from damage is sluggish (Knowlton et al, 2001).
Whilst the tropical, shallow-water corals are the most well-known types, corals are found globally,
across a range of depths, even beyond the photic zone, where they are no less susceptible to
anthropogenic stressors (Davies et al., 2007). Therefore, ecological research is essential in order to
understand their distribution and functioning, even in the locations that are difficult to reach, such

as the deep-sea.

Corals are part of the phylum Cnidaria, which consists of more than 11,000 species according to the
World Register of Marine Species (WORMS), including jellyfish, coral and anemones. The class
Anthozoa consists of fully sessile species, and is split into 3 sub-classes: Hexacorallia, Octocorallia
and Ceriantharia. Corals are found within the Hexacorallia and Octocorallia. Hexacorallia have
multiples of 6 tentacles, Octocorallia have 8 tentacles with pinnules (side branches). Hexacorallia
contains hard corals (Scleractinia), black corals (Antipatharia), anemones (Actinaria), Zoanthids
(Zoantharia) and Corallimorpharia. Octocorallia consist of soft coral (Alcyonacea), Helioporacea,

and sea pens (Pennatulacea).
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Corals are sessile animals and are capable of

Nematocyst
\

Tentacle —_/~\ 7 Oulr eoldénnie forming colonies consisting of individual polyps

[/ | (Figure 1.1). Stony (hard) corals secrete calcium

/O |

Mouth <

carbonate to form a skeleton, providing the
colony with a stable structure and protection. Soft

corals do not produce such hard skeleton, instead

Digestive groups like Alcyonacea spp. rely on calcium

filament

Stomach

Gastrodermis - carbonate sclerites and proteins for structure.

Septum
Coenosarc Polyps are typically connected through a
coenosarc and can showcase colonial behaviour
in terms of polyp extension and movement.

Shallow-water corals, usually found in tropical

Gastropod = waters are most well-known due to their relative

Basal plate
accessibility. In such habitats, corals form
symbiotic relationships with algae, which provide

Figure 1.1. Schematic of an individual coral sustenance for the coral via photosynthesis and

polyp. Figure from Wikipedia Commons. give rise to vivid colours. However, not all coral
species form these relationships to become
zooxanthellate (algae harbouring). In fact, more than 66% of coral species are found in waters
deeper than 50 m (Cairns, 2007). This would typically suggest a global dominance of those species
that do not possess the symbiotic algae: azooxanthellate coral types, often known as cold-water
corals. The term cold-water coral, which is often associated with azooxanthellate coral residing in
deep or cold waters is loosely applied, with varying definitions. Roberts et al., (2009) highlighted
the lack of a coherent and consistent definition of cold-water corals which are interchangeably
known as deep-sea corals. For example, some coral species have both zooxanthellate and
azooxanthellate phenotypes. Furthermore, some species which are typically considered deep-sea
coral species are occasionally found in waters shallower than 40 m (Forsterra and Haussermann,
2003; Brooke and Jarnegren, 2013). Finally, at what temperature is water considered “cold” is
ambiguous and undefined. In this thesis, | refer to cold-water corals as azooxanthellate species
typically residing in waters deeper than 50 m (based on Cairns, 2007), however | acknowledge that
this definition may not accurately describe all species of azooxanthellate corals, species found in
warmer waters or species found in deeper water yet harbouring zooxanthellate algae. The stark
difference between tropical, shallow-water corals and cold-water corals is reflected in the global
distribution of the two groups, where cold-water coral have a more cosmopolitan distribution

(Figure 1.2).
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Figure 1.2. Global distribution of shallow-water coral reefs (red) and reef building cold-water
coral (black dots). Cold-water coral is represented by recorded observations of the five most
common reef building scleractinians as indicated by Davies and Guinotte (2011); Enallopsammia
rostrata, Goniocorella dumosa, Lophelia pertusa, Madrepora oculata, Solenosmillia variabilis.
The occurrence of cold-water coral displayed in this figure is likely to be a vast underestime of
their true distribution. Cold-water coral occurrence is skewed towards areas investigated by
more economically developed countries which have the capacity to undertake deep-sea
scientific research. Therefore it is likely that cold-water coral occurrence in locations adjacent
to less economically developed regions and also very remote regions is not well represented in

this figure. Data from OBIS (2021) and UNEP-WCMC (2010)

1.2 Cold-water coral - background

Cold-water corals are filter feeders that rely on passing food such as zooplankton and organic
particulate matter, meaning they are not restricted to the shallow waters which are penetrated by
light. Instead, cold-water corals can be found as deep as 6,328 m (Keller, 1976). Cold-water corals
were first observed following the advent of deep-sea fishing techniques in the 1700’s and first
documented in the scientific literature in 1755 by Erich Pontoppidan in “The Natural history of
Norway”. Soon after, cold-water corals such as “Madrepora pertusa” (Linnaeus, 1758) were
described. Sars (1865) was the first to describe a major coral bank in the Oslo Fjord that consisted
of dead coral, though they were previously well known by Norwegian and French fishermen
(Teichert, 1958). Charles Wyville-Thomson later led the famous worldwide expedition aboard HMS

Challenger, which led to the discovery that deep-sea life was indeed widespread, and included
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corals, despite early notions that life did not occur below 300 fathoms (550 m). Compared to their
shallow-water counterparts, cold-water corals remain a relatively lesser studied group. This is
owing to the costs, time and technological restraints of studying deep-sea organisms. However, the
recent development of research technology has progressed our understanding of these habitats by
using imagery, underwater acoustics and targeted physical sampling. Since the 1970’s, cold-water
coral habitats have garnered great scientific interest (Roberts et al., 2009). The rapid expansion of
research focusing on cold-water corals has greatly increased our understanding of their
distribution, functioning and vulnerability (Roberts et al., 2009). This is timely because of the threats
that the Anthropocene poses to cold-water corals, such as fishing, climate change and pollution,
and therefore understanding cold-water coral habitats is essential if we are to effectively protect

them.

13 Development of cold-water coral reefs

More than half of the 5, 080 known coral species are found in waters deeper than 50 m (Cairns et
al., 2007). Most research has focussed on the reef building scleractinians of which there are several
main species; Lophelia pertusa , Madrepora oculata, Enallopsammia rostrata, E. profunda, Oculina
varicosa, Bathelia candida, Goniocorella dumosa, and Solenosmilia variabilis. L. pertusa has recently
transferred genus and been named as Desmophyllum pertusum (Addamo et al., 2016) which has
been accepted in WoRMS. However, due to the cautiousness of taxonomists to embrace this
nomenclature until further molecular data is available (Cairns, 2019 note in WoRMs; Cairns and
Hourigan, 2020) and for harmony with the plethora of research undertaken since the 70’s, this
thesis hereafter refers to L. pertusa (Figure 1.3). These species are focussed on due to their ability
to form three-dimensional, structurally complex frameworks which provide structural complexity
and substrate heterogeneity to the seafloor, which is an important provisioning to the ecosystem.

These colonies can either be isolated or under suitable conditions can form reefs and mounds.
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Figure 1.3. Closeup image of Lophelia pertusa. Image from CODEMAP ROV dive 254.

Hard substrate is a prerequisite for initial settlement of reef building cold-water corals (Wilson
1979), and in areas where hard substrate is sparse, small boulders or dropstones may suffice
(Wilson 1979; Wheeler et al., 2008). Upon metamorphosis of coral larvae that have settled, a
holdfast is created and polyps can grow outwards and bud, secreting a calcium carbonate skeleton
with a linear extension growth rate up to 33 mm year® (Mortensen and Rapp, 1998; Gass and
Roberts, 2006; Orejas et al., 2008; Brooke and Young, 2009; Orejas et al., 2011). Over time, outward
growth leads to the senescence of older polyps found deeper in the framework due to
sedimentation, water stagnation and poor food accessibility from the overlying water column, as
seen in shallow-water coral (Chamberlain and Graus, 1975), and they eventually die leaving dead
coral skeleton framework behind. Through asexual reproduction of coral (fragmentation and
budding) and accumulation of surrounding colonies, aggregations called thickets are formed
(Squires, 1964; Wilson, 1979). Thickets are precursors for lateral expansion of cold-water coral
resulting in underlying dead colonies which subsequently collapse and coral debris (or rubble) is
formed through biological and physical erosion, resulting in a “coppice” stage. When the coral
rubble accumulates, together with baffled sediment, coral banks are subsequently formed which
are characterised by live coral at the top, the presence of coral debris (rubble) and a compact mass
of coral debris and mud (Squires 1964). More recently the terms reef and mound are commonly
used to describe coppices and coral banks (Roberts et al., 2009; Mackay et al., 2014). The term reef
was originally coined to describe submerged objects that a ship may strike (Roberts et al., 2009).
However, in modern ecology and policy, the term reef is liberally applied to cold-water coral

bioherms. In this context a “cold-water coral reef” is considered a biogenic reef which is a self-
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sustaining habitat that has a positive expression on the seafloor, alters the local hydrodynamic

regime and provides a habitat for benthic and demersal organisms (Roberts et al., 2009).
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Figure 1.4. A schematic to demonstrate the development of

carbonate mounds. Figure from Roberts et al., 2006.

elevated hard substrata.

Extensive cold-water coral reefs
were first intensively studied in the
North East Atlantic, including the
large continuous reef formations on
the Norwegian shelf (Mortensen et
al., 1995; Hovland et al., 1998; Fossa
et al., 2002; Freiwald et al., 2002).
Throughout glacial and interglacial
time periods, coral reefs
experienced suitable and unsuitable
environmental conditions and in
some cases over time grew to form
carbonate mound features (Figure
1.4; Wilson, 1979; Hovland et al,,
1994; De Mol et al., 2002; Masson et
al., 2003; Kenyon et al.,, 2003).
Mounds can vary in size from a few
metres high (Masson et al., 2003;
Wheeler et al., 2011a) to hundreds

of metres high (Kenyon et al., 2003; Huvenne et al., 2003; O’Reilly et al., 2003; van Weering et al.,

2003). Carbonate mounds form provinces in the North East Atlantic, e.g., the Rockall Trough

(Kenyon et al., 2003; van Weering et al., 2003; Mason et al., 2003) and the Porcupine Seabight (De

Mol et a., 2002; Van Rooij et al., 2003), and in other regions of the Atlantic Ocean; offshore Namibia

and Angola (Hanz et al., 2017), offshore Mauritania (Wienberg et al., 2018), in the southern Gulf of

Mexico (Matos et al., 2019), offshore Argentina (Steinmann et al., 2020) and offshore Brazil

(Raddatz et al., 2020), and in the Mediterranean sea (Corbera et al., 2019). The South Atlantic,

Indian and Pacific Oceans are under-investigated in terms of mapping cold-water coral reefs (Lim

etal., 2021), and could support further undiscovered reef and mound systems. For example, recent

surveys have revealed coral mounds in the Indian Ocean (Reolid et al., 2017). In addition, recent

examples of reef-building scleractinians have also been observed in the Pacific Ocean (Baco et al.,

2017), though the ocean chemistry is thought to be unsuitable for wide spread scleractinian coral

occurrence (Guinotte et al., 2006).



Chapter 1

1.4 The role of cold-water coral reefs in promoting biodiversity

Early scientific investigations into the biodiversity of cold-water coral reefs relied on fishing
techniques such as dredging. Teichert (1958) described early studies which found 190 species
associated with cold-water coral reefs. Burdon-Jones and Tambs-Lyche (1960) utilised dredge hauls
to collect 300 species from Norwegian reefs (as cited in Teichert, 1958). However, less destructive
sampling methods to quantify biodiversity are now more commonplace and include video assisted
grabs (Mortensen et al., 2000), videos (e.g. Pearman et al., 2020) and images (e.g. van den Beld et
al., 2017). This range of survey approaches has enabled us to study the association between cold-
water coral and other species, from mega- to microfauna. For example, we now know that over
1,300 species in the North East Atlantic alone have been associated with cold-water coral reefs

(Roberts et al., 2006).

Corals are autogenic ecosystem engineers that are able to alter their local physical environment
with consequences for the local biodiversity (Jones et al., 1994). It is therefore unsurprising that
reefs and aggregations of reef-building coral are hotspots of biodiversity because they provide
various niches for other organisms to occupy (Roberts et al., 2006). Even within cold-water coral
reef habitats, live coral framework, dead coral framework and coral rubble all provide distinct
macro- to mesohabitats (metres to tens of metres) and introduce spatial heterogeneity (Figure 1.5).
Furthermore, Mortensen et al. (1995) proposed that smooth living coral, detritus laden coral
skeleton, skeleton cavities and vacant space between coral skeleton provides multiple micro-
habitats. This range of micro- and meso-habitats introduce substrate heterogeneity and structural
complexity across the scales, enhancing habitat complexity. Introducing complexity into the

environment creates additional niche space and diversity by introducing a wider range of conditions

Figure 1.5 Schematic of the zonation in a cold-water coral reef under a unidirectional current: A)

Tail of the reef composed of coral rubble. B) Dead coral framework. C) Recently dead coral

framework. D) Live coral framework. Figure from Buhl-Mortensen et al. (2010).
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(Graham, 2014). Ecological niche is considered as the role of a species in its ecosystem, and the
range of conditions required for its presence (Polechova and Storch, 2008). Therefore, by providing
additional niches, a richer variety of species can thrive and coexist. The greater number of niches
derived from multiple micro/meso habitats, greater surface area and shelter provided by
topographically complex habitats are examples of underlying drivers of abundance and species
richness (Kovalenko et al., 2011). This pattern is evident across a range of terrestrial and marine
habitats (Kovalenko et al., 2011) and the role of structural complexity of coral reefs in promoting
biodiversity is well established in shallow-water coral reef habitats (Luckhurst and Luckhurst, 1978;
Friedlander and Parrish, 1998).Cold-water coral reefs are diverse habitats supporting distinct
associated communities (Jonsson et al., 2004; Mortensen and Fossa, 2006; Henry and Roberts,
2007; Roberts et al., 2008) and early studies made comparisons with shallow-water coral reef in
terms of biodiversity (Jensen and Frederiksen, 1992; Rogers, 1999). Most studies observe that
species richness and abundance of associated species is greater on than off reefs and mounds (e.g.
Jonsson et al.,, 2004; Henry and Roberts, 2007; Roberts et al., 2008; Mienis et al., 2014). For
example, Jonsson et al. (2004) found approximately twice the abundance of organisms and more
than 6 times the number of predators in reef and rubble habitats compared to surrounding gravel
and boulder habitats. Henry and Roberts (2007) found approximately three times more species and
~0.3 higher Shannon index values of macrobenthos from on-mound core samples compared to off-
mound samples. Two fundamental drivers of biodiversity in cold-water coral reefs are considered

in this thesis 1) provision of hard substrate, and 2) structural complexity.

Hard substrate provides a point of contact for sessile organisms to settle upon (Henry and Roberts,
2017), which may otherwise be lacking in the area. This typically occurs on dead coral framework
which appears to support a greater number of species compared to living framework of reef. For
example, cold-water corals host a wide variety and abundance of encrusting species and biofilm
communities within the framework (Freiwald et al., 2004; Beuck et al., 2007; van Oevelen et al.,
2009). Sessile megafauna such as sponges appear to commonly occur within coral reef habitat (Van
Soest et al., 2007; De Clippele et al., 2018), notably Aphrocallistes spp. (Henry and Roberts, 2007;
Buhl-Mortensen et al.,, 2017; Boolukos et al., 2019). Soft corals and other filter feeders are
additionally found colonising the dead coral framework (Beuck et al., 2007; Henry and Roberts,
2007; De Clippele et al., 2019; Corbera et al., 2019). Associated taxa seldom colonise the living
portion of the framework (Mortensen 2001; Mortensen and Fossa, 2006), due to live polyps and
tissue (coenosarc) covering the skeleton which is unsuitable for larvae to settle upon. However, due
to surface patchiness of live reef, some dead framework is always exposed (Wilson, 1979), meaning
even reefs with high live coral cover are able to support sessile taxa which utilise the hard substrata

of dead coral framework (Mortensen et al., 1995).
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Structural complexity is another product of cold-water coral framework which introduces multiple
niches and provides physical shelter from currents and predation. In shallow-water coral reefs,
structural complexity is a promoter of biodiversity (Friedlander and Parrish, 1998; Gratwicke and
Speight, 2005). The link between cold-water coral structural complexity and associated taxa is more
difficult to establish, due to the challenge of quantifying structural complexity at depth. Structural
complexity is likely to enhance shelter for organisms from predation, for example, it has been
inferred that the pencil urchin, Cidaris cidaris, utilise the structure of cold-water coral framework
to avoid predation (Stevenson et al., 2015). In addition, many observations note that demersal fish
benefit from structure provided by cold-water coral (Ross and Quattrini, 2007; Fernholm and
Quattini, 2008; Soffker et al., 2011; Purser et al., 2013; Kutti et al., 2014). Cold-water coral reef
structure may provide a refuge for adult fish (Hebbeln et al., 2009; Henry et al., 2013; Henry and
Roberts, 2017) but has particular suitability as nursery grounds for juveniles (Costello et al., 2005;
Henry et al., 2013; Corbera et al., 2019). The positive relationship between cold-water coral reef
structure and fish is species specific (Ross and Quattrini, 2007; Biber et al., 2014) and may not be
functionally unique (Auster 2005): other structurally complex habitat such as boulder fields, sponge
grounds and other topographically complex features can provide comparable habitat for reef
associated species (Auster, 2005; Harter et al., 2009; Miller et al., 2012). Therefore, like in shallow-
water reefs where most reef fishes may not have an obligate relationships with the coral, but
instead with the reef habitat (Sale, 2002; Wismer et al., 2019), cold-water coral associated fishes
are dependent on the structural complexity provided by the cold-water coral in the absence of
other complex structures introducing vertical relief (Ross and Quattrini, 2007; Miller et al., 2012).
The links between fish and cold-water coral reefs have socio-economic impacts as some fish species
noted residing in cold-water coral habitats are of commercial value, providing a direct link between
humans and cold-water coral habitats (Corbera et al., 2019). Furthermore, some species, such as
blackmouth catsharks (Galeus melastomus) which use cold-water coral reef habitats as spawning
grounds, are targeted by angling communities, providing a recreational link between humans and

cold-water coral reefs (Henry et al., 2013).

In addition to providing physical shelter, the structure of the framework has a direct effect on the
immediate overlaying water by increasing drag and thus reducing the boundary layer flow velocity
(Mienis et al., 2019). In general, near bottom flow velocities are lower within reef areas compared
to outside reef areas, as has been observed at the Tisler reef where flow velocity was up to 2.4
times greater outside the coral framework area (Guihen et al., 2013). Mienis et al. (2019) observed
that the water-framework interface was turbulent which enhanced vertical momentum and flow
velocity was drastically reduced within and downstream of the coral patches (Mienis et al., 2019).

This interruption of flow provides additional micro-habitats (Buhl-Mortensen et al., 2010) and



Chapter 1

turbulence allows vertical transport of food particles to individual animals inhabiting the reef,
including the reef building coral itself. The reduced boundary current within coral framework and
immediate areas around coral framework is likely to provide suitable feeding conditions for some
sessile organisms including reef-building corals themselves, by reducing the chances of flow
induced deformed polyps or particles ripping off the tentacles before ingestion (Purser et al., 2010),
which result in low feeding efficiency (Purser et al., 2010; Orejas et al., 2016). Though this is specific
to certain species as some cold-water corals’ feeding efficiency is not so impacted by local current
flow (e.g. Gori et al., 2015). These mechanisms may explain why cold-water coral reefs support
greater numbers of filter feeders than surrounding proximal habitats. This relationship was
observed by Jonsson et al. (2004) who found a decrease from 13 to 6 individual filter feeders per
m? from cold-water coral dominated habitat to gravel and boulder dominated habitat. This was
further supported by Henry and Roberts (2007) who found filter feeders made up ~0.6 of the
proportion of the species present on mound habitats compared to ~0.2 off mound. In addition, it is
possible that the reduced flow could aid larval entrainment to the framework, as suggested by De
Clippele et al. (2018). For example, it has been noted that micro-structural complexity induces
turbulence and eddies, aiding the entrainment of coral larvae (Hata et al., 2017). Furthermore,
Boxshall (2000) and Harri and Kayanne (2002) demonstrated larval settling abilities of some
shallow-water species are greater in low flow regimes. It is likely similar mechanisms may aid
settlement of some reef-builder larvae in cold-water coral framework, especially for mature larvae
which swim at higher swimming speed (Larsson et al., 2014) which combined with lower flow
speeds could increase the distance covered and settlement success through the increased hard

substrate encounter potential.

Through an accumulation of the fundamental biodiversity drivers (structural complexity and hard
substrate), it is likely that the resultant abundant communities associated with cold-water coral
habitat provide the basis and creation of a food chain. Biofilms that inhabit the hard surfaces of the
coral framework including bacteria, foraminifera and small epifauna are likely to support predatory
macrofauna such as polycheates, crustaceans and echinoderms (van Oevelen et al., 2009).
Planktonic organisms found around reef structures may also form part of the food web (Mienis et
al., 2014). Furthermore, fishes are observed foraging and feeding around cold-water coral reefs
(Husebro et al.,, 2002; D’onghia et al.,, 2012), probably taking advantage of increased prey
abundance. This observation is supported by Jonsson et al. (2004) who found a higher density of
predators (7 individuals per m?) on cold-water coral habitat compared to proximal gravel and

boulder habitats where only 0.3 individuals per m? were observed.

The relationships discussed so far generally relate to well-developed cold-water coral framework

structures. Coral rubble is less structurally complex and may not provide as stable a hard substrate,

10
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depending on the hydrodynamic regime. However, cold-water coral rubble and debris can still form
an important habitat for some species such as squat lobsters (Mortensen et a., 1995), deposit
feeders (Mortensen and Fossa, 2006) and distinct meiofauna assemblages (Bongiorni et al., 2010).
It is likely that cold-water coral rubble biodiversity is underestimated as it has been noted that
shallow-water coral rubble habitat contains a large number of cryptic species and may contribute
a significant amount of biomass to coral reef systems (Meesters et al., 1991). As a large proportion
of cold-water coral research is undertaken with imagery, it is likely smaller and shy organisms are

under quantified.

1.5 Environmental controls on cold-water coral distribution

Cold-water corals are observed in all oceans (Figure 1.6), and are often found associated with
geomorphological features such as fjords (Buscher et al., 2019; Brooke and Jarnegren, 2013),
continental slopes (Thiem et al., 2006), submarine canyons (Huvenne et al., 2011; De Mol et al.,
2011; Gori et al., 2013; van den Beld et al., 2017) and seamounts (Koslow et al., 2001; Duineveld et
al., 2004; Baco et al., 2017). Distribution of cold-water coral is driven by their ecological niche which

is defined by biological, chemical, hydrodynamic and geological factors.
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Figure 1.6 Global distribution of reef forming cold-water corals A) Five reef-forming cold-water coral
species, B) Enallopsammia rostrata, C) Goniocorella dumosa, D) Lophelia pertusa, E) Madrepora
oculata, F) Solenosmillia variabilis. Species choice based uponDavies and Guinotte (2011). Data

from OBIS (2021).

1.5.1 Substrate

Hard substrate is a prerequisite for scleractinian cold-water coral occurrence due to the need for
hard substrate for larvae settlement, though some soft corals such as Pennatulacea spp. and some
Alcyonacea spp. can settle in sediment. L. pertusa larvae, for example, are planktotrophic, active
swimmers, and 3-5 weeks after fertilisation, bottom probe until a suitable settlement site is
chanced upon (Larsson et al., 2014). Dead coral skeleton is also an important settlement medium

(Roberts et al., 2009). Small mobile substrata are unsuitable for attachment and subsequent

growth.

1.5.2 Water mass properties

Oceanic water masses are bodies of water characterised by specific ranges of physical and chemical

properties, such as temperature, salinity, oxygen and pH. The optimum values of these properties

12
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range between regions and for different species. For example, L. pertusa in the NE Atlantic is
typically found in temperatures of 4-12°C (e.g. Teichert, 1958; Wisshak et al., 2005; Dullo et al.,
2008; Davies et al., 2009), salinity ranges of 34-36 ppt (e.g. Wisshak et al., 2005; Dullo et al., 2008)
and oxygen concentrations of 2-7 ml I'* (e.g. Wissack et al., 2005; Dullo et al., 2008). Yet in other
regions such as the Mediterranean Sea, living L. pertusa exist in temperatures and salinities in
excess of those found in the NE Atlantic (Taviani et al., 2017), and offshore Angola and Namibia, L.
pertusa is found living in waters with an oxygen content below 2 ml I'* (Hanz et al., 2019). Some of
these properties have fundamental physiological impacts on cold-water coral and thus may
influence their distribution. For example, L. pertusa increases its oxygen consumption by 50% under
a 2°C warming, demonstrating great sensitivity (Dodds et al. 2007). Aragonite, a “polymorph” of
calcium carbonate, forms the skeleton of scleractinian cold-water corals. As low pH can dissolve
calcium carbonate structure, the pH of the water influences cold-water coral physiology (Hennige
et al., 2014), and skeleton structure (Hennige et al., 2015; 2020). Whilst some ex situ experiments
have found physiological acclimation in aragonite undersaturated waters (Maiar et al., 2019), the
scarcity of reef forming cold-water coral in the Pacific, which is largely undersaturated, is palpable
(Guinotte et al., 2006). These examples establish that water composition is important for cold-
water coral presence and distribution. This was further demonstrated by Dullo et al., (2008) who
found that thriving L. pertusa in the NE Atlantic was only found in a density “envelope” of 27.35 to
27.65 kg m? in the NE Atlantic which may influence larvae and food transport. However, cold-water
corals are still found outside of this optimal density envelope in other regions (Western Atlantic:
Davies et al., 2010; Mediterranean: Gori et al., 2013; Taviani et al., 2017; Angeletti et al., 2020) and
under variable hydrodynamic regimes whereby the water column properties and particle retention
within pycnoclines may be influenced by various, more localised, hydrodynamic mechanisms
(Huvenne et al., 2011). The importance of water mass properties in influencing the distribution of
cold-water coral has been highlighted by Davies and Guinotte (2011), who found parameters such
as temperature, aragonite saturation state and salinity were amongst the most important variables
for accurately predicting global cold-water coral distribution. Changes to these parameters can
influence cold-water coral physiology (Dodds et al., 2007; Hennige et al., 2014), and although it is
hypothesised that sufficient food supply may negate some adverse impacts (Baco et al., 2017; Hanz
et al.,, 2019), changes in ocean temperature and aragonite saturation state results in shifts of

predicted cold-water coral distribution under future climate scenarios (Morato et al., 2020).

1.5.3 Oceanography as a distribution driver

Even the earliest observations of cold-water coral reefs noted that cold-water coral distribution was

linked with oceanography. Cold-water coral ‘banks’ were located where “Atlantic water wells
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upward and surges around promontories” (Dons, 1934 as cited in Teichert, 1958). Hydrodynamics
influence coral at different scales (Monismith 2007), from the scale of individual polyps to coral

distribution over 100’s of kilometres.

1.53.1 10 km —100’s km

Large oceanic circulation currents are important in the dispersal of larvae and connectivity between
reefs (Buhl-Mortensen et al., 2015), and have facilitated the endurance of cold-water coral reefs
over wide geographic areas (Henry et al., 2014). The larvae of cold-water corals such as L. pertusa
can drift in the water column for 3-5 weeks, providing scope for extensive transport (Larsson et al.,
2014). Regional currents provide links between populations as seen in and around the Gulf of
Mexico (Morrison et al., 2011) and in the NE Atlantic (Le Goff-Vitry et al., 2004; Fox et al., 2016). In
addition, it is assumed that coral larvae transported via the Mediterranean Outflow Water, supplied
NE Atlantic reefs during inter-glacial periods (De Mol et al., 2005; Flot et al., 2013), particularly for
L. pertusa (Boavida et al., 2019), which provided a stepping stone for dispersal to Norwegian reefs
(Henry et al., 2014). However, at broader scales such as trans-North Atlantic, connectivity may be
inhibited by geographic barriers such as depth difference isolation and oceanography that retains
larvae (Morrison et al., 2011). This demonstrates that even if all other conditions are suitable, such
as a plentiful food source, coral presence and distribution still relies on larval supply from other

areas.

Large scale internal waves which propagate along water density contrasts, can reflect or break due
to shallowing of the shelf. The turbulence caused by the break is thought to resuspend material and
cause wide-scale mixed zones, which are suspected to be an important food supply and mound
growth mechanism to Faroe Islands reefs and NE Atlantic mounds (Frederiksen et al., 1992; White
et al., 2010). Furthermore, internal waves that are reflected upwards may enhance surface primary
production via mixing and the transport of nutrients to the surface, which ultimately may end up

as sustenance for coral via vertical transport on a more local scale.

1.5.3.2 10’s of metres to km

As sessile organisms, cold-water corals rely on water movement to supply food from outside the
reef area to the reef vicinity. Complex topography and internal waves cause enhanced near-bottom
current speeds (Genin et al., 1986; Davies et al., 2009) which may reach over 100 cm s! in the local
vicinity around cold-water coral reef habitats (Lim et al., 2020). Accelerated near-bottom currents
around reefs are thought to supply reefs with resuspended matter for sustenance (Duineveld et al.,

2004; Thiem et al., 2006; Mienis et al., 2009; Davies et al., 2009), which is subsequently entrained
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through the baffling effect of reef structures on boundary layer currents, resulting in a more

suitable feeding environment for individual polyps.

Many reef locations show evidence for surface productivity as a prominent food source. Larger
topographic forms such as mounds and seamounts may enhance surface productivity by mixing
water, pushing nutrient rich deep waters to the surface (White et al., 2005). Taylor caps are bodies
of water retained above localised high-profile topography as a conical vortex and can be found
around banks and seamounts. It is suspected that Taylor caps retain surface productivity above the
seamount or bank, allowing Ekman drainage where dense water drains through the benthic
boundary layer to transport surface productivity to cold-water coral habitats on the flanks (White

et al., 2005, 2007; Duineveld et al., 2007).

Active downwelling is also an important food supply mechanism. For example, at the relatively
shallow (~100-150 m depth) Mingulay reef, a tidally-driven hydraulic jump causes downwelling of
surface water, which is subsequently washed over reefs on the turn of the tide (Davies et al., 2009).
Tisler reef (Norway, 70-160 m depth) also exhibits similar hydrology, though downwelling is driven
by residual flows rather than tidal currents and can occur at both sides of the reef (Wagner et al.,
2011). In addition, large coral mounds have the ability to create local downwelling and mixing,
leading to surface and mid water intruding down to the mounds, potentially providing nutrient-rich

shallower water to reefs covering the flanks of the mounds (Cyr et al., 2016; Soetaert et al., 2016).

1.6 Using environmental variables to predict cold-water coral

distribution

Collecting data on cold-water coral presence is spatially restricted by the time and expense of
reaching survey sites and deployment of platforms to collect samples or images of the seafloor.
Therefore, various modelling approaches based on known species-environment relationships have
been developed to extrapolate information obtained at discrete data points to surrounding areas.
This methodology is known as Species Distribution Modelling (SDM) or Habitat Suitability
Modelling. SDM is based upon multivariate regression statistics such as Generalised Additive
Models, or on machine learning approaches such as Random Forest to accommodate multiple
environmental factors that have non-linear relationships with the species of interest. SDM of reef
building cold-water corals has been undertaken on a global (Davies et al., 2008; Davies and
Guinotte, 2012), regional (Rengstrof et al., 2013; Mienis et al., 2014; Georgian et al., 2014; Guinotte
and Davies, 2014; Anderson et al., 20164, b; Tracey et al., 2011; Ross and Howell, 2013) and local
scale (Dolan et al., 2008; Guinan et al., 2009; Howell et al., 2011; Robert et al., 2015; De Clippele et

al., 2017; Lo lacono et al., 2018; Bargain et al., 2018) with varying data resolutions. These spatial
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predictions are important outputs in aiding spatial management planning (Howell et al., 2011; Reiss
et al., 2015). Furthermore, SDM can be used to predict what the effects of climate change will be
on cold-water coral distribution (Jackson et al., 2014; Morato et al., 2020), which in turn may be

beneficial for future proofing marine spatial planning (Jackson et al., 2014).

Oceanographic variables are important for cold-water coral distribution but information is seldom
available in sufficient spatial resolution due to sparse data points and temporal variability of the
data points which is difficult to incorporate with spatial data. However, hydrodynamic models are
being increasingly used to support SDM, improving the SDM performance and accuracy (Pearman
et al., 2020). They have shown that cold-water corals are predicted to occur in areas of intense
current velocity (Rengstorf et al., 2014; Mohn et al., 2014; De Clippele et al., 2017; Bargain et al.,
2018; Pearman et al., 2020), which is consistent with in situ benthic monitoring of hydrodynamic
regimes around cold-water coral reefs which reveal coral reefs may experience currents in excess

of 40 cm s (e.g. Mienis et al., 2014; Lim et al., 2020).

Some of the most common datasets used in SDM for cold-water coral are geomorphic terrain
variables derived from bathymetric data collected by acoustic mapping. These variables include
depth, slope, curvature, Bathymetric Positioning Index (BPI), rugosity and aspect. These variables
act as proxies for many variables known to influence cold-water coral distribution. Slope can be a
proxy for substrate type (Dove et al., 2020), stability of substrate (Lecours et al., 2016), current flow
(Genin et al., 1986) and breaking internal waves (Frederiksen et al., 1992). Bathymetric Positioning
Index, which quantifies localised bathymetric elevation or depression, can relate to substrate
composition (Lundblad et al., 2006) and exposure to hydrodynamic regime (De Clippele et al.,
2017). Rugosity (roughness) variables relate to habitat heterogeneity, shelter provision (Lecours et
al., 2016) and substrate composition (Dunn and Halpin, 2009). Curvature quantifies the shape of
the slope and may relate to convergence or divergence of water flow (Vierod et al., 2014). Aspect,
or orientation, may influence the exposure of the seafloor inhabitants to prevailing currents

(Lecours et al., 2016).

1.7 Mapping cold-water coral in high-resolution

Bathymetric maps are required to locate and quantify cold-water coral reef formations, to place
them in their ‘seascape’ context, and provide means to derive geomorphic terrain variables for SDM
as described above. In the 1800’s, original depth soundings were collected with a lead line (e.g.
Thomson, 1874), a technique used during the HMS Challenger expedition (W0lfl et al., 2019). The
advent of single beam echosounders, which measured the time taken for a single acoustic signal to

reach the seafloor and reflect back, progressed our ability to resolve geomorphological features
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(Laughton et al., 1960) from the early 1900s. In the 1970s, multibeam echosounders (MBES)
became accessible (Glenn, 1970) and more common in the 1990s (Lim et al., 2021), and the
application of multiple acoustic signals significantly increased the footprint of a survey area. The
increased swath size improved our ability to resolve seafloor features over a larger area with a
resolution of metres to 100’s of metres. Side-scan sonar (SSS) is another acoustic mapping
technique that came to prominence in the 60s. Side-scan sonar is a form of mapping that measures
the intensity of the return signal from the side which can indicate the texture and roughness of the
substrate providing useful data to map cold-water coral mounds (Huvenne et al., 2002). However,
this technique is becoming rarer in cold-water mapping with the widespread adoption of MBES (Lim

et al., 2021).

Low-resolution data is often seen as the limiting factor for SDM (Vierod et al., 2014; Anderson et
al., 2016a). This is essentially due to a mismatch between the size of bathymetric data pixels and
ground truth data. Bathymetry pixels typically have a size of 25 to 50 m per pixel from data collected
by ship board MBES in water depths that cold-water corals are found. On the other hand, video
footage or physical sample collection via cores only cover a fraction of each bathymetric pixel and
therefore SDM is associates ecological relationships without full ground truth of a bathymetric
pixel. In light of this resolution mismatch, new approaches are required to collect high-resolution
bathymetry. The benefit of collecting high-resolution bathymetry for SDM, is the ability to better
represent different ecological processes which are scale-dependant (Levin, 1992; Lecours et al.,
2015). Furthermore, low-resolution bathymetry may miss key geomorphological features that are
important coral habitats such as vertical walls and mounds (Rengstorf et al., 2012; Robert et al.,
2019). The MBES derived map resolution is a function of depth due to the increase in the spread of
beams with depth and sound attenuation. MBES data resolution can be improved by narrowing the
swath, increasing the number of beams and increasing the frequency of each beam. These result in
a small swath area and a narrower footprint of the individual beam. However, high frequency sound
rapidly attenuates in water and thus low frequency beams are used to map seafloor features far
away at greater depth. Therefore, maps of deep-sea habitats, such as cold-water coral reefs,
collected from surface vessels, tend to be low resolution. To bypass these trade-offs, the proximity
of MBES and the seafloor needs to be reduced. The advancement of technology in recent years has
enabled the integration of MBES into Remotely Operated Vehicles (ROVs) and Autonomous

Underwater Vehicles (AUVs) to collect high-resolution bathymetric data at depth.

1.8 ROVs

ROVs are user operated robots that were initially developed for military use (Huvenne et al., 2018),

and have become important tools in deep-sea research (Figure 1.7). A tether between the ROV and
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the user, usually situated in on a vessel or a water-side platform, provides a communication link for
a high degree of manual control. Equipped with multiple thrusters, ROVs can be intricately
manoeuvred to navigate and survey structurally complex subjects. Large working class ROVs are
usually equipped with cameras and manipulator arms and may have a capability to reach 6,000 m

water depth (Yoerger et al., 2000; Rigaud, 2007; Marsh et al., 2013).

1.9 AUVs

AUVs are self-contained, untethered robots that undertake surveys with pre-programmed
instructions (Figure 1.7). As AUVs are untethered, AUV surveys can free the “mothership” to
undertake other research missions, thus saving time and costs (Benoist et al., 2019). There are two
types of AUV: 1) Survey-class AUVs 2) Hover-class AUVs. Survey-AUVs are torpedo shaped robots
designed to cover large distances, powered by a single propeller (Wynn et al., 2014). Hover-AUVs

have additional propellers and thrusters to provide additional precise controlled manoeuvrability

during slow paced surveys (Huvenne et al., 2018).

Figure 1.7. Examples of AUVs and ROVs A) The AUV Autosub6000. B) The ROV /SIS. Both vehicles

operated by the National Oceanography Centre. Images from Huvenne et al., 2016a and noc.ac.uk.

1.10 High-resolution acoustics

Both AUVs and ROVs can be fitted with MBES in order to achieve bathymetric data with a metric or
sub-metric pixel resolution. Cold-water coral reef habitats have been mapped in high-resolution
using AUV mounted MBES (Grasmueck et al., 2006; Ludvigsen et al., 2014; Wynn et al., 2014;
Corbera et al., 2019). In addition, ROV mounted MBES have collected even higher resolution maps
of cold-water coral habitat (Dolan et al.,, 2008; Huvenne et al.,, 2011; Foubert et al., 2011; De
Clippele et al., 2017; Lim et al., 2018a). These high-resolution data improved our understanding of
ecological drivers of community structure, geological processes and anthropogenic impact.

Notably, Dolan et al. (2008) utilised ROV-derived bathymetry for SDM of cold-water coral on a sub-
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metre resolution bathymetric dataset to reveal that fine-scale terrain derivatives influence the
distribution of cold-water coral patches on the flank of a carbonate mound. These studies

demonstrate the importance of investigating high-resolution datasets.

Furthermore, an overlooked use of deploying ROVs and AUVs is the ability to map features in full
3D, rather than from nadir (orthogonal to the horizontal subject). For example, vertical wall
structures are an important and under-quantified geomorphological feature for cold-water coral
habitats (Robert et al., 2019). This was first demonstrated by Huvenne et al. (2011) who used
forward facing, ROV mounted MBES to map out cold-water coral assemblages on a canyon wall.
This ability to survey vertically or obliquely reveals a larger footprint of seafloor and habitats that
could only previously be observed with a small footprint via a ROV video survey. AUVs can also be
ballasted to collect angled bathymetric data and resolve vertical features better (e.g. Robert et al.,
2017). These studies demonstrate how unoccupied underwater vehicles fitted with MBESs can be

used to quantify habitats difficult to observe with traditional surveying techniques.

1.11 Structure from Motion and photomosaicing

Data derived from acoustic instruments lack the optical information and resolution that enable
analysis on the scale of individual cold-water coral colonies. This centimetric scale of observation is
traditionally undertaken with underwater cameras. Progress in camera technology has driven costs
down, and image quality up, resulting in a plethora of use for scientific studies. The collection of
images in the deep-sea has revolutionised our ability to identify taxa and benthic patterns in cold-
water coral habitats. However, the field of view in images can be small and lack 3D information
about the scene. More recently, image processing methods have enabled greater spatial analysis
with the use of photomosaicing and Structure from Motion (SfM). Photomosaicing involves the
combination of multiple, overlapping images using common features for matching, to create a large

single 2D image with a greater footprint (e.g. Marsh et al., 2012).

SfM is the use of a single camera to create a 3D reconstruction of the scene. SfM utilises an
algorithm called Scale Invariant Feature Transform (SIFT) to feature-match common points in a
series of overlapping images. The geometry of the 3D structure is then resolved whilst
simultaneously triangulating the relative position of the camera (Westoby et al., 2012), using a
bundle adjustment algorithm. A 3D scene is reconstructed at this stage but requires scaling and
geographic positioning. This is undertaken with the use of Ground Control Points (GCPs) and camera
position to provide accurate X, Y and Z context. The 3D model can be texturized by parameterising
the surface to create a texture atlas. Orthorectified photo mosaics and Digital Elevation Model

(DEM) are produced for projection on the 2D plane, based on the dense point cloud of the 3D
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model. The use of DEMs in particular has gained traction in terrestrial geosciences and
geomorphology studies (e.g. Lane, 2000; Keutterling and Thomas, 2006). However, collecting
comparable data from the marine environment is challenging due to the difficulties of image
acquisition underwater due to visibility issues, collecting scale and geographic meta-data and

maintaining stable control to perform the survey in the chosen pattern (Kwasnitschka et al, 2013).

1.11.1 Platform

Most terrestrial photogrammetry surveys are undertaken on foot (e.g. Krosley et al., 2006) or with
Unoccupied Aerial Vehicles (UAVs) (e.g. Marzolff and Poesen, 2009). The same approaches can be
applied to the intertidal marine habitat (Muffit et al., 2017; Collin et al., 2019; D’Urban Jackson et
al., 2020), however the vast majority of the marine habitat is subtidal. Whilst UAVs can be used to
produce orthomosaics in clear, shallow water (Ventura et al., 2018), the generation of SfM derived
DEMs are only possible under perfect atmospheric conditions (Cassella et al., 2017; Fallati et al.,
2020) or with the use of bespoke advanced hardware (Chirayeth and Earle, 2016; Chirayeth and
Instrella, 2019). Instead, snorkelers, SCUBA divers, motorboats and Autonomous Surface Vehicles
(ASV) are used to collect imagery of shallow-water habitats such as tropical coral reefs and seagrass
(Leon et al., 2015; Burns et al., 2015; Raoult et al., 2017; Raber and Schill, 2019; Mohamed et al.,
2020). However, to collect images for SfM surveys on cold-water coral reefs beyond recreational
SCUBA depths and most saturation technical diving operations, ROVs, AUVs or towed platforms are

required.

Deep-sea SfM surveys using ROVs are now becoming more commonplace (Figure 1.8; Sedlazeck et
al., 2009; Kwasnitschka et al., 2013; Thornton et al., 2016; Robert et al., 2017, 2019; Price et al.,
2019; Gerdes et al., 2019; Mitchell and Harris, 2020; Lim et al., 2020). Alternatively, Remotely
Operated Towed Vehicles (ROTV) can be deployed for SfM surveys at depth (Prado et al., 20193, b;
Rios et al., 2020). Survey-AUVs have seldom been utilised for SfM surveys due to the required close
' ' 7 proximity to the seafloor,
which represents a collision
danger when navigating
complex terrain. Hover-
AUVs may resolve this issue

by providing means of a

slower and carefully
) . controlled survey, but this
Figure 1.8. A 3D reconstruction of a cold-water coral assemblage ¥

technol is not yet readil
found on a vertical wall in the NE Atlantic. Figure from Robert et echnology 1s not yet readily

al., 2019 available. Nonetheless,
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survey-AUVs have been used to create photomosaics of more topographically simple abyssal plains
(Simon-Lledo et al., 2019) and sponge grounds (Meyer et al., 2019), and SfM reconstructions of
rocky substrata and coral reefs in shallower water (Johnson-Roberson et al., 2010; Bryson et al.,
2013). More recently, for the first time, an AUV was used to undertake SfM surveys of cold-water

coral reefs (Huvenne and Thornton, 2020).

1.11.2 Relevance of 3D photogrammetry for the study of cold-water coral habitat and

ecology

SfM can provide a basis on which to monitor benthic change through spatial or classification studies,
but also through measuring colony growth (Ferrari et al., 2017) and reef rugosity change (Fallati et
al., 2020). For high-resolution in-situ growth measurements, rigorous georeferencing and precise
scaling is required to ensure accuracy (Rossi et al., 2019), which is challenging with an ROV or AUV.
However, Bennecke et al. (2016) has utilised 3D models to measure linear and cross-sectional area

growth of octocorals, demonstrating the monitoring potential for cold-water coral habitats.

Rugosity in shallow-water coral reefs is a well-documented influencer of coral reef biodiversity
(Friedlander and Parrish, 1998; Gratwicke and Speight, 2005; Wilson et al., 2007; Graham and Nash,
2013; Richardson et al., 2017). Whilst observations show that the structure of cold-water coral
influences the community (Purser et al., 2013), structural complexity has never been quantified in
cold-water coral habitats. This is because geomorphic quantification of rugosity traditionally
requires the use of a chain along the seafloor to calculate rugosity, which is a challenging operation
to undertake with an ROV. SfM is one way that structural complexity of cold-water coral reefs can

be quantified.

The fine-scale spatial organisation of cold-water corals has seldom been quantified. Initial studies
have utilised photomosaics to identify patterns around small mounds in the NE Atlantic (Lim et al.,
2017), revealing hotspots of live coral and sponge aggregations (Conti et al., 2019). This reveals the
power of benthic classification of photomosaics in quantifying the spatial organisation of the
benthic habitat. Another approach is the use of landscape ecology techniques to reveal further
interactions, which has successfully been applied in shallow-water reef settings with point pattern
analysis (Edwards et al., 2017) and in cold-water coral habitats by applying landscape metrics on
classified high-resolution sidescan sonar maps (Robert et al., 2014). Point Pattern Analysis (PPA)
has recently been applied to deep-sea habitats with SfM (Prado et al., 2019a, b; Mitchel and Harris,
2020), and may provide valuable information on the biotic and abiotic drivers of distribution and

benthic organisation of cold-water coral reef. Whilst 2D analysis from linear video transects can be
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used to identify clustering patterns of cold-water coral (Orejas et al., 2009; Gori et al., 2011a), little
is known on a wider area or 3D environment, and in particular how species interact and aggregate

around cold-water coral reef structure.

Overall, 3D photogrammetry can provide novel measurements of cold-water coral habitats,
previously impossible before the application of SfM and photomosaicing. These techniques are in
their infancy but are rapidly gaining traction in deep-sea ecology research. SfM combined with
acoustic data can produce a 3D, multi-resolution overview of deep-sea habitats for monitoring and

ecological insight (Robert et al., 2017).

1.12 Scale in cold-water ecology

Collecting data across the scales from centimetres to kilometres is easier than ever with the
progress of technology and analytical techniques, cumulating into a range of acoustic and optical
spatial data. This has resulted in the ability to undertake “multi-designed” studies that attempt to
guantify species-environment relationships through multiple scales (Lecours et al., 2015). The
progressing attempts to quantify relationships at different scales is important as ecological
processes are scale-dependant (Levin et al., 1992). This is exemplified by the interactions of flow
velocity in cold-water coral whereby high flow velocities are required for food supply, but polyps
only feed at a low flow velocity. Theoretically, without studying cold-water coral at fine scales, it
could have easily been concluded that cold-water coral prefer high flow velocities without any
further consideration of the baffling effect of the framework and how fine-scale topographic

steering may influence the very local distribution of cold-water coral.

A single resolution of data is typically used in SDM. Any specific bathymetric resolution is likely to
reflect the scale of a subset of specific ecological processes and different resolution SDM outputs
are likely to present slightly different spatial predictions (Vierod et al., 2014). Therefore, the
consideration of multiple resolutions is pertinent for spatial planning. The extent of the predicted
species distribution is likely to change between model resolutions, and thus precautionarily
accepting the largest predicted spatial extent should be considered (Ross et al., 2015), or perhaps

a combination of the predicted distribution extent generated by different models.

The advantage of combining resolutions to identify the ecological patterns of benthic habitats is
that no single scale of analysis is solely considered, and a more thorough investigation is undertaken
in order to capture different processes happening at varying spatial scales. For example, Robert et
al., 2017 combined AUV, ROV based MBES data and SfM to quantify spatial parameters of vertical

cold-water coral habitats. This enabled the observation of different environmental variables acting
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on the communities present at different resolutions. This was only possible owing the advancement

of technology enabling high-resolution acoustic data acquisition and development of SfM.

1.13 Rationale of the PhD

Little is known about the fundamental ecology of cold-water coral reefs, yet they have not escaped
the reach of human presence. Bottom contact fishing has a negative impact on benthic habitat
(Jennings and Kaiser, 1998), including cold-water coral reefs (Fossa et al., 2002), which have low
capacity for recovery (Althaus et al., 2009; Huvenne et al., 2016b). In addition to localised or
regional stressors, 80% of warming from climate change has dissipated into the oceans (Levitus et
al., 2005), including deep water (Barnett et al., 2005). Temperature influences reef building cold-
water coral physiology (Dodds et al., 2007) and changes associated with climate change may lead
to loss of cold-water coral habitat (Morato et al., 2020). Furthermore, ocean acidification is leading
to the shoaling of the aragonite saturation horizon with implication for coral skeletal structure and
reef structural complexity (Hennige et al., 2015; 2020), and the distribution of cold-water coral in
general (Guinnote et al., 2006). There are also several other anthropogenic impacts that may impact
cold-water coral, such as hydrocarbon drilling discards (Rogers, 1999), litter and plastic pollutants
(Chapron et al., 2018; Soares et al., 2020). The need for improved knowledge about cold-water coral
ecology and distribution is essential in order to develop robust protection strategies. This is
particularly evident when considering that conservation efforts and distribution estimates are
usually based on ill-matched datasets such as broad-scale bathymetry together with detailed, but
out of context video and photo transects. SDM bridges the gap between the two observational
resolutions but more closely matched resolutions of environmental and species data are required.
The use of unoccupied vehicles can achieve this by collecting very high resolution bathymetric and
optical data. By collecting acoustic and optical data from a range of platforms (vessels to ROVs), a
range of scales of the habitat present a more accurate overview of cold-water coral habitats. This
multi-designed or multi-scale approach to scientific observations of deep-sea habitats is crucial as

different ecological process occur at different scales (Levin 1992)

Before conservation efforts are undertaken, the definition and justification for protection is
required. On an international level, cold-water coral reefs are listed as a Vulnerable Marine
Ecosystem (VME) (FAO, 2009) and meet the criteria of Ecologically and Biologically Significant Areas
(EBSAs) (CBD, 2010). VMEs are vulnerable to destructive fishing practices and are classified on their
rarity, functional significance, fragility, life history traits and structural complexity (FAO, 2009). The
presence of cold-water coral may indicate a VME, but a regional threshold for VME designation is

so far only based on fishing bycatch thresholds. This is not a sustainable approach to VME presence
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and extent assessment. Using imagery is one possibility of sustainably identifying VMEs and opens

up an abundance of additional data (Baco-Taylor et al., 2020).

Identifying important features that require protection, such as VMEs, is difficult. Not only is high-
resolution data needed on the spatial distribution, an understanding of how important the cold-
water coral reef is for the area and how developed the reef is, is also required. For this, typically
image surveys are undertaken to quantify the biodiversity of a reef and asses reef status. One
feature that is often touted as an important variable is structural complexity, which is a prerequisite

for VME status but is difficult to quantify in situ.

Within regional policies, Marine Protected Areas (MPAs) can be designated to protect cold-water
coral. The first known cold-water coral MPA was designated off the coast of Florida to protect
Oculina varicosa reefs (Roberts and Cairns, 2014), although did not prove effective in deterring
illegal fishing (Reed et al., 2005; 2007). In the NE Atlantic, an emergency fishing closure was declared
at the Darwin Mounds in 2003 (Davies et al., 2007) upon discovery of significant trawling damage
(Wheeler et al., 2005a). However, an intense flurry of trawling undertaken just before the fisheries
closure was in place led to long term damage to the coral reefs, with little evidence of recovery,
even eight years later (Huvenne et al., 2016b). These case studies demonstrate that MPAs require
sufficient enforcement and a long-term protection in order to reach the goal of habitat recovery.
To fully understand where to position MPA boundaries and to achieve an optimum compromise
between all stakeholders, estimates of cold-water coral abundance and distribution estimates are
required, which could be achieved by targeted SDM to identify locations of utmost importance (e.g.
Rowden et al., 2017). High-resolution data may be useful in capturing fine-scale heterogeneity in
predictive mapping (Lo lacono et al., 2018) which is useful for marine spatial planning (Howell et

al., 2011).

1.14 Scientific objectives and research questions

Cold-water coral reefs are of high ecological importance and effective management is required. To
fully understand the ecology of cold-water corals, the use of recently developed technology is
required to collect high-resolution data. In spatially nested surveys, cold-water coral distribution
and ecological importance in a system can be quantified, taking into account the role of scale in
driving local biodiversity. In this thesis, | deploy technologically advanced marine robotics to collect
high-resolution optical and acoustic data to identify cold-water coral distribution and the reefs’
influence on biodiversity and associated taxa, with an emphasis on how these data help spatial

management and status designation of an MPA.

Chapter 2
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The aim of this chapter is to use an AUV in a submarine canyon to produce high-resolution SDMs of
cold-water coral species. In this chapter, | predict the distribution of cold-water corals using SDMs
generated from broad- and fine-resolution bathymetric terrain variables. The objective is to
evaluate the application of an AUV to gain a more detailed and accurate predictions of cold-water
coral distribution in Explorer Canyon, NE Atlantic, which forms part of a Marine Conservation Zone
in the UK. The spatial prediction of cold-water coral will help with spatial management plans,
highlight the role that AUVs can play in marine conservation and demonstrate the importance of

collecting high-resolution bathymetry.
Chapter 3

In this chapter | aim to quantify cold-water coral structural complexity, its role in the associated
community and its application in quantifying the importance of the reef in the local area. | will apply
SfM to linear video transects along a cold-water coral reef in Explorer Canyon to compare rugosity
metrics. Multivariate approaches will be used to evaluate how the rugosity introduced by the cold-
water coral reef influences the megabenthic community, with the objective to understand how a
reef becomes an important habitat. These data will feed into an argument that SfM can help asses

reef status and provide important information for conservation policy.
Chapter 4

The aim of this chapter is to investigate the role that cold-water coral reef structure has on the
benthic organisation of associated taxa. Using landscape ecology statistical descriptors, | analyse
how biotic and abiotic interactions influence the fine-scale distribution of benthic taxa. These
approaches aimed to identify if species are dispersed, clustered or randomly distributed, and if
these patterns are influenced by biologically driven aggregations or the physical terrain properties
of a cold-water coral reef mound. This chapter emphasises the heterogeneous nature of cold-water
coral reefs in terms of geomorphology and ecology, with the use of novel advanced image

processing and statistical analysis.
Chapter 5

The final chapter will synthesise the results from the thesis to demonstrate how spatially nested
surveys, from a few centimetres to tens of metres, can improve our understanding of the role and
distribution of cold-water coral reefs. | discuss how the analytical gains from high-resolution data
collected by advanced technology will improve our ability to designate cold-water coral reef as

important habitats and develop useful maps to aid marine spatial planning.
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Chapter 2 High-resolution predictions of cold-water
coral distribution in Explorer Canyon (NE
Atlantic) with the use of an Autonomous

Underwater Vehicle (AUV).

This chapter is in preparation for submission to a peer-reviewed journal as Price, D.M., Callaway,
A., Robert, K., Lo lacono, C., Hall, R., Huvenne, V.A.Il. High-resolution predictions of cold-water
coral distribution in Explorer Canyon (NE Atlantic) with the use of an Autonomous Underwater

Vehicle (AUV).

Author contributions: DP and VH conceptualised the study. DP processed AUV bathymetry,
generated environmental rasters, undertook all statistical analysis and wrote the manuscript. KR
contributed annotated video data. VH collected the data during the JC125 CODEMAP cruise. All

authors reviewed and commented on chapter.
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2.1 Abstract

Ecological research in deep-water environments has historically seen a trade-off between data
resolution and data coverage. To achieve comprehensive, broad-scale coverage the resolution of
data is necessarily low. Yet when examining key fine-scale features the data resolutions are
comparatively, incredibly high, though over very small areas. This results in fine-scale relationships
being extrapolated across broad-scale data although the implications of doing so are rarely
considered due to the lack of an alternative approach. Recent implementation of multibeam
echosounder (MBES) survey techniques from underwater robotic systems such as Remotely
Operated Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs) has enabled acquisition of
fine-scale information over broad-scale areas in deep water allowing the implication of resolution
on biodiversity to be interrogated more effectively. We aim to utilise bathymetry derived from an

AUV to create high resolution spatial predictions of cold-water coral distribution.

During the JC125 expedition, multi-scale MBES data in Explorer Canyon, NE Atlantic, were collected.
Explorer Canyon is a Marine Conservation Zone, designated on the occurrence of cold-water coral
habitat. However, a lack of knowledge about the distribution of cold-water coral in Explorer Canyon
presents challenges for marine spatial planning and identifying areas to target for further
investigation. A combination of ship and AUV (Autosub6000) acquired bathymetry was analysed to
explore the role of terrain at different scales (metres to 10s of metres). Using the ROV Isis, two
video transects were collected to identify cold-water coral occurrence within the vicinity of the
MBES survey for subsequent use of Species Distribution Modelling. The AUV collected bathymetry
data at 5 m bathymetric resolution, revealing cold-water coral mounds and vertical walls which
were missed in the ship-borne bathymetry. The models performed well but the lower resolution
spatial predictions appeared more widespread, suggesting an over-estimation of cold-water coral
distribution, despite more robust models. The ability to resolve smaller geomorphological features
with the finer resolution data progressed our ability to identify locations that are likely to support
cold-water coral assemblages, providing detailed insight into the cold-water coral distribution in
Explorer Canyon. Comparing these scales give us greater insight into the canyon system as a cold-

water coral habitat and demonstrates the advantage of collecting high resolution data from AUVs.
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2.2 Introduction

Cold-water corals are ecosystem engineers (Jones et al., 1994) that are typically found in the deeper
regions of the oceans. Scleractinian cold-water corals such as Lophelia pertusa (recently changed
to Desmophyllum pertusum (Addamo et al., 2016)), Solenosmilia variabilis and Madrepora oculata
are coral species that can construct reef structures and carbonate mounds (Wilson et al., 1979; De
Mol et al., 2002; Roberts et al., 2006). It is well documented that these reef habitats promote a
diverse and abundant associated benthic and demersal community (Jensen and Frederiksen, 1992;
Mortensen et al., 1995; Costello et al., 2005; Henry and Roberts, 2007; Purser et al., 2013; Bongiorni
et al., 2010), and therefore attract scientific and conservation interest. Cold-water coral habitats
are classified as “Vulnerable Marine Ecosystems (VME)” (FAO, 2009) due to their susceptibility to
the detrimental impacts of bottom contact fishing practises (Fossa et al., 2002; Wheeler et al.,
2005a; Davies et al., 2007; Althaus et al., 2009; Huvenne et al., 2016b). Furthermore, cold-water
corals are exposed to environmental challenges associated with climate change, such as ocean
acidification (Turley et al., 2007; Hennige et al., 2014) and possibly changes in water temperature
(Dodds et al., 2007). Consequently, it is likely that the spatial suitability for cold-water coral
longevity will change, locally and globally (Guinotte et al., 2006; Jackson et al., 2014; Morato et al.,
2020).

Cold-water coral habitats have been observed globally (Davies et al., 2008; Davies and Guinotte,
2011) and are often located on complex bathymetric features such as seamounts (Duineveld et al.,
2004; Tracey et al., 2011), shelf slopes and edges (Thiem et al., 2006), fjords (Brooke and Jarnegren,
2013) and submarine canyons (Huvenne et al., 2011; Gori et al., 2013; Van de Beld et al., 2017).
Submarine canyons can provide important habitat for cold-water corals and associated
assemblages as well as other VMEs (Orejas et al., 2009; Fabri et al., 2014; Robert et al., 2015; 2019;
Lo lacono et al.,, 2018; Moccia et al.,, 2020), due to favourable hydrodynamic conditions and
geomorphic features such as vertical walls and gullies (Pearman et al., 2020). These geomorphic
features may provide natural protection to cold-water coral from bottom trawling (Huvenne et al.,
2011), though may still be prone to trawling-induced gravity flows and resuspension (Palanques et
al., 2006; Martin et al., 2014). Submarine canyon research has only more recently gained traction
(Huvenne and Davies et al., 2014; Matos et al., 2018) and 13.6% of known canyons have some form
of protection spanning >10% of their area (Fernandez-Arcaya et al., 2017), but information on cold-

water coral distribution within these features is still lacking.

Spatial information of cold-water coral prevalence is limited but their distribution appears to be
dictated by environmental conditions such as water properties (Dullo et al., 2008), terrain

characteristics (Guinan et al., 2009; Robert et al., 2015) and hydrodynamic regime (Davies et al.,
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2009; De Clippele et al., 2018). Species Distribution Modelling (SDM) has become an important tool
for quantifying these known relationships to predict cold-water coral distribution, aiding marine
spatial planning (Ross and Howell, 2013) and predicting the effect of anthropogenic impacts
(Jackson et al., 2014; Morato et al., 2020). Terrain variables, which may act as a proxy for
oceanographic variables and substrate type, are commonly used predictors of cold-water coral
distribution (Dolan et al., 2008; Robert et al., 2015; Lecours et al., 2016; Lo lacono et al., 2018). The
underpinning pixel resolution of bathymetric data used to derive terrain variables is commonly 25
to 50 m, collected with a ship board multibeam echosounder (MBES) (e.g. Howell et al., 2011,
Guinan et al., 2009; Robert et al., 2015). However, bathymetry data on a scale of 10s of metres may
not resolve finer-scale geomorphological features (Wilson et al., 2007; Masson et al., 2011; Paull et
al., 2013) which can have consequences on the subsequent accuracy of SDM results (Veirod et al.,
2014; Lecours et al., 2015; Anderson et al., 2016a). Some fine-scale features that can be omitted
include features that are known to support cold-water corals such as vertical walls (Lo lacono et al.,
2018; Robert et al., 2020) and mounds (Rengstorf et al., 2012), leading to inaccurate and imprecise

predictions.

To address the issue of bathymetry data resolution, MBES data collected from Remotely Operated
Vehicles (ROVs; Dolan et al., 2008; Foubert et al., 2011; De Clippele et al., 2017; Lim et al., 2018a)
and Autonomous Underwater Vehicles (AUVs; Grasmueck et al., 2006; Corbera et al., 2019) have
been used to investigate cold-water coral reefs. Recent spatially nested studies of cold-water coral
habitat have additionally incorporated 3D photogrammetry surveys to complement MBES data,
providing data across all scales (e.g. Robert et al., 2017). Whilst bathymetry collected from ROV can
produce sub-metre maps, their spatial extent is limited and ROV surveys restrict research vessels
from conducting other research due to a tether connected to the ship (Huvenne et al., 2018). AUVs
on the other hand are self-powered and cost-saving, liberating the ship for other surveys whilst
collecting MBES data over a large area (Wynn et al., 2014). AUVs present the means for covering
large areas and are a suitable tool for monitoring of benthic habitat. Data acquisition within
structurally complex features, such as canyons, presents navigation issues for AUVs due to the
topographic heterogeneity, presenting collision hazards. However, the need to survey such features
in high resolution is paramount in order to develop robust predictive models of cold-water coral

and other VME distribution.

To overcome the challenges presented, we deployed an AUV equipped with a collision avoidance
system into Explorer Canyon, NE Atlantic, to collected high resolution MBES bathymetry data. High-
resolution bathymetry and 3D reconstructions were used to visualise the structure of cold-water
coral reefs, to provide the first description of coral topped mounds in Explorer Canyon. Using the

AUV and ship derived bathymetry in tandem with ROV video transects, we here formulate SDMs
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based upon broad- and fine-resolution bathymetric terrain variables to predict the distribution of
cold-water coral occurrence. The objective is to understand how the application of AUVs can
contribute to more accurate spatial predictions of cold-water coral occurrence within a canyon in

order to aid spatial planning procedures within a Marine Protected Area (MPA).

2.3 Methods

23.1 Explorer Canyon

The Whittard Canyon complex experiences strong internal wave activity (Vlasenko et al., 2014; Hall
et al., 2017; Aslam et al., 2018), which is strongly linked with the local fauna distribution and
abundance (Pearman et al., 2020). Explorer Canyon is a tributary of the Eastern Whittard Canyon
branch (Figure 2.1). Explorer Canyon incises the continental shelf in the Bay of Biscay, NE Atlantic,

with a water depth ranging from ~200 to 2000 m (Figure 2.1).

Explorer Canyon and neighbouring Dangaard Canyon are found on the edge of the UK mainland
Exclusive Economic Zone and have been designated as a Marine Conservation Zone (MCZ) due to
the occurrence of ‘Deep-sea bed’, ‘Cold-water coral reefs’, ‘Coral gardens’ and ‘Sea-pen and
burrowing megafauna communities’, which are of conservation importance (Ministerial
order/DEFRA, 2013, 2019). Explorer Canyon provides refuge to various VME indicator species,
including reef-building scleractinian cold-water coral inhabiting a spur part way up the canyon
(Davies et al., 2014; Stewart et al., 2014), which promotes local diversity (Price et al., 2019). Explorer
Canyon also provides suitable conditions for cold-water coral in other locations such as vertical wall
features supporting three scleractinian species, L. pertusa, M. oculata and S. variabilis (Robert et
al., 2020). Moreover, cold-water corals are predicted to occur along the flanks near the
Explorer/Whittard Canyon junction (Pearman et al.,, 2020). In addition, Stewart et al. (2014)
described ‘mini-mound’ features on the interfluves surrounding Explorer Canyon. These mini-
mounds are degraded due to fishing or environmental change, comprising of coral rubble, but
support the argument that the general region has been important for reef-forming cold-water coral
over time. As such, further exploration of Explorer Canyon should seek to expand our knowledge

on potential cold-water coral distribution.
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Figure 2.1 Map of the NE Atlantic and Explorer Canyon. Bathymetry obtained from General
Bathymetric Chart of the Oceans (GEBCO) compilation group (2019). B. Eastern Whittard Complex.
Bathymetry obtained from EMODnet Bathymetry Consortium (2018). Contours located at 1000,
2000 and 3000 m water depth. Dashed outline represents the “The Canyons” Marine Conservation
Zone. C. Doppler navigation of Autosub6000 during Mission 98 (black lines). USBL navigation from
ROV video transects from dive 246 (Pink lines) and 254 (yellow lines). D. Close up of USBL navigation

when ROV circled a cold-water coral mound for a 3D photogrammetry survey.

2.3.2 Multibeam echosounder mapping

Bathymetry data were collected at 50 m resolution from a shipboard Simrad EM120 MBES mounted
on RS James Cook during the CODEMAP cruise in 2015. The data were processed using CARIS HIPS
and SIPS and exported with a pixel resolution of 50 m. In order to collect higher resolution
bathymetric data, an AUV was deployed. Autosub6000 is a large survey AUV, fitted with an
integrated Kongsberg EM2040 MBES (McPhail, 2009). As canyon systems are steep, traditional
nadir/orthogonal acquisition methods may miss information along steep walls and overhangs. As

such, the AUV mission (M98) was undertaken with a -20 degree roll offset in order to capture these
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steep features accurately with survey lines positioned in a spiral pattern with the multibeam swath
angled away from the spiral centre, collecting 84.7 km of angled data (Figure 2.1 C; also see Robert
et al., 2017). A section towards the head of Explorer Canyon was chosen for the survey in order to
map areas of known cold-water coral presence. The AUV was monitored during its descent, and its
position recorded using an Ultra-short baseline acoustic positioning system (USBL). When the
vehicle reached the survey altitude, it received a command to move to the correct start position.
From that point onwards, it used Doppler dead-reckoning for navigation and the science party
carried on with other sampling and surveying work at another location. The MBES frequency was
set to 200 kHz and beam count to 400. Due to the topographically complex nature of canyon
systems, a collision avoidance system was developed (Huvenne et al., 2016a). The horizontal
collision avoidance system was deployed providing a horizontal avoidance range of 120 degrees
and a range of 250 m with a weak spike filter strength. Doppler dead-reckoning navigation is prone
to drift over time, which may cause survey lines to incorrectly align, resulting in bathymetric error.
Therefore, due to navigation drift, roll offset and motion sensor placement discrepancy, the GLOBE
V1.15.16 software (IFREMER) was used to process the data due to high level of user interaction

enabled. The outputs were exported as geotiffs at a pixel resolution of 5 m.

The end products were two bathymetry datasets at resolutions of 50 and 5 m per pixel. The
bathymetries provided the baseline datasets to calculate geomorphological terrain variables for
SDM and the overall survey provided a multi-resolution overview of cold-water coral distribution.

This is known as a spatially nested survey approach.

2.3.3 ROV video data

ROV Isis was used to survey the sea floor during two transects (Figure 2.1; Dive 246 and 254). Isis is
a 6,000 m depth rated work-class ROV. Isis is fitted with 3 HD cameras and two 7-function
manipulator arms (Marsh et al., 2013). A Sonardyne USBL system was used for navigation. The
Ocean Floor Observation Protocol (OFOP) software was used to log the XY positions of organisms
observed on the SCORPIO camera. SCORPIO is a HD video (1080p) camera and is set at a fixed angle
and position, and was kept at a fixed zoom level in order to provide a consistent field of view of the
seafloor. Three reef building scleractinians (L. pertusa, M. oculata and S. variabilis) were
considered. All three species were concatenated as “Cold-water coral”. L. pertusa and M. oculata
were additionally considered independently. S. variabilis was not considered separately due to its
rarity. Live reef building scleractinian coral heads were counted and converted into
presence/absence data, as is common in Species Distribution Modelling (SDM) studies (e.g. Guinan
et al., 2009). The transects were split into 50 m sections to match the 50 m resolution shipboard

bathymetry. For the 5 m resolution dataset, 10 m sections were used as equivalent 5 m sections
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did not cover a large enough area of the seabed to be representative. The centre point of each
section was used to provide a single point position according to the ROV USBL position. Sections in
which the ROV was stationary for sampling purposes, visibility was poor or close up imagery was

undertaken, were removed.

In addition to the two linear transects, a 3D photogrammetry survey was undertaken in a spiral
pattern around a small mound at the start of transect 254 (Figure 2.1). A frame every 3 seconds
was taken from the video and a 3D photogrammetry model generated in Agisoft Photoscan (now
Metascan). The protocol followed Robert et al., (2017) and Price et al., (2019). An orthomosaic and
Digital Elevation Model (DEM) was generated for use as visual aids in this manuscript to

demonstrate the vertical relief of the mound and coral cover.

2.34 Terrain variables

All data were imported into ArcMap 10.4 and projected in UTM zone 29N projected co-ordinate
system prior analysis. From the bathymetry rasters (Figure 2.2), Slope (Figure 2.2 H, J), Curvature
(general), Northness (Figure 2.2 L, N), Eastness, Vector Ruggedness Measure (VRM) and
Bathymetric Positioning Index (BPI) (Figure 2.2 D, F) were generated using RSOBIA (Le Bas et al.,
2016) and Benthic Terrain Modeller extensions (Wright et al., 2005). Slope calculates the terrain
gradient at each pixel, measured in degrees. General curvature quantifies the slope as a concave or
convex surface. Northness and Eastness quantifies the aspect of each pixel in its respective
direction. VRM, which calculates the orientation variation of the pixels, independent of the slope
(Sappington et al., 2007), was generated with neighbourhoods of 3, 9 and 15 pixels to represent
terrain rugosity. Finally, BPI is a variation of Topographic Position Index, which measures a location
position relative to the surrounding area vertically, helping quantify if the position is locally elevated
(positive values), or locally depressed (negative values). Three scales of Bathymetric Position Index

were calculated at inner and outer radii of 5-10, 2-20 and 10-40 pixels.
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Figure 2.2. Bathymetry data acquired in Explorer Canyon at 50 m (shipboard MBES) and 5 m (AUV
MBES) pixel resolution plus associated derivatives. Subsequent maps illustrate examples of the
additional terrain information obtained with the two bathymetry resolutions. A. 50 m pixel

resolution bathymetry with AUV survey outline. B. 5 m pixel resolution bathymetry of Explorer
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Canyon. C. Depth (50 m pixel resolution). D. Fine-scale bathymetric positioning index (50 m pixel
resolution). E. Depth (5 m pixel resolution). Purple arrows indicate coral mounds, not all mounds
have an associated arrow. F. Fine-scale BPI (50 m pixel resolution). G. Depth (50 m pixel resolution).
H. Slope (50 m pixel resolution). I. Depth (5 m pixel resolution). J. Slope (5 m pixel resolution). K.
Depth (50 m pixel resolution). L. Northness (50 m pixel resolution). M. Depth (5 m pixel resolution).
N. Northness (5 m pixel resolution). Scale bars for C-N are located in C, G & K, with horizontal rows

showing same extent and scale.

2.3.5 Species Distribution Modelling

Two predictive modelling approaches were undertaken: 1) Generalised Additive Models (GAM) and
2) Random Forest, as both have been used in the past to create high quality predictions of cold-
water coral distribution and are suitable for non-linear relationships (e.g. Pearman et al., 2020).
Furthermore, using both approaches gives insights with two different modelling types; regression-
based analysis to estimate the relationship between variables and machine learning classification-

based analysis which uses classification trees.

Generalised Additive Models were undertaken using the MGCV package (Wood, 2011) in R (version
1.3.1093) with a binomial family distribution and logit link function. Data exploration according to
Zuur et al., (2009; 2012) was undertaken prior to analysis. Data exploration was undertaken to
identify outliers, collinearity between independent variables and type of relationships between
dependent and independent variables in order to detect issues that may lead to less robust models.
Correlations between environmental variables were detected via the Variance Inflation Factor
(usdm package (Naimi et al., 2014)) and removed using a cut off value of 3. In addition, the
remaining variables were compared using Pearson correlation with a cut off value of r = 0.5
(Pearman et al., 2020). This resulted in a reduction in the number of variables considered from 11
to 6 and 5 for the 5 m and 50 m datasets, respectively (Table 2.1). GAMs were fitted with remaining
variables which were sequentially removed and compared with Akaike Information Criterion (AIC)
to identify the most parsimonious model. Restricted Maximum Likelihood (REML) was used to

define smoothing parameters (Wood, 2011).

Random Forest (package: random forest (Liaw and Wiener, 2002)) was used as it has been
demonstrated to be a strong machine learning approach to predict coral occurrence (e.g. Robert et
al., 2015; Pearman et al., 2020). Random forest uses random subsamples of both response and
independent variables to create multiple decision trees, which are split to create smaller groupings
based on the most influential variable. Random Forest makes no assumptions of the variable

response distributions and therefore is therefore less sensitive to variable collinearity and non-
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linearity in the response variables. The model was run in classification mode with 1500 trees and

number of node splits was the square root of the number of variables (default).

Both GAM and Random Forest methods are prone to spatial autocorrelation (e.g. Sinha et al., 2019).
To detect the presence of spatial autocorrelation, variograms (full spatial range and up to 300 m)
and spline correlograms of the model residuals were assessed. Spline correlograms visualise
Moran’s | as a continuous and non-linear function of distance. Confidence envelopes (95%) were
calculated by bootstrapping the data (100 resamples). To reduce the influence of detected spatial
autocorrelation, a quarter of datapoints were retained from the 10 metre sections, by
systematically removing groups of 3 consecutive data points to ensure maximum possible distance
between data points. Spatial autocorrelation appeared much less influential when analysing the 50

m transects.

Table 2.1 Chosen variables for the Generalised Additive Models and correlated values group with
their strongest relationship according to Pearson r correlation. BPI indicates Bathymetric
Positioning Index with associated inner and outer radii of 5-10, 2-20 and 10-40 pixels, and VRM
indicates Vector Ruggedness Measure.

Retained variables Correlation (r > 0.5)

5 m resolution

Depth BPI (10-40)

Slope

Curvature BPI (5-10), BPI (2-20)
Northness

Eastness

VRM15 VRM3, VRM9

50 m resolution

Depth BPI(5-10), BPI(2-20), BPI1(10-40)
Slope Northness

Curvature

Eastness

VRM15 VRM3, VRM9
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2.3.6 Model evaluation

All data were randomly split into training (70%) and test (30%) data prior modelling to perform
cross validation. Area under the curve (AUC) was used on both training and testing data. AUC is a
common method to gauge performance of presence-absence models in the form of a single number
(Vierod et al., 2014). Less than 0.5 signifies poor model performance and greater than 0.7 signifies
adequate model performance. Further, sensitivity and specificity metrics were generated which
measure the fraction of correctly predicted presences and absences respectively. In addition, Out
Of Bag error (OOB) (Random Forest) and R?* (GAM) were assessed to provide supportive error and

goodness of fit summary statistics of the models based on the training datasets.

2.4 Results

241 Bathymetry

The 5 m resolution bathymetry enabled the identification of many geomorphological features that
were otherwise unresolved in the 50 m resolution data set. In Figure 2.2 (E & F), mounds are
observed on a spur and quantified by BPI in the 5 m dataset. Such features were not observed in
the 50 m dataset. Wall features and a series of consecutive terraces were observed on the south
flank in the 5 m resolution bathymetry. However, in the 50 m dataset, slope was more gradual as
areas of wall were smoothened by the lower resolution (Figure 2.2 H). A series of gullies in the north
east of the survey were observed in the 5 m resolution data, but were not resolved in the 50 m
resolution data. Northness values ranged from nearly -1 to nearly 1 in the 5 m resolution data, but

only ~ 0 to ~-0.75 in the 50 m resolution data.

2.4.2 Cold-water coral occurrence

A total of 270 sections (189 training, 81 testing) were used to predict coral species distributions
across the 50 m resolution dataset. Cold-water coral colonies were observed in 120 of the 270
sections. 104 and 114 sections containing L. pertusa and M. oculata were observed. A total of 319
sections (223 training, 96 testing) were used to predict coral species distribution across the 5 m
resolution dataset. Cold-water coral colonies were observed in 100 of the 319 sections. 87 and 90
sections containing L. pertusa and M. oculata were observed. Cold-water coral colonies ranged
from scattered colonies to developed reefs forming small mounds on the spur found on the north

flank of the survey area (Figure 2.3). One thousand, two hundred and forty-one images were utilised
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to create the 3D photogrammetry model which revealed dense coral cover on top of a mound
between 869 and 874 m water depth. Large hummocks of coral colonies were observed at the peak

of the mound, characterised by a high quantity of live coral cover. Cold-water colonies were also

found on vertical walls and overhangs (Figure 2.4).

D
Depth (m)
s 869.3

—_— 874.5

5 Metres

Figure 2.3. Cold-water coral formations in Explorer Canyon. A) Bathymetry of Explorer Canyon
collected by Autosub6000 at 5 m resolution. B) A close up of cold-water coral mound formations.
C) Orthomosaic of the top of a mound. D) Digital Elevation Model of the top of a cold-water coral

mound. E) Side view of the cold-water coral mound reconstructed in 3D.

39



Chapter 2

Figure 2.4. Images of cold-water coral assemblages found on vertical walls. A) Bare vertical wall
with dead Scleractinia skeletons fallen from further up the cliff. B) Cold-water colonies
(predominantly Madrepora oculata) found on the vertical wall. Note that A and B were separated
14 m vertically. C) M. oculata and Primnoa sp. found on an overhang. Arrow indicates a scleractinian
coral colony hanging from a fishing line. D) Filter feeders (including M. oculata and Lophelia pertusa)
colonising small areas of exposed vertical and overhang rock. Image locations found on the south

flank within the outlined area in Figure 2.3 A.

243 Modelling

Table 2.2 shows that modelling (both GAM and Random Forest) undertaken on the 50 m resolution
dataset generally had a higher Adj R? and deviance explained, and lower OOB errors, compared
with the 5 m resolution dataset (Table 2.2). All models performed excellent with an AUC score >0.8
(Table 2.3, Figure 2.5). AUC ranged from 0.93 —0.96 (50 m) and 0.82 — 0.9 (5 m), on the testing data
(Table 2.3). Sensitivity ranged from 0.79 — 0.88 (50 m) and 0.52 — 0.69 (5 m) on the testing data
(Table 2.3). Specificity ranged from 0.86 — 0.94 (50 m) and 0.85 — 0.89 (5 m), on the testing data
(Table 2.3). The 50 m dataset had higher AUC scores than the 5 m dataset (Figure 2.5). The AUC was

higher for M. oculata and cold-water coral predictions using Random Forest at 50 m resolution,
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whereas at 5 m, the GAM performed slightly better. For L. pertusa, the GAM performed the best at

50 m resolution and performed the same as Random Forest at 5 m resolution.

AUC score

0.98

0.96

0.94

0.92

0.9

0.88
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0.84
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Figure 2.5 Area Under the Curve (AUC) values of Species Distribution Models applied to validation

datasets used to predict cold-water coral distribution.

Table 2.2. Summary statistics of species distribution model performance, calculated from the test

data. Adjusted R? indicates the goodness of fit. Out Of Bag (OOB) refers to the

average error of the bagged (or left out) data points during the bootstrapping

process on which to provide an independent assessment of accuracy.

GAM Random Forest
Deviance
Adj R? explained OOB error (%)
50m Cold-water coral 0.749 71.8 8.47
L. pertusa 0.884 86.3 423
M. oculata 0.69 65.9 12.7
5m Cold-water coral 0.59 54 12.11
L. pertusa 0.69 64.8 11.21
M. oculata 0.64 61.7 13.45
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2.4.4 Generalised Additive Model

The relationships between depth and all species at both resolutions were similar, peaking between
800 and 1000 m water depth (Appendix 2.1). Slope was significant for L. pertusa, indicating that a
slope angle of around 10-20 was the optimum angle. Probability of coral occurrence increased with
VRM (15) for all species at both resolutions. Eastness was an important variable for all species at 50
m resolution, whereas Northness was important to explain the occurrence of L. pertusa and cold-

water coral at 5 m resolution.

245 Random forest variable importance

Depth was the most important variable in the Random Forest models at 50 m resolution for all
species (Appendix 2.2). BPI (10-40) followed by VRM (15) were the next most influential for all

species for 50 m resolution models. All other variables were much less influential.

The most important variables in the Random Forest models at 5 m resolution were more evenly
distributed. Depth, VRM15, VRM9, BPI (5-10, 2-20, 10-40) were the most influential variables for all

species (Appendix 2.2).

Table 2.3. Sensitivity, specificity and AUC scores of all species distribution models performed to
predict cold-water coral distribution in Explorer Canyon. The scores were calculated using both

training and testing validation datasets.

Training Testing
Sensitivity  Specificity = AUC | Sensitivity  Specificity AUC
50m Random Cold-water coral 0.87 0.95 0.98 0.79 0.86 0.94
Forest L. pertusa 0.92 0.98 0.96 0.85 0.94 0.95
M. oculata 0.81 0.92 0.94 0.81 0.87 0.95
GAM Cold-water coral 0.89 0.94 0.98 0.79 0.86 0.93
L. pertusa 0.96 0.98 0.99 0.88 0.92 0.96
M. oculata 0.87 0.93 0.97 0.81 0.87 0.94
5m Random Cold-water coral 0.75 0.93 0.91 0.64 0.89 0.87
forest L. pertusa 0.77 0.93 0.93 0.69 0.89 0.9
M. oculata 0.69 0.93 0.92 0.52 0.85 0.82
GAM Cold-water coral 0.81 0.95 0.94 0.58 0.87 0.88
L. pertusa 0.89 0.95 0.97 0.69 0.89 0.9
M. oculata 0.80 0.94 0.96 0.55 0.85 0.84
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2.4.6 Cold-water coral spatial predictions

The GAM and Random Forest model outputs showed broadly similar predicted patterns at 50 m
resolution. For example, both models predicted coral at the spur, where the mounds were
identified from high resolution bathymetry and 3D photogrammetry models (Figure 2.3).
Furthermore, along the opposite flank, a steep, north facing wall was deemed to be suitable for
cold-water coral. Towards the north-east, both models predicted cold-water coral occurrence,
particularly the GAM revealing a large area within which it was likely that cold-water coral would

occur. Another hotspot is observed at the west side of the survey along the north flank (Figure 2.6).

The model outputs for the finer-scale 5 m resolution bathymetry showed broadly similar patterns
to the 50 m outputs, such as a high probability of coral occurrence on the mounds located on the
spur, north-east gullies and some areas that depict vertical walls. At 5 m resolution, individual
gullies were identified as suitable for cold-water coral. The west side of the survey area was
considered less suitable by the 5 m outputs and both models predicted a high probability of finding
cold-water coral over a smaller footprint on the southern flank, compared to the 50 m resolution

models.
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Figure 2.6. Probability of cold-water coral (Lophelia pertusa, Madrepora oculata and Solenosmilia
variabilis concatenated) occurrence in Explorer Canyon, NE Atlantic, based on 4 modelled outputs
using terrain derived variables. A) Random Forest spatial prediction based on 50 m resolution data
B) Generalised Additive Model (GAM) spatial prediction based on 50 m resolution data. C) Random
Forest spatial prediction based on 5 m resolution data. D) GAM spatial prediction based on 5 m

resolution data.

2.4.7 Lophelia pertusa spatial predictions

The 50 m resolution data models were in general agreement, though the GAM spatial prediction
showed a more extreme graduation between low to high probability of coral occurrence and areas
of high probability of coral cover had a larger footprint. There were minor differences between the
5m and 50 m resolution data, with the 5 m resolution data predicting more spatially restricted L.
pertusa extent. The Random Forest model predicted high probability of L. pertusa occurrence along
the mini mound area, the north-eastern part of the survey and wall features along the south of the
thalweg (Figure 2.7). The GAM revealed similar results, though also predicted coral in the gullies on

the southern slope at 5 m resolution.
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Figure 2.7. Probability of Lophelia pertusa occurrence in Explorer Canyon, NE Atlantic, based on 4

1
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modelled outputs using terrain derived variables. A) Random Forest spatial prediction based on 50
m resolution data B) Generalised Additive Model (GAM) spatial prediction based on 50 m resolution
data. C) Random Forest spatial prediction based on 5 m resolution data. D) GAM spatial prediction

based on 5 m resolution data.

2.4.8 Madrepora oculata spatial predictions

The GAM predicted M. oculata on the spur, north-east gullies, south walls and west sections in the
50 m resolution dataset. The Random Forest indicated a high probability of M. oculata in similar
areas, but the variability was more gradual and tended to predict more intermediate probabilities

of observing M. oculata.
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At the 5 m resolution, the predicted area was more restricted to the spur, north east gullies and
north facing walls according to the Random Forest. The GAM additionally predicted a high

probability of finding colonies along walls throughout the survey area (Figure 2.8).
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Figure 2.8. Probability of Madrepora oculata occurrence in Explorer Canyon, NE Atlantic, based on

L]
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4 modelled outputs using terrain derived variables. A) Random Forest spatial prediction based on
50 m resolution data. B) Generalised Additive Model (GAM) spatial prediction based on 50 m
resolution data. C) Random Forest spatial prediction based on 5 m resolution data. D) GAM spatial

prediction based on 5 m resolution data.

249 Potential undiscovered mounds and habitats suitable for coral growth

Figure 2.9 highlights the slightly different predictions between modelling methods and data
resolution. High probability of coral occurrence (in this study defined as 0.6) was predicted over a

larger spatial extent in the models undertaken on the 50 m dataset, compared to the 5 m dataset
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(Figure 2.9). GAM s predicted a high probability of coral over a wider area compared to the Random
Forest predictions at both scales (Figure 2.9). Cold-water corals were predicted to occur along wall
features in the 5 m datasets. However, this relationship was less clear in the models from the 50 m
resolution dataset, whereby coral were predicted in the general vicinity, but not the precise wall
features (e.g. Figure 2.9 A, C & E). In addition, 50 m resolution models predicted a lower probability

of coral occurrence in the gullies immediately north of the spur (Figure 2.9).

The models derived from the 5 m resolution data set agreed in some locations that were not
predicted by models using the 50 m dataset (Figure 2.9). In some of these locations (north flank and
north east of the survey area), local topographic highs that resemble mounds, ridge features and

walls were observed (Figure 2.10). These features are typical of cold-water coral habitat.
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Figure 2.9. Model predictions of cold-water coral distribution in Explorer Canyon, NE Atlantic: 5 m
(yellow) and 50 m (red) resolution datasets, cut off point of 0.6 probability that cold-water coral
occurs was chosen. A. Generalised Additive Models (GAMs) of cold-water coral. B. Random Forest
models of cold-water coral. C. GAMs of Lophelia pertusa. D. Random Forest models of L. pertusa.

E. GAM models of Madrepora oculata. F. Random Forest models of M. oculata.
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Figure 2.10. Spatial predictions of cold-water coral distribution and seabed features in Explorer
Canyon, NE Atlantic, depicted with slope (in grey). A. Close up of geomorphological features that
may represent habitat suitable for cold-water coral. Subsequent maps illustrate predicted cold-
water coral occurrence with a cut off of 0.6. B. Probability of cold-water coral occurrence (Random
Forest). C. Probability of cold-water coral occurrence based on a Generalised Additive Model
(GAM). D. Close up of geomorphological features that may represent habitat suitable for cold-water
coral. E. Probability of cold-water coral occurrence (Random Forest). F. Probability of cold-water

coral occurrence based on the GAM.

2.5 Discussion

Submarine canyons are seldom mapped to metre-scale resolutions. However, the few studies that
have collect metre-scale resolution bathymetry of canyons have taught us a lot about canyon
geological processes (e.g. Paull et al., 2011). Here we deployed an AUV in Explorer Canyon collect
metre-scale resolution bathymetry to detect areas suitable for cold-water coral growth. High-

resolution bathymetry resolved previously undiscovered geological features, contributing to spatial
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predictions of cold-water coral. We demonstrate the power of using spatially nested surveys to

distinguish areas requiring further scientific and conservation interest to aid spatial management.

2.5.1 Model resolutions

All models had high Area Under the Curve (AUC) scores of greater than 0.8, indicating excellent
model performance. Our training and validation dataset were spatially limited, suggesting spatial
autocorrelation could have contributed to a higher AUC score, though this was minor in our study
(Appendix 2.3-2.8). When inspecting the spatial predictions, broad similarities between modelling
techniques and resolutions gave high confidence of cold-water coral presence in areas such as the

spur, which was identified to contain small coral mounds (Figure 2.3), and the north east gullies.

Surprisingly, the modelling undertaken on the 5 m resolution data did not achieve better results
than the 50 m dataset from a statistical perspective, this is likely down to unquantifiable variables
at the fine scale and geographical or navigation error. On finer scales, ecological processes driving
benthic spatial organisation such as individual interactions are influential, even on a centimetric
scale (Price et al., 2021), but may not be accounted for in SDMs (Vierod et al., 2014). Geographical
error caused by manual feature matching during AUV bathymetry processing, and by USBL
navigation of the ROV video dataset, which is accurate to 1% of depth, may introduce minor
discrepancies between datasets. Due to the broad agreement between all models and high AUCs

scores, this was not expected to have had a major influence on the spatial predictions.

Areas of disagreement between the model resolutions reveal the shortcoming of 50 m resolution
predictions. Some geomorphological features such as vertical walls, ridges and mound-like
structures which are strong candidates for coral habitat were only detected as being suitable for
coral by the 5 m resolution predictions (Figure 2.10). The smoothing effect of low-resolution
bathymetry is evident in Figure 2.2 H & J, and is reflected in the predictions whereby coral was
predicted near but not on wall features (Figure 2.9 A, C & E). Cold-water corals were predicted over
large areas in the 50 m resolution models compared with the 5 m predictions, particularly by the
GAMs, which suggests an over-estimation of cold-water coral extent. In addition, cold-water coral
absences in 50 m transects represent non-detection rather than true absences due to the narrow
field of view of the video data (compared to 50 m x 50 m seafloor pixels) and hence are not
necessarily representative (Du Preez et al., 2020), whereas absences are more realistic in the 10 m
transects used with the 5 m x 5 m bathymetry. Therefore, whilst model accuracy was supposedly
slightly better for the models undertaken on the 50 m resolution data, we suggest that the

predictions from the AUV data may be more realistic.
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2.5.2 Cold-water coral habitat in Explorer Canyon

Explorer Canyon provides suitable conditions for “Threatened and/or Declining Species and
Habitats” (OSPAR, 2008) and is part of a designated Marine Conservation Zone (MCZ) (Marine and
Coastal Access Act, 2009). Whilst the physical complexity of submarine canyon features provides
some natural shelter, protection is still required as long line fishing and trawling is likely prevalent
in and around Explorer Canyon according to vessel monitoring system data (JNCC, 2012). Trawling
and long line fishing may lead to physical abrasion of sensitive benthic fauna (Heifetz et al., 2009;
Altheus et al., 2009; Huvenne et al., 2016b) and contribute to increasing the amount of marine litter
(Pham et al., 2014) which was present in our video transect (Figure 2.4C; Huvenne et al., 2016a).
For example, trawling on the interfluves may have already degraded other nearby cold-water coral
habitats (Stewart et al., 2014; Amaro et al., 2016). The coral observed in Explorer Canyon may
represent potential strongholds for future recolonization of such proximal degraded reefs (Robert
et al., 2019) and require protection. Therefore, knowledge on the coral extent and health is of
paramount importance. Our high-resolution bathymetric and optical data reveal that the cold-
water corals form mounds with large living colonies, suggesting that the reef is healthy and is likely
to be growing. SDMs strongly indicate that the area beyond the ROV field of view on the spur has a
high probability of coral presence. This agrees with previous studies (Davies et al., 2014), but whilst
confidence of cold-water coral reef presence and extent is “high” (JNCC, 2013), we show that
further potential cold-water coral habitats are located within the MCZ boundaries. The cross-model
agreement of coral occurrence on the north flank, north-east gullies and southern wall features
point to a high likelihood of further coral assemblages in the study site, including potentially
undiscovered coral mounds (Figure 2.10). It is considered that coarser resolution predictions should
be utilised to create a more cautious network of MPAs (Ross et al., 2015). However, in the current
study, the results suggest that whilst coarser resolution models perform well, they also miss
potential cold-water coral habitats where features can only be resolved by high-resolution
bathymetry (Figure 2.10). Therefore, we suggest that the inspection of multiple resolution SDM
outputs should be used to detect and outline sensitive areas requiring further investigation and

targeted protection.

A high probability of cold-water coral presence occurred between 750 and 950 m water depth, on
structurally complex features such a spurs, gullies, vertical walls and mound features according to
the 5 m resolution predictions (Figures 2.6, 2.7, 2.8, 2.9, 2.10). The presence of coral on complex
terrain is well documented in SDM studies (Howell et al., 2011; Rengstorf et al., 2013; Robert et al.,
2015; Bargain et al., 2018; Lo lacono et al., 2018; Pearman et al., 2020). This relationship is likely
derived from substrate heterogeneity and oceanographic interactions with the seafloor. For

example, aspect and BPl may be proxies of current exposure (Guinan et al., 2009; Ismail et al., 2015;
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De Clippele et al., 2017; Lo lacono et al., 2018), on which passive filter feeders such as cold-water
corals are reliant for suspended food particles (Frederiksen et al., 1992; Mienis et al., 2007; Davies
et al., 2009). Rugosity (in the form of VRM) was also an important variable in the modelling and
may relate to hard surfaces (Dunn and Halpin, 2009), vertical walls and coral mounds (Guinan et al.,
2009). Depth was the most important variable. However, the depth range was well within normal
known cold-water coral range in the Whittard Canyon area (Pearman et al., 2020), thus is it likely
that one of the correlated variables such as BPI may be the true underlying cold-water coral

distribution driver.

Pearman et al. (2020) noted an asymmetric prediction of cold-water coral distribution in Explorer
Canyon as noted in other canyon systems (Lo lacono et al., 2018), with the northern flank being
more suitable for coral due to terrain complexity and current regime. Our results loosely support
these patterns. The predicted cold-water coral extent on the southern flank was restricted to very
steep areas or vertical walls. This could relate to higher sedimentation rates, lack of alternative
terrain complexity or limited hard substrate availability. Vertical walls, cliffs and overhangs of
varying sizes are often characterised by hard rock substrata which are suitable for cold-water coral
(Huvenne et al., 2011; Robert et al., 2019) and provide shelter from turbidity currents, high
sedimentation rates and bottom trawling (Huvenne et al., 2011; Gori et al., 2013; Brooke and Ross,
2014). In contrast with other locations in the Whittard Canyon complex (Robert et al., 2020), the
vertical walls were more important for M. oculata than L. pertusa, especially on the southern flank
of Explorer Canyon, which may reflect the slightly different niche they occupy (Arnaud-Haond et
al., 2017; Lartaud et al., 2017). Therefore, it is important to ensure that spatial extent of distinct
species is considered in future scientific and conservation efforts (Barbosa et al., 2020). However,
not all wall features are suitable for cold-water coral, due to other competitive assemblages (e.g.
deep-sea oysters and other clams; Van Rooij et al., 2010; Johnson et al., 2013), unsuitable surface
properties or surfaces that are prone to erosion (e.g. Carter et al., 2018), none of which are likely
to have been captured in the SDMs. This was observed in Explorer Canyon whereby different
communities or bare wall (Figure 2.4) were observed just metres away from cold-water coral
assemblages. In this example, the slight difference in terrain was observed (Figure 2.4 shows the
wall to have a more convex, bulbous morphology), but also the deeper bare wall could be
influenced by the sediment dynamics within the thalweg, an area known for sediment transport

and turbidity currents, which may abrade communities within its path.

2.5.3 AUVs in conservation

The results show that AUVs can provide novel, high resolution data for indicating precise locations

of potential cold-water coral occurrence in a geomorphologically complex setting. In particular, the
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high-resolution data allowed the identification of steep sided or vertical walls which are of interest
as an under quantified cold-water coral habitat (Robert et al., 2019), but are receiving more
acknowledgement in classification schemes used to inform ecosystem-based spatial management
(Davies et al., 2017). Orthorectified bathymetric data however underestimate the surface area of
vertical walls and associated assemblages, as wall is depicted within a narrow ribbon. Therefore,
AUV bathymetry can be collected at an angle to yield more accurate representation of the surface
area of vertical walls, enabling fully three-dimensional interpretations (Robert et al., 2017). The
application of using AUVs to survey walls is not restricted to the deep sea, as other assemblages

can colonise vertical walls in shallower waters (e.g. Gori et al., 2011b, Rakka et al., 2020).

AUVs offer a time, cost and carbon emission efficient solution (Benoist et al., 2019) to map a
relatively large area in high-resolution within regions of interest such as MPAs. Spatial predictions
of species such as cold-water coral are useful tools to assist defining MPA boundaries (Howell et al.,
2011; Reiss et al., 2015; Rowden et al., 2017). In particular, high resolution spatial predictions are
important to understand what is happening within an MPA and fill the knowledge gaps around the
extent and condition of features of interest. This is because communities are influenced by
processes which act over a range of scales (Levin, 1992; Lecours et al., 2015) and this is more likely
to be captured when undertaking a multi-resolution approach to SDM. Therefore, data from AUVs
can be used to supplement SDM over broader areas in a spatially nested survey approach. AUVs
also provide means for repeatable mapping for monitoring purposes (e.g. Huvenne et al., 2016b).
Follow up surveys may identify terrain changes over time such as submarine landslides, or

mechanical disturbance from trawling which is directly applicable in the monitoring of MPAs.

In addition to collecting high resolution bathymetry, AUV photographic surveys may be useful in
spatially nested survey designs by means of providing ground truth data for benthic classification
mapping (Zelada Leon et al., 2020), 3D photogrammetry (Johnson-Roberson, 2010), photomosaics
(Meyer et al., 2019; Simon-Lledo et al., 2019), taxa identification (Morris et al., 2014; Boswarva et
al.,, 2020) and possibly VME identification (Morato et al., 2018; Baco-Taylor et al., 2020). In
topographically complex environments such as canyons, traditional survey AUVs do not possess the
agility required to follow terrain variability at an optimum distance from the seafloor. Therefore,
hover AUVs or untethered ROVs may provide a solution (Friedman et al., 2012; Wagner et al., 2013;
Bowen et al., 2013), by navigating complex features in a similar way to how ROVs collect high
resolution images to create mosaics and 3D models (e.g. Figure 2.3). SfM outputs can be used to
demonstrate the structure of mounds and coral coverage (e.g. Figure 2.3), and such photographic
surveys can be used to infer fine-scale relationships between benthic organisms and their
environment (Lim et al.,, 2020), which will be explored in further chapters of this thesis.

Photomosaic and 3D photogrammetry surveys can contribute information about benthic
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organisation using landscape ecology statistics, in order to quantify additional fine-scale drivers of
distribution (Edwards et al., 2017). The combination of imagery and multi-resolution predictive
mapping is a powerful tool in the role of spatial planning and can be used to monitor cold-water

coral habitats.

2.6 Conclusion

Here we show how an AUV survey can be integrated into a spatially nested SDM survey plan in
order to extrapolate information obtained from ROV footage. By comparing low- and high-
resolution surveys, the SDM approach deployed likely captured a range of species-environment
relationships. Small mounds were observed for the first time on a spur part way up Explorer Canyon
and described, and live coral were predicted to occur on gullies and vertical walls. Coral location
appears strongly driven by terrain complexity and wall features that were only observed in the
higher-resolution AUV bathymetry, showing the importance of collecting high resolution
bathymetry. Multi-resolution consideration of benthic taxa distribution is a useful tool in marine

spatial planning and AUVs provide the capability to perform the necessary spatially nested surveys.
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Chapter 3

3.1 Abstract

Fine-scale structural complexity created by reef-building coral in shallow-water environments is
influential on biodiversity, species assemblage and functional trait expression. Cold-water coral
reefs are also hotspots of biodiversity, often attributed to the hard surface and structural
complexity provided by the coral. However, that complexity has seldom been quantified on a
centimetric scale in cold-water coral reefs, unlike their shallow-water counterparts, and has
therefore never been linked in a similar way to the reef inhabitant community. Structure from
Motion techniques which create high-resolution 3D models of habitats from sequences of
photographs are being increasingly utilised, in tandem with 3D spatial analysis to create useful 3D
metrics, such as rugosity. Here, we demonstrate the use of ROV video transect data for 3D
reconstructions of cold-water coral reefs at depths of nearly 1000 m in the Explorer Canyon, a

tributary of Whittard Canyon, NE Atlantic.

We constructed 40 3D models of approximately 25 m length video transects using Agisoft
Photoscan software, resulting in sub-centimetre resolution reconstructions. Digital elevation
models were utilised to derive rugosity metrics and orthomosaics were used for coral coverage
assessment. We found rugosity values comparable to shallow-water tropical coral reef rugosity.
Reef and nearby non-reef communities differed in assemblage composition, which was driven by
depth and rugosity. Species richness, epifauna abundance and fish abundance increased with
structural complexity, being attributed to an increase in niches, food, shelter and alteration of
physical water movement. Biodiversity plateaued at higher rugosity, illustrating the establishment
of a specific reef community supported by more than 30% coral cover. The proportion of dead coral
to live coral had limited influence on the community structure, instead within-reef patterns were
explained by depth and rugosity, though our results were confounded to a certain extent by multi-
collinearity. Fine-scale structural complexity appeared to be integral to local-scale ecological

patterns in cold-water coral reef communities.
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3.2 Introduction

Some colonial Scleractinian cold-water corals, such as Lophelia pertusa (recently synonymised to
Desmophyllum Pertusum (Addamo et al., 2016)), Madrepora oculata and Solenosmilia variabilis,
are capable of forming complex 3D reef structures, ranging from patchy cover to massive carbonate
mounds (Wilson, 1979; Wheeler et al., 2007). Cold-water coral reefs are predominantly found on
continental slopes, seamounts and in fjords, but increasing evidence suggests submarine canyons
also provide an important habitat (Orejas et al., 2009; Huvenne et al., 2011; De Mol et al., 2011; Lo
lacono et al., 2018). Due to their complex terrain, submarine canyons may provide important
refugia for cold-water coral assemblages (Huvenne et al., 2011), that are vulnerable to destructive
fishing practices elsewhere (Fossa et al., 2002; Davies et al., 2007; Althaus et al., 2009; Huvenne et

al., 2016b).

Reef-building cold-water corals are autogenic ecosystem engineers according to the definition of
Jones et al. 1994, and like shallow-water coral reefs, cold-water coral reefs are considered to be
hotspots for biodiversity. Cold-water coral reefs support diverse habitat specific communities of
epifauna and infauna (Johnsson et al., 2004; Mortensen and Fossa, 2006; Henry and Roberts, 2007;
Bourque and Demopoulos 2018), with enhanced biodiversity and benthic biomass compared to
adjacent substrate (Van Oevelen et al., 2009). For example, Shannon-Wiener indices of taxa
associated with cold-water coral reefs on the Faroe shelves (North Atlantic) were approximately
5.5, a value which is comparable with shallow-water reef biodiversity (Jensen and Frederiksen,
1992). This biodiversity is associated with sessile and vagile taxa alike (Johnsson et al., 2004). Living
portions of the reef harbour fewer, more specialised species (Mortensen and Fossa, 2006; Cordes
et al., 2008), whilst the bare hard substrate of dead coral skeleton is often cited as a primary driver
of reef biodiversity (Henry and Roberts, 2017). In addition, the structural complexity of the 3D
framework provided by the coral skeleton is also considered an important variable contributing to
cold-water coral reef assemblage and biodiversity (Johnsson et al., 2004; Cordes et al., 2008; Robert

et al., 2017).

Coral reef structural complexity influences marine biodiversity and community structure at multiple
scales (Friedlander and Parrish, 1998; Gratwicke and Speight, 2005; Wilson et al., 2007; Graham
and Nash, 2013; Richardson et al., 2017). Broad-scale terrain rugosity has been cited as a driver of
deep-sea biodiversity (Robert et al., 2015) and cold-water coral distribution (Lo lacono et al., 2018).
However, measuring fine-scale complexity of deep-sea habitats at a similar scale to that in shallow-
water coral reef research is problematic owing to the difficulty of sampling at depth. Yet, based on
qualitative observation, it is generally accepted that deep-sea benthic fish benefit from fine-scale

structural complexity (Roberts et al., 2005; Soffker et al., 2011; Purser et al., 2013). Invertebrates
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also benefit from structural complexity, for example, Stevenson et al., (2015) inferred the 3D
structure created by cold-water coral was utilised by Cidaris cidaris in order to escape predation. At
these fine scales, it is thought that the provision of a physically heterogeneous habitat offers
multiple niches that organisms can utilise for shelter and/or feeding (Graham et al., 2013).
Structural complexity can alter hydrodynamic properties such as current velocity, shear and
turbulence, subsequently providing additional microhabitats (Buhl-Mortensen et al., 2010),
influencing larval entrainment (De Clippele et al., 2018), larvae retention (Boxshall, 2000; Harii and
Kayanne, 2002), suspension feeder feeding efficiency (Purser et al., 2010; Orejas et al., 2016) and

infauna diversity (Bourque and Demopoulos, 2018).

Multibeam echosounders mounted on Remotely Operated Vehicles (ROVs) can acquire sub-metre
resolution bathymetry of cold-water coral reefs (Huvenne et al., 2011; Foubert et al., 2011; De
Clippele et al., 2017; Lim et al., 2018a). Yet, despite these novel techniques, a general lack of
complexity measurements of cold-water coral reef framework (centimetric resolution) represents
a knowledge gap which can be mitigated through the use of novel image analysis techniques.
Structure from Motion (SfM), a form of 3D photogrammetry, is becoming more prevalent in marine
imaging research in order to derive terrain variables such as coral reef rugosity (Leon et al., 2015;
Storlazzi et al., 2016). This technique opens opportunities for the extraction of a plethora of fine-
scale terrain variables that may contribute to the understanding of functioning of deep-sea
habitats, such as cold-water coral assemblages (Robert et al., 2017). However, relatively few SfM
surveys have been carried out in deep-sea habitats due to the difficulty of acquiring controlled
images at depth with additional implications of strong currents and water column turbidity often
associated with cold-water coral reef locations (Mienis et al., 2007; Davies et al., 2009; Duineveld
et al., 2012). Unmanned underwater vehicles (ROVs, Autonomous Underwater Vehicles and towed
platforms), however, can collect suitable images and data to implement SfM techniques (Johnson-

Roberson et al., 2010; Robert et al., 2017; Purser et al., 2018).

Cold-water coral reefs are vulnerable to bottom contact fishing activities, and are thus classified as
a ‘Vulnerable Marine Ecosystem (VME)’ (United Nations General Assembly Resolution 61/105), of
which structural complexity is a defining characteristic (FAO, 2009). Yet the assignment threshold
of VME status to cold-water coral reefs based on imagery is ambiguous, in part due to the lack of
prerequisite information about the density at which a group of separate colonies alter the
environment enough to form a habitat with distinct communities. Coral coverage values of more
than 15 or 60% to detect a distinct coral reef or “coral framework” habitat have been used in
previous studies (Rowden et al., 2017, Vertino et al., 2010), but no quantified consensus exists. This
may be due to a lack of precise coral coverage and the associated structural complexity information

required to identify a distinct habitat and VME threshold. As well as destructive fishing practices
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mechanically reducing the reef structure, shallowing aragonite saturation horizon (Turley et al.,
2007) geochemically degrades living and dead portions of the reef 3D structure (Hennige et al.,
2015). These anthropogenic impacts would reduce the structural complexity with repercussions for
the associated fauna and VME status, further highlighting a need to quantify reef characteristics on

a framework scale.

In this study, we provide rugosity metrics from 3D reconstructions of cold-water coral reefs using
SfM with video data collected from an ROV. We aim to (1) quantify the structural complexity
introduced by cold-water coral reef patches, (2) identify the role of structural complexity in driving
biodiversity and assemblage composition, (3) use fine-scale information to identify the threshold
of coral cover and structural complexity required to form a distinct cold-water coral reef habitat

and provide evidence for VME characteristics.

3.3 Methodology

3.3.1 Study area

Explorer Canyon is a tributary of the Whittard Canyon system in the North-East Atlantic (Figure 3.1).
The canyon lies within the British exclusive economic zone (EEZ) and forms part of The Canyons
Marine Conservation Zone (MCZ) (Ministerial order/DEFRA, 2013) which was designated based on
the occurrence of deep-sea bed and cold-water coral reef habitats in accordance with the UK
Marine and Coastal Access Act (2009). The canyon system is subject to energetic internal wave
activity (Vlasenko et al., 2014; Hall et al., 2017; Aslam et al., 2018), upwelling (Porter et al., 2016)
and provides suitable habitats for cold-water coral (Huvenne et al., 2011; Robert et al., 2017).
Davies et al. (2014) located reef-building scleractinians on a spur midway up the Explorer Canyon

branch at 795-940 m depth.

3.3.2 Video survey and data preparation

The data for this study were collected during a survey as part of the Expedition JC125 aboard the
RRS James Cook (Huvenne et al., 2016a). The ROV Isis was used to conduct a video transect starting
from the thalweg of the canyon and ascending along the Explorer Canyon slope and scarp (Figure
3.1). One frame per second was extracted from a High Definition obliquely angled camera (HDSCI)
mounted on the ROV, using Quicktime 7 Pro (Apple inc.). The transect was divided into 25 m
sections or sub-transects, estimated from the horizontal distance travelled based on the Sonardyne
Ultra-Short Base Line (USBL) positioning system and the corresponding images were extracted for

3D reconstruction. Sections of 25 m were chosen as reconstructions along a single line tended to
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accumulate positioning error with increasing distance and thus longer sub-transects became
unreliable. Secondly, shorter sections might not have encompassed enough area for robust faunal
counts of low density organisms such as fish. Finally, 25 m transects have also been used in shallow-
water coral reef rugosity research (Friedlander and Parrish, 1998), thus aiding comparison with

previous work.

The sloping and complex topography of the canyon prevented true nadir camera angle although
the slightly angled ROV camera against the slope was determined to be favourable for 3D
reconstructions during preliminary analysis. Whilst having the camera orthogonal to the subject is
not a prerequisite for reconstructions, it is beneficial to ensure as much of the terrain is captured
accurately as possible (Kwasnitschka et al., 2013). The images were manually assessed for lapses in
quality and removed where necessary. De-interlacing of the frames was performed in Adobe

Photoshop CS6.

Figure 3.1. Study location. A) Geographical location, global bathymetry (GEBCO), with the Eastern
Whittard Canyon outlined. B) Eastern Whittard Canyon with the Marine Conservation Zone
boundary (dashed rectangle) and study site outlined (C). C) Spur in the Explorer Canyon (North part
of MCZ). Black lines denote approximate 3D reconstructed sub-transects. D) Example image

sequences. E) 3D reconstruction of a reef sub-transect. F) Digital elevation model of the coral reef
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333 Reconstruction

The images were imported into Agisoft Photoscan Professional (v. 1.3.4.5067). The final step before
processing involved masking the images to remove parts of the ROV equipment that were captured
in the frame or black background beyond the light, improving image distortion residuals
significantly. Optical aberrations caused by the water/glass interface were not calibrated due to
lack of available information. However, Young et al. (2017) found that non-calibrated cameras
produced accurate and precise reconstructions to a centimetric scale, suggesting Agisoft Photoscan
performs adequately with non-calibrated cameras and distorted images. Each frame was paired
with its USBL position for georeferencing (performed in R version 3.3.2), and lasers spaced 10 cm

apart were used as a reference scale at multiple flat locations within each reconstruction.

The workflow was carried out as specified by Agisoft Photoscan Professional, using a 16 core, 64GB
High Performance Computer (IRIDIS) node with two NVIDIA K20 graphics processors. High quality
alignment via generic pre-selection was chosen. High quality dense clouds were created and
optimised for scale and georeferenced, then reprocessed, followed by manual editing to remove
outliers and noise. The models were screened visually for distortions and large georeferencing
errors. The outputs were exported as digital elevation models (DEM) at a standard 5 mm pixel size
for terrain analysis and orthomosaics at the highest resolution (predominantly <2 mm per pixel) to
quantify coral coverage. Where gaps in the DEM were caused by tall coral colonies obstructing the

camera view, these were addressed through interpolation (as used by Leon et al., 2015).

3.3.4 Biodiversity

The “SCORPIO” camera mounted on Isis recorded video footage in high definition which was used
to count the organisms present using OFOP (Ocean Floor Observation Protocol) software. The
SCORPIO camera was utilised as it was installed in a static position with fixed zoom for a consistent
standardised analysis which was within the field of view of the HDSCI video footage. Organisms
were recorded as morpho-species and then identified to the lowest possible taxonomic resolution.
All species within the time frames of the image sequences used for reconstructions were binned to
the respective sub-transect and standardised to sub-transect lengths (individuals per metre). Fish
counts (for fish abundance only) were obtained from the HDSCI camera due to its wider field of
view, providing a larger area for fish observations and all species were concatenated as few were
observed (Purser et al., 2013). Species richness, Shannon Wiener index, total abundance and fish
abundance were used for univariate data analysis. Reef building species were not included in

community assemblage analysis due to their role as an independent variable in this study.
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3.3.5 Rugosity

The DEMs were imported into ArcMap 10.5 and analysed using the Benthic Terrain Modeller tool
(BTM; Wright et al. 2005). As the transect traversed a canyon slope, vector ruggedness measure
(VRM) from the BTM was utilised as a measure of rugosity as this method decoupled ruggedness
from slope angle (Sappington et al.,, 2007). To asses any measurement scale dependent
relationships, VRM was calculated at different neighbourhood scales (1.5, 3.5, 5.5, 7.5, 9.5, 11.5,
13.5, 15.5, 17.5 and 19.5 cm), to investigate a full range of scales from individual polyps to colony
scales. The mean ruggedness index value for each reconstruction was calculated to identify any

scale dependent relationships.

A standard quantitative survey of shallow-water coral reef structural complexity is traditionally
carried out using a chain laid out over the reef, and assessing the ratio of chain length:horizontal
length to produce a rugosity index ratio (Graham and Nash, 2013). Rugosity index ratio values were
calculated along a line through the middle of each sub-transect (for the full length), using the

following formula in order to replicate the chain rugosity method:

3D line length

R ity ind tio = oo ——
ugosity index ratio = >p=- - length

The structural complexity measure that had the strongest relationship with coral cover and

biodiversity was used in subsequent biodiversity and community assemblage analysis.

3.3.6 Substrate classification

A custom Imagel) macro code was used to randomly plot 250 points across each orthomosaic to
assess percentage coral coverage and substrate type. Six classes of substrate were identified: 1)
mixed sediment, 2) mudstone, 3) hard rock, 4) dead coral framework, 5) live coral or 6) litter. Mixed
sediment consisted of fine and mobile material such as sand, silt and loose mud, with some areas
of coarser sand, empty shells and small coral fragments. Mudstone and consolidated muds were
considered separate from mixed sediment and hard rock due to a firmer surface compared to mixed
sediment, but its propensity to erosion over time (Carter et al., 2018), and the presence of burrows.
Fine layers of mixed sediment overlying flat parts of mudstone were considered mudstone due to

the local hydrodynamics leading to sporadic sediment cover.

This type of coverage quantification was undertaken to (1) recognise a value of coral cover that may
induce a reef community or influence biodiversity with the potential to identify a VME

discrimination point and (2) utilise dead coral cover percentage as an abiotic factor for analyses of
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with-in reef communities to discriminate between rugosity and hard substrate provision as a driving

factor and (3) gain a broad overview of the substrate composition at each sub-transect.

3.3.7 Statistics

Linear Regression analysis and Pearson correlation were used to identify a relationship between
coral cover and rugosity metrics (VRM and rugosity index ratio). Data exploration on biodiversity
metrics was undertaken following the guidelines of Zuur et al. (2007, 2009). We utilised Generalized
Additive Models (GAM) to investigate the relationship between the environmental variables
(depth, VRM) and univariate biodiversity metrics (Species Richness, Shannon Index (H’), Total
abundance and fish abundance). Collinearity was tested for by pairs plots and Variance Inflator
Factor (VIF). Depth and rugosity were not correlated, but substrate type (in terms of percentage
cover) was found to strongly correlate (>0.7 Pearson correlation; VIF >10) with depth and rugosity
and was therefore not included in the analysis. Normality was tested for by Shapiro-Wilk test, total
and fish abundance were vV and ¥/ transformed to meet normality assumptions for use of a Gaussian
family distribution. VRM and Depth independently and combined were considered in the model
building process and were assessed with corrected Akaike’s Information Criterion value (AlCc).
Variance of the fitted residuals was inspected to ensure homogeneity. Variograms of the final
models were explored to identify any evidence for spatial autocorrelation. Models were built using

the package ‘mgcv’ in R (R core team 2012).

Multivariate analysis was carried out in PRIMER V6 with the PERMANOVA+ extension, on
communities across all sub-transects and sub-transects with notable coral cover (>15% based on
Rowden et al., 2017), to identify the drivers and the threshold where assemblage composition
forms a distinct reef-associated community. Bray-Curtis similarity matrices of the communities
were created after V transformation of the data. Group average clustering was undertaken in order
to explore community similarities between transects and statistically tested by ANalysis Of
SIMilarity (ANOSIM). Depth, rugosity and dead:live coral ratio were normalised and Euclidean
distance was used to create environmental similarity matrices. The relationship between each
variable and the assemblage was investigated using a DISTance based Linear Model (DISTLM). The
DISTLM results were coupled with a distance based Redundancy Analysis (dbRDA) to visualise the
multidimensional spatial relationship. DISTLM tests each variable nominally which are then
combined to create a multivariate structure. Final model choice was based on a stepwise AlCc

criteria method and BEST selection procedure.
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34 Results

34.1 Image acquisition

Atotal of 40 reconstructions were produced utilising 8, 964 images and each sub-transect consisted
on average of 224 (13 SE) images (Table 3.1). The number of images depended on the speed of
the ROV, ranging from approximately 0.06 to 0.24 m s, which was an appropriate speed to utilise
stills from video without blur or excessive image overlap. Mean georeference error was 1.53 m (+
0.07 m SE), which is within error estimates of USBL navigation (1% of Depth), and is relative to
geographic location rather than within-model error (range: 0.7 — 3 mm). Continuous sampling along
the entire ROV video transect was not always possible due to variations in ROV height inhibiting the
camera view and monotone substrate that led to issues with camera positioning in the
reconstructions. The mean reconstruction length was 26.8 m (+0.6 m SE). As point to point USBL
positioning was used to identify the 25 m sub-transect lengths, true transect lengths were often
longer than 25 m (as much as 40 m) due to an oscillating ROV path. In contrast, sub-transect A9 was
only 18 m long but was retained for analysis to extend the range of rugosity measures as the coral
cover was the highest. Sub-transect length had no effect on standardised species assemblages or

species richness counts (considered as a variable in a BEST test and GAM (Appendix 3.4)).

3.4.2 Substrate classification

Deeper sub-transects (A-F, I-N) were characterised by mudstone with sporadically interspersed
pockets of mixed sediment (2-37% cover) (Figure 3.2). Sub-transects G and H were dominated by
mixed sediment (>70% cover) whilst sub-transect O was the deepest where coral framework was
observed (1071 m), but consisted of all dead framework. The regular occurrence of coral started at
sub-transect U and continued until A9 at depths between 770 and 935 m. Coral cover ranged from
0% to 75% and mixed sediment usually covered most of the rest of the coral sub-transects. At
shallower depths, mixed sediments were the dominant substrate (Figure 3.2). Hard substrate (rock)

and litter cover (n=22; fishing gear and plastic sheets mostly) was negligible.
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Total Number of Scale DEMres Ortho Mean
Sub aligned Length Transectdense cloud Georeferenceerror (mm per (mm per depth
transectsimages (m) time points error (m) (m)  pixel) pixel)  (m)
A 286 25.7 04:45 9659465 1.22 n/a 2.7 14 -1071
B 188 25 03.07 8912853 1.32 0.012 2.8 14 -1065
C 287 26.9 04:46 10894879 1.87 0.010 2.4 1.2 -1059
D 215 246 03:34 9529201 1.80 0.012 2.7 1.3 -1054
E 307 25.6 05:06 10350493 2.21 0.015 3.2 1.6 -1042
F 129 24.3 02:08 9501754 1.60 0.012 2.6 1.3  -1033
G 152 26.9 02:31 10134821 1.43 0.015 2.9 1.5 -1032
H 137 20 02:16 6196412 1.99 0.022 2.8 14 -1027
I 243 26.6 04:02 11079272 1.38 0.029 3.0 1.5 -1016
J 183 28.4 03:02 12349339 1.30 0.009 2.3 1.2  -1007
K 174 29.2 02:53 13307670 1.36 0.013 2.3 1.1 -1001
L 134 26.8 02:13 9407083 1.59 0.016 2.6 1.3 -998
M 163 26 02:42 11714816 1.75 0.169 2.3 1.1 -997
N 174 28.1 02:53 12617473 1.21 0.010 2.3 1.2 -993
0] 208 27.3 03:27 14021270 1.48 0.013 2.4 1.2 -985
Q 274 22 04:33 11236523 1.93 0.023 23 1.2 -969
R 211 255 03:30 12467613 1.44 0.015 2.1 1.1 -964
S 161 23.8 02:40 11317261 1.14 0.012 2.2 1.1 -955
T 137 26.9 02:16 9764789 1.30 0.013 2.4 1.2 -945
U 230 29 03:49 13893585 1.56 0.013 2.3 1.2 -935
Vv 114 22.3 01:53 8261666 2.46 0.023 2.2 1.1 -928
W 152 23.7 02:31 10299492 1.53 0.016 2.6 13.1  -924
X 120 209 01:59 9887563 2.55 0.029 21 1.0 -915
Y 215 30.3 03:34 13884492 1.44 0.013 2.4 1.2 -910
z 237 29.2 03:56 10961846 1.68 0.017 2.8 14 -898
Al 194 36.4 03:13 12896286 1.25 0.014 2.8 14 -895
A2 292 40.4 04:51 14474140 1.29 0.018 3.6 1.8 -868
A3 446 30.6 07:25 11653657 1.63 0.011 3.5 1.8 -852
A4 194 30.4 03:13 12254328 0.93 n/a 3.2 1.6 -839
A5 274 20.7 04:33 14974612 2.80 0.033 1.5 0.8 -818
A6 344 32 05:14 20569788 1.20 0.013 1.9 1.0 -810
A7 329 28.6 05:28 18821126 0.77 0.013 2.3 1.2 -795
A8 455 23.2 07:34 13659740 1.74 0.022 2.3 1.2 -780
A9 180 17.6 02:59 8434800 0.64 0.001 3.5 1.8 -770
Al10 317 27.1 05:16 13649729 1.21 0.012 2.4 1.2 -767
All 237 27 03:56 11298246 141 0.007 2.8 14 -756
Al12 223 25.5 03:42 8461635 1.04 0.008 2.7 14 -753
Al13 125 22.7 02:04 11625973 1.73 0.017 2.0 1.0 -726
Al4 317 23.8 05:16 10488154 1.39 0.020 2.2 1.1 -648
A15 206 229 03:25 9965094 1.60 0.022 2.1 1.0 -646
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Figure 3.2. Substrate cover for each sub-transect. Results from 250 randomised points within each

orthomosaic.

3.4.3 Coral rugosity

VRM increased as neighbourhood size increased in an asymptotic curve (Appendix 3.1). Strong
linear correlation with coral counts and % cover was observed at a neighbourhood sizes of 9.5 x 9.5
cm and above (Pearson correlation plateaued at around 0.95). Beyond a neighbourhood size of 9.5
x 9.5 cm, analytical gains were negligible and thus 9.5 x 9.5 cm pixel size was used for further
analysis. Rugosity index ratio and VRM were strongly correlated (r = 0.92, P <0.05). VRM was visibly
linked with coral colonies within each sub-transect whereby individual colonies observed in the
orthomosaics (Figure 3.3 A) correlated with pixels indicating high VRM at all scales shown in Figure
3. VRM and Rugosity index were positively influenced by coral coverage (R =0.914, p < 0.001; R =
0.847, p<0.001 respectively). VRM was chosen for the remaining analysis due to the slightly
stronger relationship with coral cover than the rugosity index ratio (Figure 3.4). In addition, VRM

considers the full coverage of reconstruction.
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Figure 3.3. Sub-transect X as an example. A) orthomosaic, B) hillshade/digital elevation model and

vector ruggedness measure values at C) 1.5, D) 9.5 and E) 19.5 cm per pixel neighbourhood analysis.
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Figure 3.4. Relationship of A) vector ruggedness measure and B) rugosity index ratio with cold-water

coral cover.
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344 Biodiversity

A total of 17,731 individual organisms (including coral colonies of which there were 5,145
observations) from 54 morphospecies were observed within the 40 sub-transect samples. M.
oculata (3541 colonies) and L. pertusa (1572 colonies) were the two most prevalent reef building

scleractinians; only 32 colonies of S. variabilis observed.

VRM and depth influenced species richness, total abundance, Shannon-Wiener index (H’) and fish
abundance (Figure 3.5, Table 3.2). Species richness increased with VRM, until about 0.07 VRM,
when the increase plateaued (Figure 3.5). The values of H’ increased with VRM before decreasing
after VRM of 0.05 (Figure 3.5). Total epifauna abundance and fish abundance positively correlated
with VRM (Figure 3.5). Lepidion lepidion (synonym: Lepidion eques) represented more than 50% of
the fish observed and of the 70 L. lepidion observed, 54 were found within a few centimetres of
coral structures, six near a non-reef structure (such as mudstone outcrops and ledges) and 10 were
observed on flat structureless substrate. Depth was significant for H’ and total abundance,
appearing to mirror the general substrate patterns seen in Figure 3.2. Spatial autocorrelation was
not present in our dataset (Appendix 3.2), likely due to the inclusion of the depth variable that is

intrinsically linked with latitude.

dbRDA plots revealed a partitioning between reef (>30% coral framework cover) and non-reef
communities (mixed sediment and mudrock habitats) (Figure 3.6 A). Distinct clustering of mixed
sediment and rock mud sub-transects was observed but the assemblages still showed 30% similarity
(Figure 3.6), and sub-transects O and A11 communities were more akin to non-reef assemblages
despite the presence of (mostly dead) coral structure (28 and 17% coral cover respectively),
supported by ANOSIM results (R = 0.612; p < 0.001). VRM accounted for 24% of the community

structure, whilst depth accounted for 12% of the variation (Table 3.3, Figure 3.6 A).

There was little to no clustering of sub-transects with coral cover assemblages (Figure 3.6 B). The
DistLM found that depth and VRM accounted for 42% of the assemblage variation; depth was the
strongest driving factor (26%) with VRM playing a lesser role (15%) (Table 3.3, Figure 3.6 B). The
inclusion of dead:live coral ratio increased the variance explained to 46% (Table 3.4), though

marginal tests deemed it non-significant, possibly due to small sample size.
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Figure 3.5. GAM smoother outputs showing the relationship between vector ruggedness measure

(VRM) and depth, and biodiversity indices; species richness, Shannon—Wiener index (H’), total

abundance and fish abundance

Table 3.2. Univariate biodiversity GAM results. Statistically significant (p<0.05) in bold.

Distribution VRM p Depth p R? Deviance Factors
family value value adjusted  explained (%) included
Species richness Poisson <0.001 0.0589 0.887 91.2 VRM + Depth
H’ Gaussian <0.05 <0.001 0.711 77.2 VRM +Depth
Total abundance (cuberoot) Gaussian <0.001 <0.001 0.799 83.9 VRM + Depth
Fish abundance (sqrt) Gaussian <0.001 0.398 441 VRM
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Table 3.3. Sequential test results from distance based linear model. All habitat community refers to

figure 3.8 A and within reef community refers to figure 3.8 B.

Variable Pseudo-F P Prop Cumulative
All habitat VRM 11.994 <0.001 0.240 0.240
communities Depth 7.106 <0.001 0.122 0.362
Coral reef Depth 5.471 <0.01 0.267 0.267
community VRM 3.693 <0.01 0.153 0.420

Table 3.4. Best model solutions for explaining community structure of transects with reef patches

(Figure 3.8 B).

AlCc R? Selections

121.35 0.420 Depth + VRM

122.34 0.267 Depth
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Figure 3.6. dbRDA plots based upon DistLM results (Table 3.3), with significant abiotic overlay. a)
All transects. B) Transects with > 15% coral coverage. 30% similarity circles are based upon group
average clustering. Coral cover as a percentage with corresponding grey gradients to match. Brown
triangle represents 0—9% coral coverage with mudstone dominating the rest, yellow circle signify

0-9% coral cover with mixed sediment dominating the rest. Letters refer to sub-transect identity
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3.5 Discussion

A strong linear relationship between coral cover and terrain complexity was evident, providing a
strong quantitative relationship for the first time. The range of rugosity index values observed (up
to 1.6) is comparable to global shallow-water coral reef rugosity index values (Graham and Nash,
2013). In shallow-water coral reefs, scale-dependant rugosity (Richardson et al., 2017; Knudby and
LeDrew, 2007), is a result of diverse coral morphology diversity (Burns et al., 2015) and intra-species
morphology plasticity (Todd, 2008). We did not observe comparable scale dependant patterns as
the Explorer Canyon reef had relatively limited reef morphology diversity, though cauliflower-like
structures found at other localities (e.g. De Clippele et al., 2018), or reefs with greater vertical relief

may provide contrasting rugosity patterns.

Fine-scale structural complexity influenced biodiversity and benthic fauna abundance. However,
due to a high level of collinearity we could not assess whether reef-induced complexity enhanced
biodiversity or if provision of hard substrate and coral cover were the main driving factors. Yet, the
reef structures observed in this study have a relatively low vertical profile, with very few colonies
reaching > 50 cm tall. Thus, we suggest that reefs with greater vertical relief would display a wider
rugosity range, in which case coral coverage percentage estimates from an orthogonal angle
become limited as an explanatory variable. Within the rugosity values observed, our data suggest
that VRM influences species richness strongly to a certain point (approximately 0.07 VRM or 1.2
rugosity index equating to approximately 25-30% coral cover), after which the structural complexity
played a more limited role in promoting species richness. The strong positive relationship between
species richness and rugosity at low rugosity values (indicating low coral cover) indicates sensitivity
to fine-scale terrain complexity for deep sea organisms. The increasing relationship between
organism abundances and rugosity suggests reef structural complexity continued to influence
inhabitant density beyond our measured VRM range. In addition to shelter provision and
hydrodynamic regime diversity, increased rugosity is mathematically indicative of greater surface
area and thus settling availability for sessile species. Due to the strong collinearity it is likely that
rugosity represented the combined effect of reef rugosity and hard substrate availability, whilst
depth was a proxy for many other explanatory variables (such as temperature and substrate type

in this study).

Fish-coral association studies have shown the relationship is site and species specific on a broader
scale (Biber et al., 2014), but our study shows more specifically that fish utilised areas of reef-driven
complexity. This is consistent with shallow-water reef research that identified a strong relationship
between fish density and structural complexity (Graham and Nash, 2013). Enhanced potential prey

within the reef, likely at least in part influenced by rugosity as suggested by the high abundance of
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epifauna observed, could contribute to the positive fish-rugosity relationship. However, we
typically observed most fish swimming and resting within centimetres of coral colonies indicating
their behaviour was linked to the physical structure, likely for shelter and reproduction (Husebo,

2002; Costello, et al. 2005; Henry et al., 2013; Corbera et al., 2019).

Community assemblages in sub-transects with coral cover were driven by depth and rugosity with
limited influence from the proportion of live:dead coral framework. Whilst we suggest some species
such as mobile invertebrates are likely to benefit from structural complexity (Stevenson et al., 2015)
independent of live:dead coral ratio, certainly for some sessile species such as Actinaria spp. the
hard substrate provided by the dead coral framework seemed essential to their existence.
However, the composition of coral framework was dominated by dead coral skeleton (49-100%
dead), providing no distinct live coral dominated habitat and associated assemblages for
comparison. This is consistent with Mortensen et al. (1995) who identified little difference between
living and dead coral zone megafauna diversity from comparable 10 m video transects, citing the
availability of dead coral framework within living reefs on the Norwegian shelf, though the
threshold for living reef classification was minimal at 10% live coral cover. Conversely, De Clippele
et al. (2018) noted abundances of sponge species (megafauna) differed depending on the
proportion of live coral cover from video data, exemplifying that proportion of dead coral cover can
influence some groups, though few sponges were observed at Explorer Canyon to enable testing of
this association. Furthermore, Lessard-Pilon et al. (2010), observed that live:dead coral ratio
influenced the trophic level of inhabitants suggesting a community structure difference. However,
this was compared between different reef sites suggesting different inter- and intra-reef specific
relationships or that local rugosity was an unquantified underlying contributing factor. This
ambiguity highlights the need for further research to establish if this relationship is ecosystem wide
and whether a larger live:dead coral ratio range may be required to further discriminate the
influence of dead vs live coral and structural complexity. Overall, within reef influenced sub-
transects, assemblage heterogeneity was present and was influenced by structural complexity and

depth (and its dependents).

The techniques presented provide a novel method to quantify the role of cold-water coral in
enhancing biodiversity in the deep sea on a scale of metres. Areas of high rugosity and coral cover
harboured distinct communities with increased diversity and it appeared relatively little coral cover
is required to influence the community. The cluster analysis grouped sub-transects A11 and O (17
and 28% coral cover respectively) distinctly from coral communities, suggesting coral cover
between 28% (sub-transect O) and 36% (sub-transects U and A8) is representative of a threshold at
which coral reef communities become established and distinct. Coral cover of approximately 30%

may represent the point at which a group of coral colonies form a distinct habitat, at least on a scale
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of 10s of metres, and support classification as a VME from imagery in Explorer Canyon. Species
richness also plateaued at about 30% coral cover (0.07VRM) further supporting the suggestion that
this proportion of coral represents the point at which a stable and distinct habitat is formed. This is
also consistent with the position of the sub-transect in the reef, whereby distinct communities were
found in the densest part of the reef at intermediate depths, with reef edges and low coral cover

areas not harbouring highly distinct communities.

The implications for VME assignment are that in the absence of a large reef, it is unlikely that single
colonies or very low coral coverage will support a distinct reef assemblage, thus may not fulfil the
requirements for assignment. Nonetheless, if environmental conditions persist, a substantial reef
may develop, meaning such areas could be considered prospective reef VME which should be taken
into consideration for conservation. Furthermore, although the associated assemblages were not
distinct, low coral coverage and associated rugosity still positively influenced univariate indices, and
thus could still be considered biodiversity hotspots. Due to these results being based on a single
reef over one time period, further research and wider application of our methods is recommended.
Furthermore, these results are specific to the Explorer Canyon reef, and it is unknown how well

these results would translate to different cold-water coral reefs.

Our results demonstrate how we can utilise SfM to identify fine-scale ecological drivers and quantify
cold-water coral structural complexity. Furthermore, the orthomosaics produced can be useful to
create high resolution substrate and habitat maps over larger areas (Lim et al. 2017; Conti et al.
2019), and the 3D models used to measure coral growth rates (Bennecke et al., 2016). This
demonstrates the effectiveness of this methodology to monitor reef structures that are vulnerable

to anthropogenic impacts such as fishing and shoaling aragonite saturation (Jackson et al. 2014).

To conclude, our results suggest fine-scale rugosity has an important role in community
composition, which should be considered when interpreting broader-scale ecological information
as ecological patterns relate to different variables at different scales, requiring multi-scale
investigation. We present proof of concept that SfM can provide novel information on localised
influential abiotic variables and show that reef diversity and assemblage composition is driven by
intricate fine-scale drivers beyond presence and absence of coral, furthering our knowledge of cold-

water coral reef ecology.
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