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by 

Tabitha Rosemary Rainbow Pearman  

Submarine canyons, are geomorphological features of high ecological importance that require 

detailed faunal distribution maps and an advanced understanding of the processes influencing faunal 

distribution to ensure effective management. Faunal patterns are influenced by environmental 

heterogeneity in water mass characteristics, seafloor characteristics and food availability. The high 

structural complexity of canyon geomorphology, coupled with canyon-modified hydrodynamics 

(such as internal tides) are important phenomena that generate environmental heterogeneity in these 

variables. However, few faunal studies in canyons explicitly include physical oceanographic data 

(water mass characteristics and hydrodynamics) or fine-scale structural complexity as explanatory 

variables of faunal distribution and assemblage structure. This thesis applies a range of statistical 

approaches to a novel interdisciplinary dataset to increase our understanding of what drives faunal 

patterns, including cold-water corals, over a range of spatial scales using Whittard Canyon, North-

East Atlantic as a model system. More specifically, this thesis aims to 1) assess the relative 

importance of physical oceanography in explaining faunal patterns across the canyon by estimating 

its effect on predictive modelling performance, 2) investigate if spatial patterns in temporal 

oceanographic variability induced by the internal tide explain variation in spatial patterns of faunal 

diversity and assemblage structure on canyon walls, and 3) explore the relationship between 

structural complexity at various spatial scales and faunal diversity/assemblage within mound 

provinces occurring on canyon interfluves. The research presented shows how structural complexity 

and internal tides influence faunal patterns by generating environmental heterogeneity at various 

spatial scales. Predictive distribution modelling demonstrates that including physical oceanographic 

data improves predictive accuracy and that the omission of these data can lead to an overestimated 

cold-water coral occurrence. The thesis demonstrates the importance of the internal tide in generating 

both spatial and temporal gradients in physical oceanography and food supply that influences faunal 

patterns in diversity, abundance and assemblage composition. The thesis further illustrates how 

structural complexity at various scales influences faunal patterns by generating environmental 

heterogeneity in fine-scale substratum characteristics and at broader-scales interacting with internal 

tides to concentrate food, both of which act to increase faunal diversity. The thesis also demonstrates 

that even when broad-scale structural complexity of the terrain is reduced, fine-scale structural 

complexity may still be present and acting to increase faunal diversity.   
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Chapter 1 Introduction 

The deep sea is the most extensive and remote biome on Earth (Thistle, 2003; Danovaro et al., 2014). 

Submarine canyons, are important geomorphological features that connect the deep sea to coastal 

and shelf environments, make disproportionate contributions to deep-sea processes (Allen and 

Durrieu de Madron, 2009; Huvenne and Davies, 2014; Puig et al., 2014; Amaro et al., 2016; 

Fernandez-Arcaya et al., 2017) and provide key ecosystem services (Yoklavich et al., 2000; Epping 

et al., 2002; Canals et al., 2006; Masson et al., 2010; Fernandez-Arcaya et al., 2017). Canyons are 

ecologically important because they support high biological diversity, including vulnerable marine 

ecosystems such as cold-water coral habitats (De Leo et al., 2010; Miller et al., 2015; Fernandez-

Arcaya et al., 2017; van den Beld et al., 2017). The steep canyon walls provide refuge for cold-water 

corals (Huvenne et al., 2011) that coincide with local peaks in biodiversity (Robert et al., 2017). 

Despite their ecological importance, canyons face threats from anthropogenic stressors, such as 

fishing (Martín et al., 2014b; Puig et al., 2012), pollution (Kane et al., 2020) and mining (Ramirez-

Llodra et al., 2015). Effective management of canyons and the features of conservation interest that 

they support requires an increased understanding of the processes driving faunal distributions from 

which accurate faunal distribution maps can be made (Guisan and Zimmermann, 2000; Huvenne and 

Davies, 2014). However, due to the technological difficulties of sampling remote and complex 

canyon environments our understanding of these processes is limited (Huvenne and Davies, 2014). 

Environmental heterogeneity has been proposed to be a major driver of faunal patterns that 

contributes to driving the high biodiversity observed in canyons (Levin et al., 2010;  2001; Cunha et 

al., 2011; Fabri et al., 2017; Chauvet et al., 2018). However, there is a lack in our understanding of 

how environmental heterogeneity acting at different spatial scales influences spatial patterns of deep-

sea fauna. Structural complexity and canyon-modified hydrodynamics are key phenomena associated 

with increased environmental heterogeneity in canyons (Wang et al., 2008; Lee et al., 2009; Liu et 

al., 2010; Levin and Sibuet, 2012; Amaro et al., 2015; 2016; Wilson et al., 2015b; Hall et al., 2017; 

Ismail et al., 2018). Yet, few studies looking at environmental drivers of faunal distributions and 

assemblages explicitly include physical oceanographic data (water mass characteristics and 

hydrodynamics) (Liao et al., 2017; Bargain et al., 2018) or finer-scale structural complexity as 

explanatory variables (Robert et al., 2017; Price et al., 2019). Consequently, there is a need to conduct 

research to further advance our understanding of how these environmental factors influence faunal 

patterns in canyons. To address this knowledge gap this thesis applies a range of statistical 

approaches and novel datasets to increase our understanding of what drives epibenthic megafaunal 

patterns, including cold-water corals, over a range of spatial scales using Whittard Canyon, North-

East Atlantic as a model system. 
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1.1 Background 

1.1.1 The deep sea 

The deep sea, comprising the seabed and water column below 200 m water depth, represents the 

largest biome on earth (Thistle, 2003), covering >60 % of the earth’s surface (Thistle, 2003; Smith 

et al., 2009; Danovaro et al., 2014). The deep sea is considered the last natural frontier (Ramirez-

Llodra et al., 2010; Danovaro et al., 2014), where life unfolds in total darkness, under high hydrostatic 

pressures and far from the often productive surface waters above (Danovaro et al., 2014). Yet, despite 

the environmental extremities, the deep sea hosts a variety of unique and vulnerable habitats, each 

with specific biotic and abiotic characteristics (Ramirez-Llodra et al., 2010). 

The study of deep-sea habitats has been intrinsically linked to technological advancements in marine 

robotics and ship borne acoustics (Danovaro et al., 2014; Huvenne and Davies, 2014). Research has 

progressed from the first lead weighted hand lines that were deployed to determine water depths, to 

sophisticated multibeam echosounders capable of generating large swathe bathymetry datasets 

(Wilson et al., 2007), and remotely operated vehicles (ROVs) capable of sampling and relaying 

images from thousands of meters below the sea surface (Johnson et al., 2013). These technological 

advancements have enabled the ever more precise characterisation of fauna and associated 

environmental conditions. However, so far only 5 % of the deep sea has been surveyed remotely with 

less than 0.01 % sampled and studied in any detail (Ramirez-Llodra et al., 2010). As a result, the 

deep sea is considered the least studied biome (Ramirez-Llodra et al., 2010) and questions remain 

regarding the habitats that occur in the deep sea and the processes that determine their spatial 

distribution. 

The deep sea encompasses the continental slope (200 – 3000 m), continental rise (3000 – 4000 m) 

abyssal zone (4000 – 6000 m) and hadal zone (>6000 m). Originally the deep sea was thought to be 

inhospitable and incapable of supporting life, however, with technological advancements aiding 

increased deep-sea sampling it is now apparent that the deep sea supports a diversity of life 

(Danovaro et al., 2014) and several large scale biological patterns have been observed (Carney, 

2005).  

Biogeographical zones have been proposed that relate common faunal assemblages of shared 

evolutionary history to regions that capture large scale variation in physical oceanography, 

productivity and historical events (Watling et al., 2013). Additionally, large scale bathymetric 

patterns in faunal assemblage (Carney et al., 1983; 2005), diversity (Rex, 1973; 1983) and abundance 

(Rowe, 1983) have been documented.  

Depth zonation of deep-sea fauna, whereby distinct faunal assemblages separated by transitional 

zones occur at specific depths, was first described during the Challenger expeditions of the 19th 

https://www.frontiersin.org/articles/10.3389/fmars.2017.00418/full#B128
https://www.frontiersin.org/articles/10.3389/fmars.2017.00418/full#B121
https://www.frontiersin.org/articles/10.3389/fmars.2017.00418/full#B121
https://www.frontiersin.org/articles/10.3389/fmars.2017.00418/full#B32
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century (Agassiz, 1888; Murray, 1895). These early works described a shelf assemblage separated 

from a distinct abyssal assemblage by a transitional zone (Murray and Hjort, 1912). Technological 

advancements in the mid-20th century enabled the integration of acoustic data with faunal sampling 

facilitating the accurate characterization of these zones. However, there was debate concerning the 

rationale for delimiting the boundaries (Ekman, 1953; Bruun, 1957; Menzies, 1973) until a review 

by Carney et al. (1983) showed general consistency in the occurrence of shelf fauna to just beyond 

the shelf break, followed by a transitional zone between 300 - 1700 m with the abyssal zone starting 

at 1400 - 1700 m. Further research has confirmed the prevalence of depth zonation (Gage and Tyler, 

1999; Howell et al., 2002; Carney, 2005; Olabarria, 2005) with transitional zones marking the depth 

zonation of fauna documented between the shelf and slope fauna at ~200 m - 1000 m, and between 

the slope and abyssal fauna at 2000 m - 3000 m (Carney, 2005; Rex and Etter, 2010). Depth zonation 

has been attributed to competition (Rowe and Menzies, 1969) and gradients in environmental 

variables (i.e. light, temperature, pressure, oxygen and food availability) that co-vary with depth and 

limit faunal distributions due to physiological tolerances of fauna (Rowe and Menzies, 1969; Rex, 

1976; Lampitt et al., 1986; Howell et al., 2002; Carney, 2005; Olabarria, 2005; Wei et al., 2010; 

Brown and Thatje, 2014). 

Large scale bathymetric trends in deep-sea biodiversity have also been described that parallel depth 

gradients in pressure, physical oceanography (hydrodynamics and water mass characteristics such as 

temperature, salinity, oxygen etc.), food availability and seafloor characteristics (Levin et al., 2001). 

Negative diversity-depth gradients have been attributed to reducing productivity with depth (Rex et 

al., 2005a; Stuart and Rex, 2009; Brault et al., 2013a; Hernández-Ávila et al., 2018) and metabolic 

constraints of decreasing temperature (O’Hara and Tittensor, 2010; Yasuhara and Danovaro, 2016) 

and increasing hydrostatic pressure with depth (Brown and Thatje, 2014). Decreased diversity with 

depth has also been explained by theories of ‘extinction and replacement’ whereby deep-sea fauna 

became extinct as a result of catastrophic anoxic events, with subsequent invasion and radiation of 

shallow-water species into the deep (Wilson, 1999; Rogers et al., 2000). On the other hand, studies 

based upon abyssal molluscs from the North Atlantic suggest that the continental margin and abyss 

constitute a source-sink system in which many abyssal populations are maintained by immigration 

from the bathyal zone (Rex et al., 2005b). 

Diversity-depth gradients with unimodal patterns peaking at mid depths are common in deep-sea 

studies of the North-Atlantic (Rex, 1973; Rex, 1983; Carney, 2005). The peaks in species diversity 

have been attributed to the high species turn over associated with transitional zones (Brault et al., 

2013b) that occur at similar depths ( ~1000 m and 3000) and mark the depth zonation of fauna on 

the continental slope (Carney, 2005; Rex and Etter, 2010). Additionally, unimodal diversity patterns 

have been attributed to environmental gradients in productivity and food availability (Rex, 1981), 

temperature (O’Hara and Tittensor, 2010; Yasuhara and Danovaro, 2016), disturbance, increased 

substratum heterogeneity and topographic complexity (Levin et al., 2001), together with source- sink 
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dynamics of abyssal fauna (Rex et al., 2005b; Brault et al., 2013b) and the evolutionary history of 

faunal assemblages with depth (Etter et al., 2005; Stuart and Rex, 2009). It is likely that these 

processes interact at varying spatial and temporal time scales to generate the patterns of depth 

zonation and resultant diversity-depth gradients observed in the deep sea (Levin et al., 2001). 

Unimodal gradients are not universal and can vary between taxa and regions (Stuart and Rex, 2009). 

Where unimodal patterns of diversity are absent it is often attributed to past historical events 

(Danovaro et al., 2010) or where depth gradients of oceanographic conditions are not consistent, for 

example where oxygen minimum zones occur at specific depths (Levin et al., 2001; Rex and Etter, 

2010). Additionally, large geomorphologic features such as trenches, seamounts and canyons 

generate further heterogeneity in environmental conditions, irrespective of depth (Levin et al., 2010; 

Fanelli et al., 2018). The increased structural complexity provided by the geomorphological features 

effects hydrodynamics, food availability and the spatial distribution of substratum that in turn modify 

bathymetric trends in biodiversity (Levin et al., 2001;  2010; Levin and Sibuet, 2012; Fernandez-

Arcaya et al., 2017). 

Complex features such as ridges, seamounts and canyons are associated with increased habitat 

heterogeneity (i.e. substratum type) and as a result increased biodiversity (Levin et al., 2010; Robert 

et al., 2015; Victorero et al., 2018). Hutchinson and MacArthur (1959) proposed that organisms were 

adapted to an environmental niche, so that a greater variety of environmental conditions 

(environmental heterogeneity) at a site would enable more species to coexist resulting in high 

biodiversity. MacArthur and MacArthur (1961) took the next step by relating species diversity to the 

number of niches associated with the structural complexity of a location. In marine settings, intertidal 

studies from rocky shores demonstrated that structural complexity can also influence diversity by 

affecting species interactions (predation and competition) by providing refuge and spatial separation 

between organisms (Menge and Sutherland, 1976; Menge et al., 1985; Hixon and Menge, 1991).  

Rocky shore studies also showed that increased structural complexity may also increase the available 

surface for sessile species, so that increased diversity is a function of the species–area relationship 

(Heck and Wetstone, 1977; Matias et al., 2010). However, it has also been shown that diversity in 

structurally complex environments increase regardless of surface area (Beck, 2000; Taniguchi et al., 

2003; Warfe et al., 2008). Although the mechanisms behind the observed positive relationship 

between structural complexity and diversity are unresolved (Kovalenko et al., 2011), it is likely that 

the influence of these mechanisms in generating the observed relationship depends on the scale of 

study and relative spatial ‘patchiness’ of the structural complexity (Tews et al., 2004). 

Positive relationships between structural complexity and species richness and abundance has been 

demonstrated in a number of settings (Tews et al., 2004; Kovalenko et al., 2011) including terrestrial 

(Lawton, 1983), lentic (fresh water) (Downes et al., 1998; Willis et al., 2005; Verdonschot et al., 

2012) and marine settings such as mangroves (Crook and Robertson, 1999; Bond and Lake, 2003; 

O’Connor, 1991), rocky shores (Menge et al., 1985; Dean and Connell, 1987; Loke and Todd, 2016; 
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Menge and Sutherland, 1976), seagrass beds (Heck and Wetstone, 1977; Hyman et al., 2019), mussel 

beds (Seed, 1996; Borthagaray and Carranza, 2007) and shallow coral reefs (Risk, 1972; Luckhurst 

and Luckhurst, 1978; Graham and Nash, 2013). In the deep sea positive relationships have been 

found between species diversity and structural complexity provided by cold-water corals (Buhl-

Mortensen et al., 2010; Price et al., 2019; Robert et al., 2017; Robert et al., 2019) and sponges (Bell 

and Barnes, 2001; Beazley et al., 2013) and by that provided by complex geomorphological 

structures at broader spatial scales (Buhl-Mortensen et al., 2012; Levin et al., 2010; Levin et al., 

2001; Ismail et al., 2018) . 

In the deep sea biodiversity hotspots often coincide with complex geomorphological features, such 

as canyons (De Leo et al., 2010; Vetter et al., 2010), ridges and seamounts (Clark et al., 2010; Morato 

et al., 2010). Early theories proposed high endemism as driving observed peaks in biodiversity 

associated with complex features such as seamounts (de Forges et al., 2000). However, increased 

sampling now indicates that deep-sea genera, and often species, are widely distributed, regardless of 

habitat (Howell et al., 2010; McClain and Hardy, 2010; Priede et al., 2013) and that peaks in diversity 

are driven by high species turnover of regionally shared species pools (Victorero et al., 2018). The 

observed depth zonation of many fauna (Carney et al., 1983; 2005) coupled with higher species 

turnover (Longhurst, 1998) and greater genetic differentiation along bathymetric gradients as 

opposed to horizontal distances (Zardus et al., 2006) suggests that bathymetric gradients in 

environmental conditions constrain species vertical ranges relative to horizontal distances. The result 

is that fauna on steep slopes will have smaller geographical distributions, which will promote higher 

species turnover in complex geomorphological environments compared to abyssal plains where 

environmental conditions are relatively constant over great distances and fauna have broader 

geographical distributions (McClain and Hardy, 2010). 

The increased structural complexity of large geomorphological features is also believed to support 

more species by increasing environmental heterogeneity (Raymore, 1982; Levin et al., 2010; Ismail 

et al., 2018). Additionally local hydrodynamics can be modified by the complex topography 

(Boehlert, 1988; Khripounoff et al., 2001; Laurent and Thurnherr, 2007; White et al., 2007; Chen et 

al., 2014; Kämpf, 2018) which can result in modified larval dispersal (Mullineaux and Mills, 1997; 

Clavel-Henry et al., 2019; Metaxas et al., 2019; de Forges et al., 2000), increased upwelling (Kämpf, 

2007; Laurent and Thurnherr, 2007; Chen et al., 2014; Clément and Thurnherr, 2018; Laurent et al., 

2020), productivity (Hasegawa et al., 2009; Leitner et al., 2020) and lateral transport of surface 

derived organic matter (White et al., 2007; Harris and Whiteway, 2011; Wilson et al., 2015b; 

Turnewitsch et al., 2016) that can modify depth-productivity gradients so that they differ from the 

open slope (López et al., 2012; Turnewitsch et al., 2016). As a result, unlike the biogeographic 

patterns of the open slope that often exhibit unimodal diversity gradients, diversity-depth gradients 

associated with complex topographic features can be more variable (Genin et al., 1986; Bett, 2001; 
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McClain et al., 2010; Cunha et al., 2011; Clark and Bowden, 2015; Gambi and Danovaro, 2016; 

Morgan et al., 2019)  

Increasingly submarine canyons are being advocated as deep-sea biodiversity hotspots (De Leo et 

al., 2010). Like seamounts and ridges, canyons are structurally complex and encompass large depth 

ranges and associated environmental gradients in physical oceanography and their complex 

topography modifies local hydrodynamics disrupting depth-productivity gradients (Martín et al., 

2006; DeGeest et al., 2008; López et al., 2012; Lopez-Fernandez et al., 2013) resulting in bathymetric 

faunal patterns that contradict broader biogeographic patterns observed from less complex open slope 

(Maciolek et al., 1987; Duineveld et al., 2001; Gunton et al., 2015b; Covazzi Harriague et al., 2019). 

Consequently, improving our understanding of what drives faunal distributions and biodiversity in 

canyons provides valuable insight to contribute toward our understanding of deep-sea biodiversity 

patterns and ecology. 

1.1.2 Submarine canyons 

1.1.2.1 Ecological role and conservation importance of canyons 

Submarine canyons are ubiquitous features of the continental margins, with over 9000 large canyons 

estimated to occur globally, covering 11.2 % of the continental slope and 1.21 % of the seafloor 

(Harris et al., 2014).  Despite their relatively small spatial extent, canyons make a disproportionate 

contribution to deep-sea processes by acting as conduits between the shelf and deep-sea (Allen and 

Durrieu de Madron, 2009; Huvenne and Davies, 2014; Puig et al., 2014; Amaro et al., 2016; 

Fernandez-Arcaya et al., 2017) and by providing major sources of heterogeneity in continental 

margin settings (Levin et al., 2001;  2010; Schlacher et al., 2007; 2010; De Leo et al., 2010). 

Submarine canyons are important deep-sea features that substantially contribute to key ecosystem 

services via their regulation of cross-shelf exchanges, nutrient cycling, geophysical processing and 

carbon sequestration and storage (Epping et al., 2002; Canals et al., 2006; Masson et al., 2010). 

Canyons can be deep-sea biodiversity hotspots (Kelly et al., 2010) that promote regional species and 

habitat diversity, provide nursey grounds for economic species, refuge for vulnerable marine 

ecosystems (VMEs) (Schlacher et al., 2007; Huvenne et al., 2011; Davies et al., 2014) and support 

economically important fisheries (Yoklavich et al., 2000; Sanchez et al., 2013). As such, canyons 

represent “keystone structures” in the deep sea (Vetter et al., 2010) and meet criteria of ecologically 

or biologically significant marine areas (CBD, 2009). Consequently, furthering our understanding of 

canyon systems links with UN Millennium sustainable development goal 14, to ensure sufficient 

food supply and a healthy physical marine environment for the promotion of human wellbeing (MA, 

2005).  



Chapter 1 

7 

Canyons have been proposed as priority areas for conservation on many continental margins (Davies 

et al., 2014). Canyons are listed as topographical features that may support VMEs (FAO, 2009), 

which UN member states have an obligation to identify, map and protect from anthropogenic 

activities such as trawling (UNGA, 2006; FAO, 2008). Cold-water coral habitats are listed as VMEs 

and also occur under regional protection initiatives, including deep-sea habitat types of threatened 

and declining species and habitats listed under Annex V of the OSPAR (OSPAR, 2008) and Annex 

1 habitats under the Habitats Directive (92/43/EEC, 1992). 

1.1.2.2 The canyon environment 

1.1.2.2.1 Canyon formation and geomorphology 

Submarine canyons are steep sided sinuous valleys with “V” or, “U” shaped profiles that incise 

continental margins (Shepard, 1981; Pratson et al., 2007; Amblas et al., 2018) (Figure 1.1).  Canyons 

form through either the head-ward erosion of the continental shelf and slope by retrogressive 

sediment failures or, by down slope extension caused by erosive processes associated with turbidity 

currents and sediment laden gravity flows (Shepard, 1981; Pratson et al., 2007; Amblas et al., 2018). 

As a canyon evolves adjacent canyons may join to form dendritic canyon systems (Harris and 

Whiteway, 2011). The characteristics of a canyon are largely attributed to the activity of the margin 

that the canyon incises and its proximity to riverine inputs (Harris and Whiteway, 2011). Harris and 

Whiteway (2011) have used these associations to classify canyons into three types: (1) canyons that 

incise a shelf and have a head that is clearly connected to a major river system, and evolve by erosive 

turbidity flows from fluvial, shelf and upper slope sources, (2) canyons that incise a shelf, but do not 

have a clear connection to a river system, but also evolve by erosive currents, and (3) blind canyons 

incising the continental slope that evolve by slumping and slope failure processes. 

Axial profiles can vary between canyons, but in general canyons are characterised by steep and 

complex topography comprised of vertical walls, outcrops, ridges, gullies and crevices (Figure 1.1) 

(Mortensen and Buhl-Mortensen, 2005; De Leo et al., 2014). The complex topography arises from 

canyons experiencing and exhibiting features of both erosion and deposition (Canals et al., 2006; 

Arzola et al., 2008). Differential erosion can generate disparity in the morphology of opposing flanks 

(Mortensen and Buhl-Mortensen, 2005; Van Rooij et al., 2010; Fabri et al., 2014) and influence the 

spatial distribution of substrata, whereby erosional features such as vertical walls and headwall scarps 

are associated with bedrock (Mortensen and Buhl-Mortensen, 2005; Stewart et al., 2014), while soft 

substrata dominate flatter areas that experience depositional regimes. 
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Figure 1.1 Schematic of a dendritic submarine canyon The canyon incises the continental slope 

and shelf to form a pathway between the shelf and deep-sea. Adapted from Amblas et al. (2018). 

 

1.1.2.2.2 Canyon-modified hydrodynamics 

Canyon topography can modify local circulation and hydrodynamics (Chen et al., 2014; Hall et al., 

2014; Kämpf, 2018). The incising canyon distorts the morphology of the continental margin, altering 

the along-slope current flow, which facilitates the exchange of water between the shelf and deep-sea 

(Allen and Durrieu de Madron, 2009; Saldías and Allen, 2020). Under certain conditions, the canyon 

topography can restrict the current flow resulting in modified vertical vorticity, which, depending on 

the direction of the current, leads to either locally enhanced up- (Kämpf, 2007; Chen et al., 2014) or 

downwelling (Allen and Durrieu de Madron, 2009). In some circumstances, under stratification, the 

interaction of the current flow with the canyon rim can lead to the formation of a cyclonic eddy over 

the canyon (Kämpf, 2007; Allen and Hickey, 2010). Additionally, surface (barotropic) tides 

interacting with the steep canyon topography convert some of their energy into internal (baroclinic) 

tides (Allen and Durrieu de Madron, 2009; Hall et al., 2017).   

1.1.2.2.2.1 Internal tides 

Internal waves occur when there is a disturbance between layers of different density that the water 

column tries to counteract, forming an oscillation or ‘wave’. Internal waves with tidal frequencies 

are termed internal tides (Wunsch, 1975). Internal tides interact with complex canyon topography 

causing enhanced current speeds, and via their reflection and wave breaking, increased mixing and 

resuspension of material (Lee et al., 2009; Hall et al., 2017; Aslam et al., 2018).  

Internal wave–topography dynamics are influenced by the characteristics of the internal wave, the 

density structure of the water column through which it propagates and the angle of the slope with 

which it comes into contact (Hall and Carter, 2011; Hall et al., 2014). The bathymetric slope 
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criticality to the dominant semi-diurnal internal tide (α) provides an indication of how up-slope 

propagating internal tides coming into contact with slopes will behave. α is the ratio of the 

topographic slope to the internal wave characteristic slope,   𝛼 =
𝜕𝐻/𝜕𝑥

[(𝜔2− ƒ2)/(𝑁2 –𝜔2)]
1
2

 

Where: 𝑥 is across-slope distance (m), H is the total depth (m), ω is the angular frequency of the 

wave (Hz), ƒ is the inertial frequency (Hz), and N is the buoyancy frequency (Hz). A supercritical 

angle (α >1) can result in the up-slope propagating wave being reflected back down-slope toward the 

canyon floor, when subcritical (α <1), the wave can be focussed toward the head of the canyon and 

when near-critical (α ≃ 1), the wave can become trapped resulting in wave breaking (Figure 1.2) 

(Hall et al., 2014). In this way, submarine canyons may also trap internal waves originating from 

outside the canyon, reflecting their energy toward the canyon floor (Gorden and Marshall, 1976) and 

head (Hotchkiss and Wunsch, 1982) as the waves come into contact with the sloping topography. 

Internal tides can be prevalent within canyons due to their incision of the continental margin that 

facilitates interactions with ocean dynamics, their depth ranges that incorporate density gradients of 

the water column and their steep complex topography that promotes internal tide generation, 

reflection and wave breaking.  

Canyon enhanced hydrodynamics, including internal tides, are important in generating spatio-

temporal environmental heterogeneity throughout the canyon.  In canyons, tidal current direction and 

speed, physical oceanography (i.e. temperature, oxygen, salinity) and areas of increased suspended 

material (nepheloid layers) have been observed to fluctuate at semidiurnal tidal frequencies of the 

internal tide (de Stigter et al., 2007; Wang et al., 2008; Lee et al., 2009; Liu et al., 2010; Amaro et 

al., 2015; 2016; Addamo et al., 2016; Hall et al., 2017).  

Internal tides drive turbulent mixing (Lee et al., 2009; Wilson et al., 2015b; Hall et al., 2017; Aslam 

et al., 2018) which modifies gradients of physical oceanography (i.e. temperature, density and 

oxygen). Additionally, the propagation of the internal tide along a canyon causes vertical isopycnal 

displacement ranging from 10s to 100s m, which can generate temporal variability in physical 

oceanographic conditions (Wang et al., 2008; Hall et al., 2017). 

Internal wave driven turbulent mixing is associated with increased concentrations of particulate 

organic matter (POM) and nepheloid layer production (Wilson et al., 2015b; Hall et al., 2017; Aslam 

et al., 2018). Nepheloid layers are layers with enhanced levels of suspended material (including 

POM) (Demopoulos et al., 2017). Spatial distributions of nepheloid layers have been linked to the 

semidiurnal frequencies of internal tides in a number of canyons. For example in Nazaré Canyon, 

increases in bottom water turbidity appear synchronised with increases in current speed at the 

semidiurnal frequency of the internal tide (de Stigter et al., 2007), in Gaoping Canyon characteristics 

of the benthic nepheloid layer, including thickness, flow and composition fluctuated at the 

semidiurnal frequency of the internal tide (Wang et al., 2008) and in Whittard Canyon, nepheloid 



Chapter 1 

10 

layer distribution exhibited vertical modulation in the water column at the semidiurnal frequency of 

the internal tide (Hall et al., 2017).  

 

 

Figure 1.2 Schematic showing different scenarios of the bathymetric slope criticality to the 

dominant semi-diurnal internal tide (α). If the angle of the slope is larger than that of the propagating 

wave (α >1), supercritical reflection occurs and the wave is reflected downwards. If the angle of the 

slope is less than that of the propagating wave (α <1), subcritical reflection will occur and the wave 

will be propagated up toward the canyon head. When the angle of the slope and the propagating wave 

are near equal (α ≃ 1) the wave may become trapped and break. Adapted from Lamb (2014) and 

Pratson et al. (2007).  

1.1.2.2.3 Canyon mediated cross shelf exchange  

The canyon incision of the continental margin forms a pathway between the shelf and deep-sea. The 

movement of material along the canyon pathway facilitates cross-shelf exchange (Allen and Durrieu 

de Madron, 2009). The movement of material can be both down- and up-canyon and is largely 

mediated by the canyon modified hydrodynamics that are important in keeping material in 

suspension (Lopez-Fernandez et al., 2013; Lo Iacono et al., 2020). Bottom current speeds of 40 cm 

s-1 to 70 cm s-1, capable of transporting finer grained material, as well as coarse grained material at 

higher speeds, have been recorded from canyons (de Stigter et al., 2007; Lopez-Fernandez et al., 

2013) and evidence that internal tides may mediate the up-canyon transport of material has been 

presented (Wilson et al., 2015b). Larger material is more often transported down-canyon via turbidity 

currents and gravity flows, comprising a high sediment load that increases the density of the flow 

causing its rapid descent down the canyon axis (Puig et al., 2014). Turbidity currents can be triggered 

by excessive riverine discharges (Arzola et al., 2008), the rapid resuspension of sediments stored on 
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the shelf (Palanques et al., 2006) by processes such as storms (Canals et al., 2006), or tectonic activity 

causing slope failures and mass wasting (Heezen and Ewing, 1952; Mountjoy et al., 2018). 

The remobilisation of material, including nutrients via upwelling and internal tides, promotes 

increased surface productivity toward canyon heads (Harris and Whiteway, 2011). Canyon enhanced 

hydrodynamics then facilitate the rapid delivery of this organic matter, from the surface to depth 

(Allen and Durrieu de Madron, 2009; Campanyà-Llovet et al., 2018). The rapid transportation of 

material to depth is important in the sequestration and storage of carbon (Masson et al., 2010). It also 

reduces exposure time to microbial breakdown and remineralisation, providing high quality POM to 

the deep sea benthos (Masson et al., 2010; Campanyà-Llovet et al., 2018), often concentrating in 

nepheloid layers (Wilson et al., 2015b; Demopoulos et al., 2017).  

The funnelling effect of the canyon generally results in higher particle fluxes recorded from within 

canyons, compared to that at comparative depths on the open slope (Martín et al., 2006; DeGeest et 

al., 2008; López et al., 2012; Lopez-Fernandez et al., 2013). The flux of organic material into the 

canyon can be affected by seasonal inputs from riverine discharges (where canyons are connected to 

rivers), plankton blooms, aeolian inputs of mineral dust plus the resuspension and remobilisation of 

material by dense-shelf water cascading, storms and trawling (Lopez-Fernandez et al., 2013; Arjona-

Camas et al., 2019). The relative influences of these processes on the flux of organic material into 

the canyon is often dependent on whether the canyon occurs on a passive or active margin. 

The movement and spatial distribution of organic material through the canyon is influenced by 

hydrodynamics (Amaro et al., 2015; 2016; De Leo et al., 2010), canyon topography (Campanyà-

Llovet et al., 2018) and benthic utilisation (Amaro et al., 2010). Together these processes interact 

across multiple scales to generate spatio-temporal heterogeneity in the quantity and quality of organic 

material in the canyon (Amaro et al., 2015; Campanyà-Llovet et al., 2018). In general, there is a 

spatial trend of decreased quality of organic matter with depth, which is consistent with that on the 

slope. However, local peaks occur where canyon topography and hydrodynamics facilitate the rapid 

delivery of surface derived material to depth (Demopoulos et al., 2017; Campanyà-Llovet et al., 

2018) or where material accumulates as branches coalesce, sustaining high quantities of lower quality 

organic material at depth. 

1.1.2.3 Faunal patterns in canyons 

Canyons support a diverse range of habitats. Here, "habitat" refers to the spatial extent over which a 

particular species assemblage and its associated environment (physical and chemical) occurs 

(MESH, 2008; Costello, 2009; Brown et al., 2011) and "assemblage" refers to a discrete group of 

reoccurring species that share a common attribute of habitat or taxonomic similarity and occur 

together in space and time (Pyron, 2010; Stroud et al., 2015). 
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The distribution of fauna and assemblages across canyon settings tends to be patchy, leading to high 

beta and regional diversity (Conlan et al., 2015; Robert et al., 2015; Covazzi Harriague et al., 2019).  

Broad-scale bathymetric trends in fauna and assemblages are commonly observed (Duineveld et al., 

2001; Buhl-Mortensen et al., 2010; Cunha et al., 2011; Baker et al., 2012; Braga-Henriques et al., 

2013; Currie and Sorokin, 2013; Kenchington et al., 2014; Conlan et al., 2015; Sigler et al., 2015; 

Pierdomenico et al., 2016) and often relate to distance along the canyon axis (Kelly et al., 2010). The 

bathymetric trends in fauna and assemblages vary between and within canyons and according to the 

size and life strategy of the fauna sampled. For example, Cunha et al. (2011) found increased species 

richness of macro- infauna was expected from the upper and middle sections of the Cascais Canyon, 

while lower species richness was expected from the middle sections of the Nazaré and Setúbal 

Canyons. On the other hand, a review of canyons within the Gulf of Maine by Kelly et al. (2010) 

reported highest diversity of combined faunal sizes, in the middle section of the canyon. Despite 

variable bathymetric trends, generally infaunal diversity is observed to decrease in areas of steep 

complex topography (Conlan et al., 2015) and epifaunal diversity is observed to increase in areas of 

steeper hard substratum and decrease in areas of soft substrata encountered on gentler slopes (Robert 

et al., 2015). For both epi and infauna low diversity and biomass is observed on the canyon axis 

(Cunha et al., 2011; Paterson et al., 2011) that is generally less hospitable due to the high disturbance 

associated with the movement of sediments along the axis (Johnson et al., 2013).  

In the deep sea there is a general bathymetric trend of decreasing biomass or abundance with depth 

(Rex et al., 2006). Similarly, a decline in biomass with depth has been observed in megafauna in 

Bonney and du Couedic Canyons (Currie and Sorokin, 2013) and in meiofauna in the Western branch 

of Whittard Canyon (Gambi and Danovaro, 2016). However, this trend was not consistent across all 

the branches of Whittard Canyon, where instead no clear pattern was observed (Gambi and 

Danovaro, 2016), which is consistent with meiofaunal studies from Blanes Canyon (Romano et al., 

2013). Further still, studies of macro- and megafauna show a different bathymetric trend whereby 

increased biomass or abundance is observed at intermediate depths. For example, in Whittard Canyon 

there are peaks in biomass at 2715 m for mega- and macro- infauna (Duineveld et al., 2001) and 

multiple peaks at  ~1200, 2200, 3000 and 3700 m in abundance for epibenthic megafauna (Robert et 

al., 2015), while in Barkely Canyon epibenthic peaks in megafauna abundance occur at 300 and 2000 

m. Peaks in macro- infauna abundance are reported in Nazaré Canyon at 2894 m (Cúrdia et al., 2004) 

and  at 3461 – 3522 m (Cunha et al., 2011), in Cascais Canyon at 3199 – 3219 m, in Setúbal Canyon 

at 3224 – 3275 m (Cunha et al., 2011) and in Baltimore and Norfolk canyons at 800 - 900 m 

(Robertson et al., 2020).  

Studies comparing faunal assemblage, richness and abundance at comparative depths between 

canyons and adjacent slope have reported inconsistent results. Higher species richness has been 

reported in canyons compared to the slope for epibenthic megafauna, both increased and decreased 

species richness and abundance for macro- infauna  (Maciolek et al., 1987; Duineveld et al., 2001; 
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Gunton et al., 2015b; Covazzi Harriague et al., 2019) and either increased, decreased or similar 

species richness and abundance for meiofauna (Ingels et al., 2009; Gambi and Danovaro, 2016; 

Bianchelli and Danovaro, 2019; Carugati et al., 2019).  

Macro- infaunal assemblages sampled from canyons are characterised by a high representation of 

Annelids and Arthropods (Cunha et al., 2011; Conlan et al., 2015; Campanyà-Llovet et al., 2018). 

Assemblages can vary between branches (Gunton et al., 2015a) and assemblages toward the middle 

and upper canyon reaches are often dominated by opportunistic deposit feeding species (Cunha et 

al., 2011; Conlan et al., 2015). Increased opportunist or early colonising meiofauna have also been 

observed toward the head of Whittard Canyon (Gambi and Danovaro, 2016). Epibenthic megafaunal 

assemblages are characterised by various representation of Cnidarians, Echinoderms and 

Foraminiferan xenophyophores (Robert et al., 2015; Pierdomenico et al., 2019). Assemblage 

composition varies along the canyon and between branches and flanks (Mortensen and Buhl-

Mortensen, 2005; De Mol et al., 2011; Morris et al., 2013; Fabri et al., 2014; van den Beld et al., 

2017).  

1.1.2.3.1 Canyon habitats as deep-sea biodiversity hotspots  

There is a general association of increased diversity with habitats that include bio-engineers that 

modify the environment (Jones et al., 2010). These organisms frequently constitute the characterising 

species of the habitat in which they occur (MESH, 2008). Examples from canyons include sea pens 

(Baker et al., 2012; Fabri et al., 2014), sponges (Bertolino et al., 2019) and cold-water corals (De 

Mol et al., 2011; Morris et al., 2013; Fabri et al., 2017; van den Beld et al., 2017; Price et al., 2019).  

Xenophyophores, seapen meadows and tulip sponge fields have been observed from soft substrata 

(Robert et al., 2015) and dense aggregations of the cold water corals, Lophelia pertusa (recently 

synonymised to Desmophyllum pertusum (Addamo et al., 2016)) and Madrepora oculata (Huvenne 

et al., 2011; Gori et al., 2013; Morris et al., 2013; Davies et al., 2014; Fabri et al., 2014; Robert et 

al., 2019) and deep water bivalves, Acesta excavata and Neopycnodonte zibrowii have been observed 

from hard substrata, often in association with vertical walls and overhangs (Johnson et al., 2013; 

Robert et al., 2019).  

1.1.2.3.1.1 Cold-water corals  

Cold-water corals are a polyphyletic group of solitary or colonial azooxanthellate filter-feeding 

organisms belonging to the order Cnidaria and are defined by the presence of a calcium carbonate or 

proteinaceous axis or skeleton (Cairns, 2007). Cold-water corals comprise representatives of the 

subclass Octocorallia (soft corals), the orders Antipatharia (black corals), Scleractinia (stony corals), 

and the family Zoanthidae within the Hexacorallia, and the family Stylasteridae (hydrocorals) within 

the Hydrozoa. The three main reef framework forming Scleractinian cold-water corals are D. 

pertusum, M. oculata and Solenosmilia variabilis, (hereafter referred to as CWCs).   
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CWCs occur globally and have been recorded from continental margins (Davies et al., 2017; van den 

Beld et al., 2017), sea-mounts (Rowden et al., 2020) and canyons (Huvenne et al., 2011) across a 

depth range from 39 m, within Norwegian fjords to 2000 m in canyons (Roberts et al., 2009b; Lo 

Iacono et al., 2018). D. pertusum, is the most widespread and generally abundant species. However, 

in warmer waters such as the Mediterranean Sea M. oculata is more abundant (Fabri et al., 2014; 

Corbera et al., 2019) and in the South Pacific Ocean S. variabilis is more common (Rowden et al., 

2020). These three CWCs can occur as isolated colonies, in small patch reefs several metres across 

or aggregate to form large reef systems (Roberts et al., 2006; Buhl-Mortensen et al., 2010; Corbera 

et al., 2019; Price et al., 2019) and ultimately through geological time can grow to form carbonate 

mounds several km across and exceeding 300 m in height (De Mol et al., 2002; Wheeler et al., 2006; 

Duineveld et al., 2007; Mienis et al., 2012). In canyons, CWCs occur as single colonies, large 

framework reefs and dense aggregations on vertical walls (Huvenne et al., 2011; Lo Iacono et al., 

2018; Price et al., 2019; Robert et al., 2019). Recently small mound features (named ‘mini-mounds’) 

comprised of coral rubble that represent relict reef have been described from canyon interfluves 

(Stewart et al., 2014). Although no longer living, the degraded coral rubble still provides increased 

structural complexity compared to the surrounding seabed.  

Cold-water corals can form key habitats such as reefs and coral gardens (Roberts et al., 2006; 2009b; 

Buhl-Mortensen et al., 2010; Robert et al., 2017; 2019; Price et al., 2019). Coral reefs can support 

high diversity, comparable to tropical reef systems (Henry and Murray, 2017). In canyons, the CWC 

habitats found on vertical walls represent biodiversity hotspots that constitute outliers in the general 

bathymetric trends of decreasing diversity with depth (Robert et al., 2015). The correlation of 

increased diversity with CWC habitats has led to CWCs becoming the focus of many deep-sea habitat 

mapping and ecological studies (Roberts et al., 2009a; Howell et al., 2011; Lo Iacono et al., 2018; 

Corbera et al., 2019; Rowden et al., 2020). However, few detailed studies of CWCs in canyons have 

been undertaken (Fernandez-Arcaya et al., 2017; Robert et al., 2017; Price et al., 2019) with still 

fewer studies of vertical wall CWC habitats (Robert et al., 2017; 2019), leaving gaps in our 

understanding of biodiversity hotspots in canyons. 

1.1.2.4 Environmental drivers of faunal patterns in canyons 

1.1.2.4.1 Environmental heterogeneity 

The spatial distribution of fauna, assemblages and habitats is the result of a complex interplay 

between the physiological constraints of the environment (physical and chemical environment, size 

and relative distance to surrounding patches of similar environmental condition), food availability, 

biological processes (dispersal, competition and predation) and disturbance (Levin et al., 2001).  

Environmental heterogeneity has been proposed as one of the key factors influencing deep-sea 

assemblages and diversity (Levin et al., 2001;  2010; Bianchelli and Danovaro, 2019) in structurally 
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complex environments, such as canyons (Ismail et al., 2018). Here, environmental heterogeneity 

refers to the variation in the spatial or temporal arrangement of environmental conditions at a given 

site. The idea that environmental heterogeneity can influence spatial patterns in fauna is based upon 

the principles of niche theory. Niche theory proposes that species adapt to exploit certain 

environmental conditions (fundamental niche) so that spatial patterns in faunal distribution and 

diversity are driven by the spatial structuring of species’ environmental requirements (e.g. 

temperature, substrata). In reality, species may only occur within a portion of suitable sites (realised 

niche), as a result of biological interactions, such as dispersal, competition or predation, and 

disturbance effects (Hutchinson and MacArthur, 1959). As such, areas supporting greater 

environmental heterogeneity can support more niches and through associated resource partitioning, 

reduce competition, leading to higher coexistence of ‘specialised’ species and diversity (MacArthur 

and MacArthur, 1961).  

In canyons, the patchy distribution of environmental conditions generates a heterogeneous landscape 

capable of supporting diverse habitats and assemblages (Schlacher et al., 2007; Robert et al., 2014) 

that leads to the observed high beta (Corinaldesi et al., 2019) and regional diversity (Bianchelli and 

Danovaro, 2019). Despite the recognised role of environmental heterogeneity in influencing faunal 

patterns, our understanding of the relative importance of the environmental conditions in which 

heterogeneity occurs is less understood. Our limited understanding stems from the difficulty of 

surveying such remote and heterogeneous environments (Amaro et al., 2016) and the lack of 

consistency in faunal bathymetric trends or slope-canyon comparisons, which makes identifying 

common causal processes difficult.  

Canyon activity (Pierdomenico et al., 2016), continental shelf setting (Conlan et al., 2015), proximity 

to riverine inputs (Pierdomenico et al., 2016), trophic surrounding (Vetter et al., 2010) and prevailing 

oceanographic conditions have been shown to influence the relative importance of the environmental 

variables influencing habitat distribution (Pierdomenico et al., 2016). Even within canyons, the high 

spatial and temporal heterogeneity makes predictions of species responses to environmental variables 

difficult. For example, assemblages can vary between (De Mol et al., 2011) and within branches of 

the same canyon (Huvenne et al., 2011; Johnson et al., 2013; Robert et al., 2015). Further still, 

responses of fauna to environmental variables can vary, depending on successional stage of a 

community, mobility of fauna (Roberts et al., 2009a) or other unknown factors.  

The methodological approaches can also influence the relative importance of the environmental 

variables. Depending on the scale of integration, the explanatory contribution and combination of 

environmental variables can change (Kenchington et al., 2014). However, published canyon studies 

principally assess the effects of factors in isolation over limited spatial and temporal scales (Huvenne 

and Davies, 2014; Robert et al., 2015) and rely on the use of acoustic proxies to quantify 

environmental heterogeneity. The use of proxies means that measured environmental variables are 

in fact indirect references of possible factors driving faunal patterns (Levin et al., 2001). This is 
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further confounded by the interconnected nature of environmental variables (Levin et al., 2001; 

Baker et al., 2012; Currie and Sorokin, 2013; Robert et al., 2015) and the technological constraints 

(Huvenne and Davies, 2014) and methodological inconsistencies (Amaro et al., 2016) of studies that 

limit comparability of results.  

Despite the challenges that deep-sea canyon studies face, including the variability in methodological 

approaches and faunal patterns, some generalisations regarding processes influencing faunal patterns 

can be made. 

1.1.2.4.2 Environmental variables correlated with faunal patterns  

In general, the distributions of habitats and fauna are believed to be driven by a complex interplay of 

multiple factors acting at different scales. Environmental heterogeneity is proposed to explain spatial 

patterns at broader spatial scales (McClain and Barry, 2010; Robert et al., 2015; Ismail et al., 2018), 

while biotic processes commonly act at finer spatial scales (Robert et al., 2019) and disturbance acts 

across a range of scales (Pierdomenico et al., 2016; Frutos and Sorbe, 2017).   

1.1.2.4.2.1 Seafloor characteristics (topography and substratum) 

In benthic settings, at the regional scale, environmental heterogeneity is often spatially arranged in 

relation to seafloor characteristics (notably topography) (Wilson et al., 2007; Daly et al., 2018), so 

that increased structural complexity is associated with increased environmental heterogeneity and 

subsequently niche diversification, species coexistence and diversity (Willis et al., 2005; Graham 

and Nash, 2013). Structural complexity refers to “the irregularity in arrangement of structural 

elements which comprises the bathymetric contours of a given site” (Taniguchi et al., 2003; Yanovski 

et al., 2017) and represents the three-dimensional component of  the seafloor.   

Faunal patterns have been correlated with structural complexity at various spatial scales (MacArthur 

and MacArthur, 1961; Menge and Sutherland, 1976; Lawton, 1983; Willis et al., 2005; Buhl-

Mortensen et al., 2010). In canyons, faunal patterns are commonly correlated with the broad-scale 

structural complexity of the canyon terrain (Domke et al., 2017; Bianchelli and Danovaro, 2019; 

Covazzi Harriague et al., 2019). The broad-scale structural complexity increases environmental 

heterogeneity not only by creating three-dimensional substratum morphology, but also by 

influencing sediment dynamics (de Stigter et al., 2011; Martín et al., 2011; Puig et al., 2017), food 

supply (Campanyà-Llovet et al., 2018) and local hydrodynamics (Hall et al., 2014). At finer spatial 

scales (<1 km) bio-engineers, including CWCs, increase the structural complexity of the seafloor. 

The increased fine-scale structural complexity increases fine-scale environmental heterogeneity in 

sediment dynamics, food supply and hydrodynamics within and around the bioengineers framework 

(Buhl-Mortensen et al., 2010; Price et al., 2019). Additionally, fine-scale structural complexity 

influences faunal patterns by providing shelter from predation and nursey grounds for fauna (Costello 

et al., 2005). The positive relationship between structural complexity and environmental 
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heterogeneity results in areas of increased structural complexity being correlated with increased 

diversity (Costello, 2009; Buhl-Mortensen et al., 2010; Robert et al., 2015).  

Spatial distributions of faunal assemblages are also often associated with particular substratum types, 

(Hargrave et al., 2004; De Mol et al., 2011; Baker et al., 2012; 2019; Huvenne et al., 2012; Miller et 

al., 2012; Currie and Sorokin, 2013; Kenchington et al., 2014; Pierdomenico et al., 2016). The 

association of fauna with particular substrata is reflective of their life history traits (Baker et al., 

2012). In canyons, the observed difference in the spatial patterns of epi- and infauna, whereby 

epibenthic fauna are associated with steep complex topography, reflect their differential preferences 

in colonisation substratum (Baker et al., 2012). For example, sessile epibenthic fauna predominantly 

require hard substratum upon which they can settle and grow (Baker et al., 2012), and the hard 

substratum occurs in association with steep complex topography (Stewart et al., 2014) which, is more 

commonly encountered toward the upper and middle sections of a canyon (Amblas et al., 2018). 

Faunal adaptations to particular substrata promote niche partitioning along substratum gradients, 

which enables more species to co-occur in areas of increased substratum heterogeneity (Hargrave et 

al., 2004; Levin et al., 2001; Baker et al., 2012; De Leo et al., 2014). However, in canyons, different 

faunal assemblages are often observed from the same substratum, indicating that in canyons 

substratum alone cannot determine faunal distributions and assemblages (Lacharité and Metaxas, 

2017). 

1.1.2.4.2.2 Food availability  

Variability in faunal patterns between and within canyons have been attributed to heterogeneity in 

the quantity and quality of food (McClain and Barry, 2010; De Leo et al., 2010; 2014; Cunha et al., 

2011; Gunton et al., 2015a; Gambi and Danovaro, 2016; Demopoulos et al., 2017; Campanyà-Llovet 

et al., 2018; Carugati et al., 2019). Heterogeneity in the quantity and quality of food between canyons 

results from differing regional productivity, canyon activity (Lopez-Fernandez et al., 2013) canyon 

morphology, hydrodynamics and water mass characteristics (Paterson et al., 2011), while within 

canyons, faunal bathymetric trends are often attributed to a reduction in food availability with depth 

(Duineveld et al., 2001; Cunha et al., 2011; Miller et al., 2012; Currie and Sorokin, 2013; Gunton et 

al., 2015a; Sigler et al., 2015).  

Infaunal assemblage composition is influenced by food quantity and quality (McClain and Barry, 

2010; Ingels et al., 2013; Romano et al., 2013; Gambi and Danovaro, 2016) and often opportunistic 

species dominate at high abundance in organically enriched settings (Vetter and Drayton, 1998 ; 

Cúrdia et al., 2004; Cunha et al., 2011). High epifaunal richness, abundance and assemblages 

characterised by filter and suspension feeders are observed to coincide with areas of increased food 

input in the form of nepheloid layers (Huvenne et al., 2011; Johnson et al., 2013). Nepheloid layers 

represent an important food resource for deep-sea fauna (Demopoulos et al., 2017). The delivery of 

high quality POM with enhanced currents has been shown to sustain a variety of filter and suspension 
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feeder assemblages in other settings (White et al., 2005; Mienis et al., 2007; Miller et al., 2012; 

Demopoulos et al., 2017). For example, internal tides interacting with complex topography have been 

proposed as mediating efficient food supply mechanisms to CWCs on continental shelf settings 

where CWCs occur preferentially on supercritical slopes (Frederiksen et al., 1992; Mohn et al., 

2014). In canyons, areas of high epibenthic megafaunal abundance, including CWCs, also occur on 

supercritical slopes coincident with nepheloid layers (Huvenne et al., 2011; Johnson et al., 2013; 

Wilson et al., 2015b). These observations have led authors to postulate the role of the internal tides 

in determining faunal distributions in canyons (Huvenne et al., 2011; Johnson et al., 2013; Robert et 

al., 2015). However, few studies explicitly modelling the relationship between canyon fauna and 

internal tide dynamics have been undertaken (Liao et al., 2017; Bargain et al., 2018). 

1.1.2.4.2.3 Water mass characteristics  

Internal tides may also influence faunal patterns by generating temporal variability in water mass 

characteristics as they propagate along the canyon (Wang et al., 2008; Hall et al., 2017) . Bathymetric 

trends in fauna are often attributed to changes in water mass characteristics (Levin et al., 2001; 

Roberts et al., 2009a; De Mol et al., 2011; Currie and Sorokin, 2013; Johnson et al., 2013; Flögel et 

al., 2014; Conlan et al., 2015) that vary with depth. Fauna are known to respond to gradients in 

physical oceanography, and internal tide induced variability in water mass characteristics has been 

connected to faunal patterns in a seamount setting (van Haren et al., 2017). However to date, no study 

has been undertaken to assess the structuring force of internal-tide induced variability on faunal 

assemblages and diversity in a canyon. The lack of knowledge regarding how internal tides influence 

canyon fauna represents a limit to canyon ecology.  

1.1.2.4.2.4 Disturbance 

Canyons are dynamic environments, subject to periodic mass wasting events and subsequent 

sediment laden flows, as such, disturbance represents an important factor influencing faunal 

distributions in canyons. Disturbance can be of natural, or anthropogenic origin. Sediment transport, 

turbidity currents, gravity flows, hydrodynamics or excess organic enrichment represent natural 

forms of disturbance that can influence the spatio-temporal distribution of assemblages (McClain 

and Barry, 2010; Cunha et al., 2011; Currie and Sorokin, 2013; Gunton et al., 2015a; 2015b; Amaro 

et al., 2016; Gambi and Danovaro, 2016), while fishing, waste dumping and climate change represent 

anthropogenic forms of disturbance (Levin et al., 2001; Puig et al., 2012; Pusceddu et al., 2014). 

Disturbance influences faunal patterns either directly by physically damaging or removing organisms 

(Baker et al., 2019) or indirectly, by altering the environmental conditions so that they are no longer 

hospitable (McClain and Barry, 2010; Puig et al., 2012). The altered environmental conditions can 

change faunal assemblage composition to comprise more opportunistic or mobile species (McClain 

and Barry, 2010; Cunha et al., 2011; Miller et al., 2012; Fabri et al., 2014; Amaro et al., 2015; 
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Pierdomenico et al., 2016). Alternatively in areas where disturbance becomes too frequent, for 

example along the canyon axis that experiences high current speeds, frequent sediment transport, 

scour or sedimentation rates, conditions become too inhospitable and no or few fauna occur (Cunha 

et al., 2011; Paterson et al., 2011; Johnson et al., 2013). 

Differences in infaunal assemblage composition observed between canyons and slopes has been 

attributed to differing disturbance regimes, whereby the periodic disturbance encountered within 

canyons and toward canyon heads results in assemblages dominated at high abundance by 

opportunistic and early colonising species (Cunha et al., 2011; Conlan et al., 2015; Gambi and 

Danovaro, 2016). Additionally, between and within canyons differences in observed infaunal 

assemblages are also attributed to varying disturbance regimes (Pierdomenico et al., 2016).  

The stochastic nature of natural disturbance events has limited its incorporation into canyon studies. 

Consequently, the influence of disturbance is mostly inferred from data that is caught 

opportunistically by landers (de Stigter et al., 2011) or from the interpretation of bed forms after a 

disturbance event has occurred (Arzola et al., 2008; Mountjoy et al., 2018).  

Fishing represents the most studied anthropogenic disturbance affecting canyon systems (Miller et 

al., 2012; Puig et al., 2012; Fabri et al., 2014; Pierdomenico et al., 2016). Fishing gear causes physical 

disturbance to habitats by removing, damaging and killing species (Puig et al., 2012). Additionally, 

contact fishing gear modifies the environment, usually leading to increased sedimentation and 

reduced structural complexity of the seafloor (Puig et al., 2012; Fabri et al., 2014; Pierdomenico et 

al., 2016). The remobilisation of sediments effects sediment flow and flux through canyons (Arjona-

Camas et al., 2019). The steep and vertical walls of canyons are prohibitive to contact fishing gear 

and as such have been proposed as refuges from bottom trawling (Huvenne et al., 2011).  

1.2 Motivation for study 

Despite the ecological importance of canyons and recent protection initiatives, many canyons and 

the features that they support are increasingly under threat from anthropogenic disturbance. Fishing 

(Puig et al., 2012; Martín et al., 2014b), oil and gas (Hooker et al., 1999), the depositing of mine 

tailings (Ramirez-Llodra et al., 2015), the accumulation of litter (including discarded fishing gear 

(micro) plastics (Cau et al., 2017; van den Beld et al., 2017; Kane et al., 2020) and pollutants (Azaroff 

et al., 2020) plus climate change all potentially impact canyon systems (Fernandez-Arcaya et al., 

2017) and have negative impacts on biodiversity, habitats, ecosystem functioning and consequently 

services (Pusceddu et al., 2014; Ramirez-Llodra et al., 2015; Fernandez-Arcaya et al., 2017).  

The establishment of marine protected areas (MPAs) or equivalents to protect features of 

conservation interest requires knowledge of faunal distributions and species-environment 

relationships, of which a gap exists for deep-sea species, including cold-water corals (Davies et al., 
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2007; Auster et al., 2011). Filling this knowledge gap is important because the typical characteristics 

of submarine canyons give them potential to support a disproportionate amount of diversity and 

VMEs, including cold-water corals. Additionally, the relatively high diversity of habitats and species 

within one defined geomorphological feature makes canyons key features for spatial management. 

However, due to the difficulty of surveying such remote and heterogeneous environments the 

distribution and  understanding of processes influencing faunal patterns is relatively limited (Amaro 

et al., 2016).  Furthermore, despite the widespread distribution of canyons (De Leo et al., 2010; Harris 

and Whiteway, 2011),  De Leo et al. (2014) reported that faunal studies have only been conducted in 

a small fraction  (~ 0.5%) of the world’s canyons. In the case of epibenthic megafaunal studies, many 

have been descriptive (Brooke and Ross, 2014) or in cases where epibenthic megafauna have been 

enumerated, the information has usually become condensed into diversity metrics (i.e. species 

richness, diversity, abundance and biomass) (Robert et al., 2015), which limits the ecological 

inferences that can be drawn. 

Due to the limited availability of deep-sea data, modelling techniques have increasingly been used 

to extrapolate relationships between and beyond a smaller number of data points to further our 

knowledge of deep-sea ecology (Robert et al., 2015; Rowden et al., 2020). In particular, predictive 

modelling techniques have been used to generate continuous spatial distribution maps of fauna from 

a smaller number of ground-truthed samples (Robert et al., 2015; Anderson et al., 2016a; Bargain et 

al., 2018). Predictive distribution modelling is a method by which continuous species or habitat 

distributions can be produced from limited sample data by modelling species – environment 

relationships using available samples and environmental information from which predictions beyond 

sampled areas can be made (Guisan and Zimmermann, 2000). Predictive modelling is increasingly 

being recognised as an important tool to facilitate deep-sea management where data are limited and 

models can identify suitable locations for species or habitats (Howell et al., 2011; Ross and Howell, 

2013; Anderson et al., 2016a; Gullage et al., 2017). However, any models that inform ecology or the 

prioritisation of areas for protection can only be effective if the major drivers of faunal patterns are 

understood and incorporated, and their relative importance is adequately represented by the available 

datasets (Guisan and Zimmermann, 2000). 

The difficulties of surveying the deep sea result in the use of environmental proxies or simulated 

models of environmental conditions both derived at broad spatial resolutions (Davies and Guinotte, 

2011). Environmental conditions in canyons can vary over short spatial scales (McClain and Barry, 

2010; Hall et al., 2017; Robert et al., 2017), so that the use of broad resolution data may fail to capture 

environmental gradients that are ecologically important to the fauna, which affects model precision 

and/or accuracy (Lecours et al., 2015; Miyamoto et al., 2017). Additionally, the omission of key 

environmental drivers could lead to predictive inaccuracies (Guisan and Thuiller, 2005). 

Submarine canyons are characterised by increased structural complexity (Harris and Whiteway, 

2011) and internal tides (Hall et al., 2014), which generate environmental heterogeneity within the 
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canyon at various spatial scales (Amaro et al., 2016; Hall et al., 2017; Campanyà-Llovet et al., 2018). 

However, despite the importance of structural complexity and internal tides, there is a lack of 

information regarding how exactly these phenomena influence faunal patterns in canyons. Structural 

complexity at various spatial scales is known to influence faunal patterns (Robert et al., 2017; Fanelli 

et al., 2018; Price et al., 2019). To date, canyon studies have predominately focussed upon broad- 

scale structural complexity as a proxy of environmental heterogeneity (Robert et al., 2015; Ismail et 

al., 2018). However, peaks in canyon diversity often coincide with features of finer-scale structural 

complexity that are not discernible in broad-scale acoustic datasets (Robert et al., 2015; Price et al., 

2019). Consequently, there is a lack in our understanding of how structural complexity interacts at 

various spatial scales (specifically finer-scales) to influence faunal patterns in canyons. 

Physical oceanography (water mass characteristics and hydrodynamics) is known to influence faunal 

patterns, including CWCs (Frederiksen et al., 1992; Thiem et al., 2006; Davies, 2009; Mienis et al., 

2009; White and Dorschel, 2010). However, these data have rarely been explicitly included in faunal 

models from canyons settings (Liao et al., 2017; Bargain et al., 2018), despite the fact that canyons 

are characterised by strong gradients in water mass characteristics and internal tides (Hall et al., 2017; 

Aslam et al., 2018). The omission of spatially explicit internal tide data from predictive distribution 

models may lead to predictive inaccuracies because internal tides are important phenomena 

generating environmental heterogeneity in canyon settings (de Stigter et al., 2007; Wang et al., 2008; 

Lee et al., 2009; Liu et al., 2010; Amaro et al., 2015; 2016; Hall et al., 2017; Aslam et al., 2018) and 

hence could represent a key environmental driver of faunal patterns. 

Internal tides generate physical oceanographic gradients by their movement along the canyon, which 

generates spatial and temporal variability in physical oceanographic conditions (Wang et al., 2008; 

Hall et al., 2017). Faunal patterns in other settings have been correlated with variability in physical 

oceanographic conditions (Levin et al., 2001; Dullo et al., 2008; Fabri et al., 2017). However, no 

study has been undertaken to determine if spatial patterns in temporal oceanographic variability 

induced by the internal tide explain variation in faunal patterns in a canyon setting. 

Recent studies from other settings have highlighted that integrating data from spatially explicit 

hydrodynamic models with high resolution bathymetry can improve our understanding of multiscale 

interactions and predictions of habitat suitability (Rengstorf et al., 2013; 2014; Mohn et al., 2014; 

Bargain et al., 2018). The incorporation of high-resolution bathymetry also allows the influence of 

structural complexity at various spatial scales to be assessed (Robert et al., 2014). Studying the 

influences of both structural complexity and internal tides can further our understanding of canyon 

ecology because in canyons the variability in environmental conditions is often spatially arranged in 

relation to the canyons’ complex topography and hydrodynamics (Lopez-Fernandez et al., 2013; 

Campanyà-Llovet et al., 2018). 
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1.3 Scientific objectives and research questions 

Canyons are of high ecological importance and support increased diversity including VMEs. To 

ensure effective management of canyons and the assemblages within them, there is a need to increase 

our understanding of how variability in environmental conditions linked to internal tides and finer-

scale structural complexity influence canyon faunal patterns in diversity and assemblage. This thesis 

applies a range of statistical approaches to novel datasets, in order to identify how environmental 

heterogeneity operating at various spatial scales drives epibenthic megafaunal patterns, including 

CWCs using Whittard Canyon, North-East Atlantic as a model system. 

1.3.1 Chapter 2 

The aim of this chapter is to identify which environmental variables best predict canyon-wide 

epibenthic megafaunal patterns in Whittard Canyon and to assess if including physical oceanographic 

data (internal tide data) improves predictions of biodiversity, species richness, abundance and CWC 

occurrence. General Additive Models, Random Forests and Boosted Regression Trees are used to 

compare predictions and build final ensemble predictive maps for CWC occurrence, epibenthic 

megafaunal abundance, species richness and biodiversity. The chapter highlights the importance of 

including oceanographic data and processes by which local hydrodynamics interact with topography 

to concentrate food resources in canyons.   

1.3.2 Chapter 3 

The aim of this chapter is to investigate if spatial patterns in temporal oceanographic variability 

induced by the internal tide explain variation in spatial patterns of diversity and assemblage 

composition on deep-sea canyon walls. The main questions addressed are: (1) Does epibenthic 

megafaunal assemblage composition change across physical oceanography and substratum gradients 

on vertical walls and (2) which environmental variables exert the strongest influence on epibenthic 

megafaunal diversity and assemblage structure? Multivariate analysis and Generalised Liner Models 

are used to relate epibenthic megafaunal assemblage and diversity to internal tide induced variability 

in oceanographic conditions. The chapter shows that the internal tide is a structuring force 

influencing faunal diversity and assemblages on canyon walls by generating both spatial and 

temporal gradients in physical oceanography and food supply. 

1.3.3 Chapter 4 

The aim of this chapter is to explore the relationship between structural complexity and epibenthic 

megafaunal assemblages within mini-mound provinces occurring on canyon interfluves. Multivariate 

analysis, Generalised Additive Models and Random Forests are used to relate epibenthic megafaunal 

assemblages, richness and density to derived proxies of substratum characteristics and structural 
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complexity at various spatial scales. The chapter provides evidence that substratum characteristics 

and structural complexity influence faunal patterns and emphasises the importance of fine-scale 

structural complexity in promoting increased diversity.  

1.3.4 Chapter 5  

In this final chapter, the results from the thesis are brought together and synthesised to show how 

internal tides and structural complexity influence faunal patterns by interacting at varying scales to 

generate environmental heterogeneity in canyons. The contribution of the thesis toward canyon 

research is discussed, as well as its limitations and future research directions. 
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2.1 Abstract 

Submarine canyons are associated with increased biodiversity, including cold-water coral (CWC) 

colonies and reefs which are features of high conservation value that are under increasing 

anthropogenic pressure. Effective spatial management and conservation of these features requires 

accurate distribution maps and a deeper understanding of the processes that generate the observed 

distribution patterns. Predictive distribution modelling offers a powerful tool in the deep sea, where 

surveys are constrained by cost and technological capabilities. To date, predictive distribution 

modelling in canyons has focussed on integrating ground-truthed acoustically acquired datasets as 

proxies for environmental variables thought to influence faunal patterns. Physical oceanography is 

known to influence faunal patterns but has rarely been explicitly included in predictive distribution 

models of canyon fauna, thereby omitting key information required to adequately capture the species-

environment relationships that form the basis of predictive distribution modelling. In this study, 

acoustic, oceanographic and biological datasets were integrated to undertake high-resolution 

predictions of benthic megafaunal diversity and CWC distribution within Whittard Canyon, North-

East Atlantic. The main aim was to investigate which environmental variables best predict faunal 

patterns in canyons and to assess whether including oceanographic data improves predictive 

modelling. General Additive Models, Random Forests and Boosted Regression Trees were used to 

build predictive maps for CWC occurrence, megafaunal abundance, species richness and 

biodiversity. To provide more robust predictions, ensemble techniques that summarise the variation 

in predictions and uncertainties between modelling approaches were applied to build final maps. 

Model performance improved with the inclusion of oceanographic data. Ensemble maps identified 

areas of elevated current speed that coincided with steep ridges and escarpment walls as the areas 

most likely to harbour CWCs and increased biodiversity, probably linked to local hydrodynamics 

interacting with topography to concentrate food resources. This study shows how incorporating 

oceanographic data into canyon models can broaden our understanding of processes generating 

faunal patterns and improve the mapping of features of conservation, supporting effective procedures 

for spatial ecosystem management. 
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2.2 Introduction 

Submarine canyons are environmentally complex geomorphological features that incise continental 

margins and act as conduits between the shelf and the deep sea (Allen and Durrieu de Madron, 2009; 

Huvenne and Davies, 2014; Puig et al., 2014; Amaro et al., 2016). Canyons are characterised by high 

spatial and temporal heterogeneity in environmental conditions (De Leo et al., 2014; Amaro et al., 

2016; Fernandez-Arcaya et al., 2017), often resulting in enhanced regional and local productivity, 

biodiversity, and faunal abundance (De Leo et al., 2010; Vetter et al., 2010; De Leo et al., 2014). 

Reef-forming cold-water coral colonies (from here indicated as CWC) and reefs in particular 

represent features of high conservation value that can occur within canyons and are under increasing 

anthropogenic pressure (92/43/EEC, 1992; OSPAR, 2008; Davies et al., 2017). Accurate distribution 

maps of these features, in addition to an understanding of the processes that drive the observed spatial 

patterns, can support their effective spatial management and conservation (Huvenne and Davies, 

2014; Buhl-Mortensen et al., 2015; Anderson et al., 2016a). In the deep sea, where surveys are 

constrained by costs and technological capabilities, predictive mapping offers a powerful tool for 

such studies. (Robert et al., 2015; Anderson et al., 2016a; Robert et al., 2016). Predictive mapping is 

based upon models of species–environment relationships that enable predictions of the likely 

occurrence of species beyond where they have been sampled (Guisan and Zimmermann, 2000; 

Guisan and Thuiller, 2005). These techniques are based upon concepts of niche theory, whereby 

species’ distributions are determined by the environmental dimensions of their ecological niche 

(Guisan and Zimmermann, 2000). Therefore, accurate predictions rely upon the incorporation of 

ecologically relevant environmental data collected at resolutions which capture the scale at which 

these variables influence species spatial patterns (Lecours et al., 2015; Miyamoto et al., 2017; Misiuk 

et al., 2018; Porskamp et al., 2018). 

In submarine canyons, acoustically derived environmental variables (e.g., depth, slope) are routinely 

used as indirect proxies for direct and resource variables (sensu Guisan and Zimmermann, 2000) 

including, water mass characteristics (temperature, salinity, potential density, dissolved oxygen 

concentration, aragonite compensation level and pH), substratum, seafloor characteristics, current 

exposure and food supply (Wilson et al., 2007; Robert et al., 2015); all of which have been shown to 

act at multiple scales to influence faunal patterns in canyons (De Mol et al., 2011; Howell et al., 

2011; Baker et al., 2012; De Leo et al., 2014; Bargain et al., 2018). For example, water mass 

characteristics tend to influence canyon fauna at spatial scales of 10 - 1000 km (Dullo et al., 2008; 

Fabri et al., 2017) at which resolution they often co-vary with depth (Henry et al., 2014). On the other 

hand, spatial variation in seafloor characteristics and substratum are influential at finer resolutions of 

<1 - 10 km (Howell et al., 2011; Robert et al., 2015; Fabri et al., 2017), which can be captured by 

terrain derivatives such as slope and rugosity (Wilson et al., 2007; Howell et al., 2011). Equally at 
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this resolution, aspect can provide insights into areas that may be more exposed to currents (Wilson 

et al., 2007; Robert et al., 2015).  

However, the sole use of indirect variables as proxies can hinder ecological interpretation, as a single 

proxy can be collinear with multiple direct and/or resource variables across varying scales (Wilson 

et al., 2007; Porskamp et al., 2018) and because the measured proxy does not influence organisms’ 

distributions directly, it can lead to further predictive inaccuracies. In addition, environmental data 

are often acquired at low resolutions that reflect technological constraints rather than being 

ecologically meaningful (Verfaillie et al., 2009; Huvenne and Davies, 2014; Ismail et al., 2015; 

Lecours et al., 2015; Porskamp et al., 2018). These data are then incorporated into models at a pre-

determined single fixed resolution as opposed to the increasingly advocated approach of 

incorporating data at multiple resolutions to then statistically identify the resolution that best captures 

the variability in the environment to which fauna are responding (Wilson et al., 2007; Fourniera et 

al., 2017; Porskamp et al., 2018). Consequently, the use of indirect variables together with the 

mismatch of resolution between ecological processes and data sampling represent key limitations of 

predictive model and map accuracy and precision (Brown et al., 2011; Lecours et al., 2015; Lo Iacono 

et al., 2018; Porskamp et al., 2018). 

Physical characteristics of the water column and oceanographic processes are known to influence 

faunal patterns, including those of CWCs (Dullo et al., 2008; De Mol et al., 2011; Flögel et al., 2014; 

Fabri et al., 2017) but have rarely been included in predictive models of canyon fauna, one exception 

being Bargain et al. (2018). In canyons supporting intense hydrodynamic processes (Hall and Carter, 

2011; Aslam et al., 2018) variability in faunal patterns has been observed and attributed to the 

increased heterogeneity in physical oceanography (Huvenne et al., 2011; Johnson et al., 2013). As 

such, canyons represent model systems for testing the role of physical oceanography in controlling 

faunal distribution patterns.   

Here we develop predictive distribution models for CWCs and epibenthic megafaunal biodiversity 

using a multiscale approach integrating bathymetric and oceanographic datasets and their derivatives 

in the Whittard Canyon (North-East Atlantic) to investigate which environmental variables best 

predict faunal patterns. Finally, we aim to assess how the inclusion of oceanographic variables affects 

model performance, testing the null hypothesis that the inclusion of physical oceanographic variables 

in distribution models has no effect on model accuracy or precision. 

2.3 Methods 

2.3.1 Study Area 

Whittard Canyon is located along the Celtic Margin, south-west of the British Isles in the Northern 

Bay of Biscay and extends >200 km (Figure 2.1). It is a dendritic canyon system comprised of four 
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main tributaries, the Western-, Western Middle-, Eastern Middle- and Eastern- branches, incising the 

shelf edge at a depth of ~200 m and coalescing at ~3700 - 3800 m water depth, then developing as 

Whittard Channel up to a depth of ~4500 m, where it joins the Celtic Fan that leads onto the 

Porcupine Abyssal Plain (Hunter et al., 2013; Amaro et al., 2016). Intensified bottom currents and 

internal tides have been associated with the canyon, making it a good candidate for investigating the 

impact of physical oceanography on faunal patterns (Reid and Hamilton, 1990; Hall et al., 2017; 

Aslam et al., 2018). Within the canyon system are the Dangaard and Explorer Canyons that together 

constitute the only deep-sea marine conservation zone (MCZ) within English waters. The Canyons 

MCZ designation is based upon the presence of the ‘Deep-sea bed’ broad-scale habitat and ‘Cold-

water coral reefs’, ‘Coral gardens’ and ‘Sea-pen and burrowing megafauna communities’ habitat 

features of conservation interest (DEFRA, 2013; DEFRA, 2019a). Accurate predictive maps of these 

features based on key environmental predictors are essential to assist effective management of the 

MCZ. This study focuses on the Eastern branch of Whittard Canyon and the adjoining Dangaard and 

Explorer Canyons (Figure 2.1). This region of the Whittard Canyon system was chosen as the Eastern 

branch has been identified as the most hydrodynamically energetic while the Dangaard and Explorer 

Canyons incise the Brenot Spur, which is postulated to be a generation site for the internal tide that 

propagates into the Eastern branch (Aslam et al., 2018). 

Whittard Canyon exhibits heterogeneity in both physical and oceanographic attributes. The 

geomorphology and substrata of the canyon are complex, with variability observed along the canyon 

axis and between branches (Stewart et al., 2014; Robert et al., 2015; Amaro et al., 2016; Ismail et al., 

2018). The heads of the canyons are characterised by steep-sided walls and coarser substrata 

(outcropping bedrock, boulders and cobbles) (Carter et al., 2018).(Carter et al., 2018) Where the 

branches coalesce, the Whittard Channel leads further downslope to the depositional fan comprised 

of finer grained substrata (fine sand, silt and hemiplegic ooze).  Sediment dynamics within the canyon 

are poorly understood. Although developing on a passive margin, Whittard Canyon does experience 

sediment dynamics (Amaro et al., 2016; Carter et al., 2018). Resuspension by intensified bottom 

currents and local slope failures within the canyon facilitate the availability of fine grained material 

(Reid and Hamilton, 1990; Amaro et al., 2015; Amaro et al., 2016; Hall et al., 2017; Carter et al., 

2018) which is then transported via active down-slope transport in the form of turbidity currents and 

mud-rich sediment gravity flows (Cunningham et al., 2005; Amaro et al., 2016). On the other hand, 

up-canyon transport of material may be mediated by internal tides (Wilson et al., 2015b; Lo Iacono 

et al., 2020) 

As it descends, the canyon intersects several water masses, including the Eastern North Atlantic 

Water (ENAW) (~100 - 600 m), the Mediterranean Outflow Water (MOW) (800 - 1200 m) and the 

Northeast Atlantic Deep Water (NEADW) (1500 - 3000 m), within which occurs a core of Labrador 

Sea Water (LSW) (~1800 - 2000 m) (Pollard et al., 1996; Van Aken, 2000). Mixing occurs along the 

water mass boundaries (Van Rooij et al., 2010). Barotropic tidal currents interact with the steep 
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canyon topography converting some of the energy into baroclinic internal waves (Allen and Durrieu 

de Madron, 2009; Hall et al., 2017) and partly standing internal waves have been observed within 

the Eastern branch (Hall et al., 2017). Internal wave driven turbulent mixing is associated with 

increased concentrations of particulate organic matter (POM) and nepheloid layer production within 

the canyon (Wilson et al., 2015b; Hall et al., 2017; Aslam et al., 2018). 

 

Figure 2.1 Location map of (A) Whittard Canyon and (B) data acquisitionduring the JC010, J036 

and JC125 cruises over Whittard Canyon Eastern branch and the adjoining Dangaard and Explorer 

Canyons. Background bathymetry from GEBCO Compilation Group (2019). 
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2.3.2 Data acquisition and analysis 

Data were collected during (1) the JC124_JC125 expedition funded by the ERC CODEMAP project 

(Starting Grant no 258482), the NERC MAREMAP programme and the Department of Environment, 

Food & Rural Affairs (DEFRA), (2) the JC010, JC035 and JC036 expeditions funded by the NERC 

core programme OCEANS2025 and the EU FP7 IP HERMIONE, and (3) the MESH expedition 

funded by the European Union INTERREG IIIb Community Initiative, and DEFRA.  

2.3.2.1 Video data acquisition and analysis 

During the JC010 and JC036 cruises, video data were acquired using the remotely operated vehicle 

(ROV) Isis equipped with a standard definition video camera (Pegasus, Insite Tritech Inc. with 

SeaArc2 400 W, Deep sea Power & Light illumination) and stills camera (Scorpio, Insite Tritech 

Inc., 2048 x 1536 pixels). For the JC125 cruise, the ROV Isis was equipped with a dual high 

definition stills and video camera (Scorpio, Insite Tritech Inc., 1920 x 1080 pixels). Positional data 

were derived from the ROV’s ultra-short baseline navigation system (USBL). A total of nine dives 

were completed in the Eastern branch (Figure 2.1 and Table 2.1) at an average speed of ~0.08 m s-1 

and an average camera height of 3 m from the seafloor (Robert et al., 2015).  Video footage from the 

dives was analysed with all epibenthic megafauna >10 mm annotated and georeferenced, organism 

size was estimated from a laser scale with parallel beams positioned 10 cm apart. Due to limited 

species taxonomic knowledge for the area, fauna were identified to the lowest taxonomic level 

possible and identified as morphospecies (visually distinct taxa). To ensure consistency in 

nomenclature and improve comparability of annotations, the developed morphospecies catalogue 

(Appendix D) was based upon the CATAMI nomenclature (Althaus et al., 2015) and cross-

referenced against the Howell and Davies (2010) morphospecies catalogue for the North-East 

Atlantic Deep-Sea. Those sections where the ROV altitude was >4 m for extended periods, 

prohibiting annotations, were noted by time and not considered in subsequent analysis. Video data 

annotations from the JC010, JC036 (previously annotated by Robert et al. (2015)) and JC125 cruises 

were combined into a single data matrix with possible annotator bias in the combined dataset assessed 

following the protocol set out in Durden et al. (2016)(see supplementary materials 2.1.1). Transects 

were subdivided into 50 m length sections and the morphospecies records within each section 

consolidated, with Species richness, Simpson’s reciprocal index (1/D) (Simpson, 1949) and 

megafaunal abundance calculated for each 50 m section sample. These metrics were chosen as 

together they capture the key faunal responses to environmental heterogeneity (McClain and Barry, 

2010; Amaro et al., 2015). Presence-absences for three scleractinian reef forming species, 

Desmophyllum pertusum (formerly Lophelia pertusa), Madrepora oculata and Solenosmilia 

variabilis were combined to provide a CWC presence-absence value. This was recorded because reef 

forming scleractinians represent features of high conservation value that are often associated with 

increased diversity (OSPAR, 2008; 92/43/EEC, 1992; Davies et al., 2017). Additionally, as long-
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lived immobile filter feeders that are associated with sustained hydrodynamics (Dullo et al., 2008; 

Howell et al., 2011; Fabri et al., 2017), CWCs represent good candidates for investigating the role of 

physical oceanography on faunal distributions. 

All statistical analyses were conducted using the open source software R (R_Core_Team, 2014), 

packages “sp”, “maptools”, “rgeos”, “vegan”, “clustersim” and “MASS”. 

Table 2.1 ROV dives in Whittard Canyon analysed in the study: Dive code, start and end 

position (degrees and decimal minutes), dive length (m) and depth range across dive 

(m). 

 Dive Start Position  End Position  Length 

(m) 

Depth Range 

(m) 

JC125_113 48° 22.296' N 10° 2.374' W 48° 22.296' N 10° 2.374' N 1850 2619 - 3199 

JC125_250 48° 43.803' N 10° 5.842' W 48° 43.803' N 10° 5.842' N 600 751 - 886 

JC125_259 48° 24.049' N 9° 59.867' W 48° 24.049' N 9° 59.867' N 2000 2148 - 2987 

JC125_262 48° 44.149' N 10° 5.965' W 48° 44.149' N 10° 5.965' N 965 464 - 879 

JC125_263 48° 38.331' N 10° 0.514' W 48° 38.331' N 10° 0.514' N 1600 1138 - 1422 

JC_10_065 48° 25.908' N 9° 56.432' W 48° 25.908' N 9° 56.432' N 6585 464 - 2634 

JC_036_115 48° 36.742' N 9° 57.297' W 48° 36.742' N 9° 57.297' N 3000 1222 - 1667 

JC_036_116 48° 39.251' N 10° 1.903' W 48° 39.251' N 10° 1.903' N 1500 910 - 1407 

JC_036_117 48° 27.646' N 9° 56.958' W 48° 27.646' N 9° 56.958' N 2050 1762 - 2470 

 

2.3.2.2 Acoustic data acquisition and processing, and extraction of terrain derivatives  

Multibeam echosounder (MBES) data were acquired during the MESH, JC035 and JC125 cruises 

with the ship-board Kongsberg Simrad EM120 MBES system of RRS James Cook (Masson, 2009; 

Huvenne et al., 2016) and Kongsberg Simrad EM1002 MBES system of RV Celtic Explorer (Davies 

et al., 2008b). Bathymetry data were processed utilising CARIS HIPS & SIPS v.8 and combined 

utilising the mosaic to new raster tool in ArcGIS 10.4.1, to produce a new grid at a resolution of 50 

m (WGS1984, UTM Zone 29N).   

Terrain derivatives previously identified as useful in predictive mapping (Wilson et al., 2007; Brown 

et al., 2011) were extracted from the bathymetry using the ArcGIS extension Benthic Terrain 

Modeler v. 3.0 (Walbridge et al., 2018). Slope, eastness, northness, curvature, fine and broad 

bathymetric position index (BPI) and rugosity (VRM = Vector Ruggedness Measure) were 

calculated. The bathymetric position index is a derived metric of a cell’s position and elevation 

relative to its surrounding landscape/cells within a user defined area (Wright, 2005). A combination 

of broad and fine scale BPI metrics were derived to enable features at varying scales to be identified 

(Wilson et al., 2007). Broad-scale BPI was calculated using a neighbourhood analysis based upon an 

annulus with an inner radius of 2 pixels and an outer radius of 20 pixels with a scale factor of 1000. 

Fine-scale BPI was calculated using a neighbourhood analysis based upon an annulus with an inner 
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radius of 1 pixel and an outer radius of 2 pixels with a scale factor of 100. Rugosity is a measure of 

the ratio of the surface area to the planar area and was calculated with a neighbourhood size of 3 x 3 

pixels (Wilson et al., 2007). Slope is a measure of change in elevation and was derived from a 

neighbourhood size of 3 x 3. Aspect (subsequently converted to eastness and northness) measures 

the orientation of maximum change along the slope. Curvature is a measure of the shape of the slope, 

with values indicating whether a slope is convex or concave. Three types of curvature were 

calculated: profile, planar and general. Each accentuates different aspects of slope shape and can 

provide indirect measures of different processes relating to flow, erosion and deposition within the 

canyon (Wilson et al., 2007).  

To capture the range of spatial scales at which the terrain derivatives may affect faunal distributions, 

a multiscale approach was implemented, whereby terrain variables were derived from bathymetry 

gridded at 50, 100 and 500 m. Statistical modelling (following the same protocol to assess predictive 

value of variables as detailed in section 2.3.3) was then applied to identify the most ecologically 

meaningful resolution to use for each variable, identified as those derivatives contributing the 

greatest to variance explained. Terrain derivatives from bathymetry gridded at 50 m were found to 

be optimal (Supplementary 2.1.2), and were exported as rasters at 50 m resolution (Figures 2.2 and 

2.3) for further modelling. 

Bathymetric slope criticality to the dominant semi-diurnal internal tide was calculated 

(Supplementary 2.1.3) from the processed bathymetry gridded at 50 m and the potential density 

derived from a ship-based CTD cast acquired during JC125 (Figure 2.1). Bathymetric slope criticality 

to the dominant semi-diurnal internal tide (α) can identify potential areas within the canyon where 

up-slope propagating waves could be reflected back down-slope toward the canyon floor 

(supercritical, α >1), be focussed toward the head of the canyon (subcritical, α <1) or, become trapped  

(near-critical, α ≃ 1) resulting in waves breaking and mixing (Hall et al., 2017).   

2.3.2.3 Oceanographic data processing and derived environmental variables 

Near bottom values for absolute salinity and conservative temperature were extracted from the 

Forecasting Ocean Assimilation Model 7 km Atlantic Margin model (FOAM AMM7) (O’Dea et al., 

2014). The FOAM AMM7 is a coupled hydrodynamic-ecosystem model, nested in a series of one-

way nests. Values were averaged from daily means over a three-year period to account for interannual 

seasonal variability. 

Near bottom values for tidal current variables (R.M.S, Root mean squared near-bottom baroclinic 

and barotropic current speed) over an M2 tidal cycle were calculated from velocity components 

extracted from a 500 m resolution canyon region hydrodynamic model based on a modified version 

of the Princeton Ocean Model, used to simulate the dominant semi-diurnal internal tide in the 

Whittard Canyon region for 32 M2 tidal cycles (Aslam et al., 2018). Both R.M.S baroclinic and 
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barotropic current speed were calculated to differentiate between the influences of the two tides that 

exhibit different spatial patterns across the canyon system (Figure 2.3). 

In order to represent the physical oceanographic conditions experienced by the benthos and match 

the resolution of the depth and terrain derivatives, the oceanographic data were interpolated into 

rasters at 50 m resolution in ArcGIS (Figure 2.3). Interpolation was based upon spatial variograms 

calculated in Golden Software Surfer V 8 and undertaken by kriging using the Spatial Analyst tool 

box in ArcGIS. To account for discrepancies in bathymetric resolution between the physical 

oceanographic models and the bathymetry gridded at 50 m, bathymetry from the models was also 

exported and rasters created. Depth discrepancies between the datasets were accounted for by 

extracting oceanographic and current values from the nearest corresponding depths to that of the 

bathymetry gridded at 50 m.  

2.3.3 Modelling 

2.3.3.1 Modelling approaches  

Modelling was conducted in the open source software R using a variety of packages as detailed in 

Hijmans and Elith (2017) and Zuur et al. (2014a) including “randomForest”, “mgcv” and “gbm”.  

Environmental variables coinciding with the mid-point of each 50 m video transect segment were 

extracted from each of the environmental rasters and combined with the corresponding values for 

abundance, species richness, 1/D and CWC occurrence to form a single data matrix. Data exploration 

was undertaken following Zuur et al. (2010) and indicated non-linear relationships between the 

response and environmental predictor variables. 

To fulfil model assumptions of independence and improve interpretation of results, collinearity 

between environmental variables was tested and correlated variables removed. Collinearity was 

tested with Pearson’s correlation coefficient (pairwise correlations), variance inflation factor (VIF) 

scores and pair plots (Zuur et al., 2010; Zuur et al., 2014a) (Supplementary 2.2.1). Variable pairs 

with Pearson’s correlation coefficients >0.5 and VIF scores >5 were deemed correlated (Zuur et al., 

2014a). For each group of correlated environmental variables, modelling using various techniques 

was undertaken (as described below) with a representative of each group added in turn to assess its 

predictive value by reviewing diagnostic plots of residuals and when model assumptions were met, 

retaining those that explained the greatest variance and gave the lowest Akaike’s Information 

Criterion (AIC) score (Table 2.2). The AIC score is commonly applied to compare model 

performance and measures the goodness of fit and model complexity reflecting the variance 

explained penalised by the number of explanatory variables. A lower AIC score indicates a better 

model fit (Zuur et al., 2014a). This resulted in four of the 12 environmental variables being retained. 
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Figure 2.2 Maps (50 m pixel resolution) of the bathymetric derivatives used as environmental 

variable proxies in the predictive models: (A) Depth (m), (B) Rugosity, (C) Slope (ɵ), (D) Broad 

bathymetric positioning index, (E) Fine bathymetric positioning index, (F) Curvature, (G) Profile 

curvature, (H) Planar curvature, (I) Log of bathymetric slope criticality to the dominant semi-diurnal 

internal tide (α).  
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Figure 2.3 Maps (50 m pixel resolution) of the bathymetric and physical oceanographic derivatives 

used as environmental variable proxies in the predictive models. The physical oceanographic 

environmental variables were derived from the FOAM AMM7 ocean model and a canyon specific 

hydrodynamic model published by Aslam et al., 2018: (A) Northness, (B) Eastness, (C) Salinity 

(g/kg), (D) Temperature (°C), (E) R.M.S current speed for the barotropic tide (m s-1), (F) R.M.S 

current speed for the baroclinic tide (m s-1). 

 

Table 2.2 Groups of correlated environmental variables. For each group, the variable retained 

for the models in indicated in bold  

Groups of correlated variables 

•  Rugosity, F_BPI, B_BPI 

•  Slope, General curvature, Profile curvature, Planar curvature 

•  Depth, Temperature, Salinity 

•  R.M.S current speed for the baroclinic tide, R.M.S current speed for the barotropic tide 
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Generalized Additive Models, Random Forests and Boosted Regression Trees were used to 

determine which environmental variables explained the greatest variance in observed spatial patterns 

in CWC presence-absence, species richness, 1/D and abundance. To assess the influence of physical 

oceanographic variables, model performance with and without these environmental predictor 

variables was compared. Spatial autocorrelation in model residuals was assessed with semi-

variograms and correlograms. Low spatial autocorrelation was observed in model residuals due to 

the sub-sampling of the data into training and test datasets (see section 2.3.2), together with the fact 

that sections of video transect were omitted due to data quality. Predicted probability of CWC 

occurrence, species richness, 1/D and abundance were mapped by applying each of the model 

algorithms to the full spatial extent of the selected environmental variable rasters. 

Random Forests (RF) is a classification method that builds multiple trees based upon splitting rules 

that maximise homogeneity in response to predictors within branches, starting each time with a 

randomised subset of data points and predictor variables (Breiman, 2001). RF was chosen because it 

makes no underlying assumption of the distribution of the response variable, is robust to overfitting, 

allows for interactions between environmental variables and nonlinear relationships between the 

response and environmental variables (Prasad et al., 2006; Cutler et al., 2007). RF was run in 

classification mode for CWC presence-absence data and regression mode for the continuous response 

variables. Abundance was log+1 transformed. Each random forest was run with 1500 trees and the 

number of variables chosen at each node split set to default (square root of the number of variables 

in the model for classification and two for regression) with the out of bag (OOB) settings set as 

default (Breiman and Cutler, 2018). 

Boosted Regression Trees (BRT) is a combined classification and regression method that builds a 

sequence of  regression trees, with the initial tree fitted to the entire dataset and subsequent trees 

added to fit the remaining residuals (Elith, 2008). BRT was chosen as this method is robust to 

differing resolutions of data input and accommodates interactions and nonlinear relationships (Elith, 

2008). BRT models were developed with cross validation on data using a tree complexity of 3 and 

learning rate of 0.001 with the optimum number of trees determined using a step forward function 

using k-fold cross validation. These parameter settings were chosen to ensure a minimum of 1000 

trees were created and that the models did not overfit the data (Elith, 2008; Elith and Leathwick, 

2009). For CWC presence-absence, a Bernoulli distribution was assumed, for species richness a 

Poisson distribution was assumed. Abundance was log+1 transformed to improve normality and 

modelled with a Gaussian distribution. Environmental variables were assessed using the inbuilt 

gbm.simplify function that specifies the optimum number of variables by dropping the least 

contributing variables and comparing deviance minimum error and model variance with and without 

that variable (Elith, 2008). 

Generalized Additive Models (GAMs) are generalised models with smoothers and link functions 

based on an exponential relationship between the response variable and the environmental predictor 
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variables (Zuur et al., 2014b). This method was chosen because it can accommodate nonlinear 

relationships and produces ecologically intuitive outputs (Zuur et al., 2014a). GAMs have 

successfully been applied to model the distribution of marine species and habitats (Robert et al., 

2015). The degree of smoothing for the environmental variables was selected based on the 

generalized cross validation (GCV) method and a log link function was used for all models except 

CWC presence-absence where a logit link function was used for the binary response. For CWC 

presence-absence, a Binomial distribution was assumed. For species richness and 1/D a Gamma 

distribution was assumed after exploring several alternative distributions (Gaussian, Poisson, quasi-

Poisson and Negative-Binomial). Abundance was log+1 transformed to improve normality and 

modelled with a Gaussian distribution. Environmental variables were assessed by a backward-step 

selection, whereby the environmental variables resulting in the lowest deviance explained were 

dropped one at a time and the model refitted until only statistically significant (p value <0.05) 

variables remained in the models. Overall model fit was then compared and the most parsimonious 

model, identified as that containing those environmental variables that explained the maximal 

amount of variance whilst giving the lowest AIC score, was selected. 

2.3.3.2 Model performance 

Model performance was assessed using a cross-validation procedure in which models were trained 

using a random partition of data (70 %) and tested against the remaining portion (30 %) (Guisan and 

Zimmermann, 2000). Model accuracy was assessed in terms of the model fit to the training dataset 

using AIC scores, diagnostic plots and variance explained (Adjusted R2). Predictive performance 

was assessed using the Area Under the Receiver operating Curve (AUC) score for CWC presence-

absence (Elith and Leathwick, 2009). The AUC score indicates how well the model discriminates 

presences and absences. An AUC score <0.5 indicates that the model is no better than random and 

an AUC score >0.7 can be considered as adequately discriminating presences from absences (Lobo 

et al., 2008). Due to the equal weighting of misclassification errors by the AUC, measures of 

sensitivity and specificity were also used to assess performance. Sensitivity is the fraction of correctly 

predicted CWC presences, while specificity is the fraction of correctly predicted CWC absences 

(Lobo et al., 2008). Predictive performance for the remaining models was assessed with correlation 

coefficients (linear regression) between the predicted and observed values. 

2.3.3.3 Ensemble Models  

To provide more robust predictions, ensemble techniques that summarise the variation in predictions 

and uncertainties between modelling approaches were applied to build final maps. Ensemble models 

are important when optimal models cannot be identified. Ensemble model maps based upon weighted 

AUC scores or correlation coefficients of each of the algorithms were produced for each response 

variable. 
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2.4 Results 

2.4.1 Morphospecies and observed patterns in diversity 

A total of 280 morphospecies were annotated from the video data. Xenophyophores (representing 

~17 % of individuals) were the most abundant morphospecies, followed by Acanthogorgia sp. (~10 

%), Brachiopoda sp. 1 (~9 %), Pentametrocrinus atlanticus (~8 %) and Cerianthidae (~7 %). Due to 

poor video quality, Brachiopoda were not annotated from the data collected during JC010 and JC036 

and so are omitted from further analysis. The predominant functional groups observed were 

suspension (filter) feeders, followed by detritivores and carnivores.  Highest species richness (48) 

was sampled from a 50 m transect segment of vertical wall hard substratum observed during the dive 

JC125_262. This dive investigated a vertical wall community, comprising filter feeders 

(Cerianthidae, Scleractinia, Alcyonacea, Crinoidea, Actinaria, Porifera, Hydrozoa) detritivores 

(Echinus) and carnivores (Asteroidiea and Galatheoidea) (Figure 2.4). Highest diversity (1/D) (12.6) 

was recorded from the same dive JC125_262. Highest abundance (2149) was recorded from a 50 m 

transect segment on a different vertical wall observed during dive JC036_116, with the highest 

contributing taxa being D. pertusum (866 individual colonies) and Acanthogorgia sp. CNI14 (882).  

Reef-forming CWCs, varying from single colonies to reefs were observed on seven dives amounting 

to 62 sample points out of 404. CWCs occurred on hard substratum with steep to vertical topography 

between water depths of 464 - 1892 m, temperature ranges of 5.6 - 9.6 °C, salinity 35.3 - 35.5 g/kg 

and R.M.S near bottom current velocities 0.09 - 0.29 m s-1. CWCs were observed from a broad depth 

and associated temperature and salinity range because presence records represented the combination 

of three Scleractinia reef forming species (M. oculata, D. pertusum and S. variabilis) that occur 

across varying depth ranges. 

2.4.2 Modelling 

2.4.2.1 Model performance 

AUC scores for models of CWC presence-absence ranged from 0.96 - 0.99 (training dataset) to 0.82 

- 0.93 (test dataset) indicating that all models adequately discriminate presences from absences, with 

RF performing the best (Table 2.3). Model sensitivity ranged from 0.35 - 0.87 (training dataset) to 

0.21 - 0.60 (test dataset) and model specificity ranged from 0.97 - 1.00 (training dataset) to 0.98 - 

0.99 (test dataset) with RF generally performing the best and GAM showing higher sensitivity in test 

datasets (Table 2.3). Lower sensitivity values and similar specificity and AUC values suggest a 

degree of over prediction of CWC occurrences by the models (Table 2.3). Correlation coefficients 

(Adjusted R2) between predicted and observed species richness, 1/D and abundance ranged between 

0.17 - 0.87 (training dataset) and 0.07 - 0.46 (test dataset) and were highest for RF, followed by BRT 
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and GAM (Table 2.4). The superior performance of RF could result from the inadequacy of available 

modelling distributions for the response variables assumed for BRT and GAM (Zuur et al., 2014a). 

2.4.2.2 Variable contribution in the predictive models 

The environmental variables used for optimal models of CWC presence-absence, species richness, 

1/D and abundance are shown in Tables 2.3 and 2.4. The importance of the environmental variables 

varied between the modelling algorithms. The models for CWC presence-absence ranked depth, 

rugosity and R.M.S baroclinic current speed as important predictor variables (Table 2.3). Models of 

species richness and abundance ranked depth as the most important predictor variable, whilst models 

for 1/D rank the predictor variables inconsistently (Table 2.4). The inconsistent rankings of 

environmental variables between models could result from the similarity in their contributing 

explanatory power and presence of interactions between the environmental variables. For example, 

the BRT model including R.M.S baroclinic current speed for 1/D, gave similar explanatory value to 

depth (26 %) followed by slope (23 %), and then rugosity (17 %), northness (17 %) and R.M.S 

baroclinic current speed (15 %). Furthermore, BRT pairwise interaction terms indicated interactions 

between depth and R.M.S baroclinic current speed.  

2.4.3 Influence of oceanographic data 

The physical oceanographic variables were highly collinear and only R.M.S baroclinic current speed 

was retained in the optimum models. Overall model performance was improved with the inclusion 

of R.M.S baroclinic current speed as an environmental predictor variable (Tables 2.3 – 2.4). Spatial 

predictions from the ensemble model including R.M.S baroclinic current speed showed increased 

diversity and increased probability of CWCs in areas of elevated current speed that coincided with 

steep topography (Figures 2.5 – 2.8), while the extent of suitable CWC habitat predicted decreased 

(Figure 2.5). For a CWC occurrence threshold >60 %, the suitable habitat reduced from 387 km2 to 

174 km2, a decrease of 55 %; for a threshold of >70 % the habitat reduced from 125 km2 to 13 km2, 

a decrease of 89 % (thresholds consistent with those applied by Bargain et al. (2018). 
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Figure 2.4 ROV video images showing organisms and substrata encountered: (A) Acesta excavata, 

Neopycnodonte sp., Porifera, Scleractinian corals and crinoids from vertical wall substratum during 

dive JC125_262  at 477 m, (B)  Brachiopod sp. 1, A. excavata, Psolus squamatus, Porifera and 

echinoids  from hard substrata during dive JC125_263 at 1400 m, (C) Desmophyllum pertusum reef  

during dive JC125_262 at 790 m, (D) Brisingida sp. and Cidaris from hard substratum during dive 

JC125_262 at 879 m, (E) Cerianthidae and Paguroidea from soft substratum during dive JC125_262 

at 767 m, (F) Cerianthidae, Ophiuroidea, C. cidaris, Munida sp., Bathynectes sp., crinoids, and 

epifaunal turf from coral rubble during dive JC125_250 at 751 m. Scale bars = 10 cm. 
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Table 2.3 Modelling results for cold-water coral presence/absence based upon each of the modelling algorithms (Boosted Regression Tree (BRT), Random Forests (RF) 

and General Additive Models (GAMs)) that integrate variables including baroclinic current speed (BC_RMS) and excluding baroclinic current speed. Model 

performance was assessed using a cross-validation procedure in which models were trained using a random partition of data (70 %) and tested against the 

remaining portion (30 %). Model accuracy was assessed in terms of the model fit to the training dataset using variance explained (Adjusted R2) and for GAMs 

the Akaike’s Information Criterion score (AIC) and for RF the out of bag (OOB) test misclassification error rate. Predictive performance was assessed based 

upon the test dataset using measures of sensitivity, specificity and the Area under the receiver operating Curve (AUC).  

 
Excluding BC_RMS           Including BC_RMS   

Model Variable 

importance 

Variance 

explained  

OOB 

error 

rate  

AIC AUC Sensitivity Specificity Variable 

importance 

Variance 

explained  

OOB 

error 

rate  

AIC AUC Sensitivity Specificity 

Train Test Train Test Train Test Train  Test Train Test Train Test Train Test Train  Test 

BRT 

Depth, 

Rugosity, 

Eastness, 

Slope  

26% 28% 
  

0.96 0.88 0.48 0.21 1 0.98 

Rugosity, 

Depth,  

BC_RMS,  

Slope, 

Eastness 

34% 27% 
  

0.97 0.89 0.66 0.43 0.98 0.89 

RF 

Depth, 

Rugosity, 

Eastness, 

Slope, 

Northness 

25% 
 

13% 
 

0.99 0.89 0.82 0.26 1 0.98 

BC_RMS, 

Depth, 

Rugosity,  

Eastness, 

Slope 

32% 
 

 12% 
 

0.99 0.93 0.87 0.52 0.99 0.94 

GAM 

Rugosity, 

Eastness, 

Depth, 

Northness, 

Slope 61% 

  
139 0.89 0.82 0.35 0.34 0.97 0.96 

Rugosity, 

BC_RMS, 

Depth, 

Slope 
58% 

  
130 0.97 0.87 0.74 0.60 0.98 0.89 

    (Adj R² 55%)                    (Adj R² 53%)               
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Table 2.4 Modelling results for species richness, Simpsons’ reciprocal index (1/D) and abundancebased upon each of the modelling algorithms (Boosted Regression 

Tree (BRT), Random Forests (RF) and General Additive Models (GAMs)) that integrate variables including R.M.S baroclinic current speed (BC_RMS) and excluding 

R.M.S baroclinic current speed. Model performance was assessed using a cross-validation procedure in which models were trained using a random partition of data (70 %) 

and tested against the remaining portion (30 %). Model accuracy was assessed in terms of the model fit to the training dataset using variance explained (Adjusted R2) and 

for GAMs the Akaike’s Information Criterion score (AIC). Predictive performance was assessed based upon the test dataset using correlation coefficients (Adjusted R2).  

  Excluding R.M.S baroclinic current speed   Including R.M.S baroclinic current speed 

Model Variable importance Variance 

explained 

(Train) 

AIC Correlation 

Adj R² 

(Train) 

Correlation 

Adj R² 

(Test) 

 
Variable importance Variance 

explained 

(Train) 

AIC Correlation 

Adj R² 

(Train) 

Correlation 

Adj R² 

(Test) 

Species Richness   
         

BRT Depth, Northness, 

Rugosity, Eastness, Slope 

31%   0.72 0.27 

 

Depth, Rugosity, 

Northness, BC_RMS, 

Slope, Eastness  

39%   0.78 0.31 

RF 

Depth, Rugosity, 

Northness, Slope, 

Eastness 

35% 
 

0.87 0.43 
 Depth, BC_RMS, 

Rugosity, Northness, 

Slope,  Eastness  

37% 
 

0.87 0.46 

GAM 

Depth, Rugosity, 

Northness, Eastness, 

Slope 

27.8%         

Adj R² 

(33%) 

1384 0.39 0.29 
 Depth, Rugosity, 

BC_RMS, Northness, 

Eastness, Slope 

49%           

Adj R² 

(43%) 

1358 0.51 0.36 

Abundance         
 

          

BRT 

Depth, Eastness, 

Rugosity, Slope, 

Northness 

32% 
 

0.77 0.31 
 Depth, BC_RMS, 

Rugosity, Eastness, Slope 
35% 

 
0.73 0.34 

RF 

Depth, Eastness, 

Rugosity, Slope, 

Northness 

36% 
 

0.87 0.36 
 Depth, BC_RMS, 

Eastness, Rugosity, Slope 
40% 

 
0.87 0.40 
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  Excluding R.M.S baroclinic current speed   Including R.M.S baroclinic current speed 

Model Variable importance Variance 

explained 

(Train) 

AIC Correlation 

Adj R² 

(Train) 

Correlation 

Adj R² 

(Test) 

 
Variable importance Variance 

explained 

(Train) 

AIC Correlation 

Adj R² 

(Train) 

Correlation 

Adj R² 

(Test) 

GAM 
Depth, Rugosity, 

Eastness, Slope 

19%         

Adj R² 

(15%) 

858 0.19 0.14 
 Depth, BC_RMS, 

Rugosity, Eastness, Slope 

38%            

Adj R² 

(33%)  

802 0.38 0.27 

1-D           
 

          

BRT 
Northness, Slope, Depth, 

Rugosity, Eastness  
14% 

 
0.44 0.20 

 Depth, Slope, Northness, 

Rugosity, BC_RMS 
15% 

 
0.58 0.25 

RF 
Slope, Depth, Rugosity, 

Northness 
18% 

 
0.85 0.32 

 Depth, Slope, BC_RMS, 

Rugosity, Northness 
20% 

 
0.86 0.31 

GAM 
Northness, Depth, 

Rugosity, Slope 

27%            

Adj R² 

(12%) 

862 0.17 0.07   

Depth, Rugosity, 

Northness, Slope, 

BC_RMS 

26%             

Adj R² 

(12%) 

862 0.17 0.08 
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2.4.4 Model predictions 

Model predictions were made across the full extent of available environmental rasters. However, as 

the models were trained from samples within the canyon branches, model predictions beyond this 

extent are deemed less reliable. Therefore, we limit further analysis of model predictions to within 

the canyon branches.     

Ensemble models predicted increased probability of CWCs, and increased species richness, 1/D and 

abundance at specific depths in areas of increased terrain complexity that coincided with relatively 

elevated current speed of the internal (baroclinic) tide. 

Rugosity and slope were derived from 3 x 3 windows at a 50 m cell size and captured spatial 

heterogeneity in terrain features over 150 m resolution. Within the canyon, these relate to ridges 

between gullies and steep to vertical wall escarpments. Gullies occur on the canyon flanks and steep 

to vertical wall escarpments occur on the north-eastern flank of Whittard Canyon’s Eastern branch 

as well as in association with the amphitheatre rims and headwall scars at tributary heads throughout 

the canyon (Figure 2.5). Highest probability of CWCs, and highest species richness, 1/D and 

abundance are predicted to occur in association with the increased terrain complexity provided by 

these features. Furthermore, the ensemble models emphasise areas of increased biological prevalence 

associated with elevated RMS baroclinic current speed and coincident topography. These areas 

predominantly occur toward the canyon head and north-eastern flank of the Eastern branch and a dog 

leg region towards the lower reaches of Explorer Canyon (Figures 2.3, 2.5 – 2.8). 

CWCs exhibited a negative response with increasing depth beyond ~2000 m (Supplementary 2.3.1) 

and an overall positive response with increasing R.M.S baroclinic current speed, slope and seafloor 

ruggedness.  Ensemble models predicted increased probability of CWCs in association with 

increased terrain complexity with highest probability of CWCs predicted on the slopes of ridges and 

escarpments above ~2000 m (Figure 2.5). Lowest probability of CWCs, was predicted in areas of 

low terrain complexity below ~2000 - 2500 m and at shallow depths along sections of the canyon 

axis and on the southern flanks of the Explorer and Dangaard Canyons (Figure 2.5).  

Species richness and 1/D exhibited similar relationships with the environmental variables. Both 

species richness and 1/D exhibited an overall negative response with increasing depth with peaks at 

~1200 m (Supplementary 2.3.1). They showed a positive response with increasing R.M.S baroclinic 

current speed which became negative at speeds greater than 0.25 m s-1 and an overall positive 

response to increased slope and seafloor ruggedness. Ensemble models predicted increased species 

richness and 1/D in areas of increased terrain complexity with highest values predicted on 

escarpments and the crests and south facing slopes of ridges, peaking at 1200 m (Figure 2.6 and 2.7, 

respectively). Lower species richness and 1/D was predicted in areas of low terrain complexity below 
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~2000 - 2500 m and at shallow depths along sections of the canyon axis and on the southern flanks 

of the Explorer and Dangaard Canyons (Figure 2.6 and 2.7, respectively).  

Abundance increased with depth although below 1600 m, the response became negative. 

(Supplementary 2.3.1). The response of abundance to R.M.S baroclinic current speed was variable, 

becoming negative at speeds greater than 0.25 m s-1 whilst increased slope and seafloor ruggedness 

resulted in an overall positive abundance response. Ensemble models predicted increased abundance 

in association with greater terrain complexity. Peaks in abundance were predicted to occur on crests 

of the ridges between 800 - 1600 m (Figure 2.8). In areas of low terrain complexity below ~2000 - 

2500 m, on the Southern flanks of the Explorer and Dangaard Canyons as well as at shallow depths 

along sections of the canyon axis, lower abundance was predicted by the ensemble model (Figure 

2.8).  

 

Figure 2.5 Ensemble model predictive maps for probability of cold-water coral occurrence (A) 

across the extent of the survey area and (B and C) insets zoomed in on canyon flanks. (i): Predictive 

map based upon bathymetry and its derivatives. (ii): Predictive map based upon bathymetry and its 

derivatives with physical oceanographic data (R.M.S current speed of the baroclinic tide). Increased 

probability of CWCs is predicted on escarpments (1) and slopes of ridges (2) and lower probability 

is predicted in areas of low terrain complexity (3). Model predictions beyond canyon branches (i.e. 

on the interfluves and the shelf) are less reliable because training datasets did not include these 

environments. We have excluded them from our interpretation.  
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Figure 2.6 Ensemble model predictive maps for species richness (A) across the extent of the survey 

area and (B and C) insets zoomed in on canyon flanks. (i): Predictive map based upon bathymetry 

and its derivatives. (ii): Predictive map based upon bathymetry and its derivatives with physical 

oceanographic data (R.M.S current speed of the baroclinic tide). Increased species richness is 

predicted on escarpments (1) and the crests and south facing slopes of ridges (2) while lower species 

richness is predicted along sections of the canyon axis and of low terrain complexity (3). Model 

predictions beyond canyon branches (i.e. on the interfluves and the shelf) are less reliable because 

training datasets did not include these environments. We have excluded them from our interpretation.  
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Figure 2.7 Ensemble model predictive maps for Simpsons’ reciprocal index (1/D) (A) across the 

extent of the survey area and (B and C) insets zoomed in on canyon flanks. (i): Predictive map based 

upon bathymetry and its derivatives. (ii): Predictive map based upon bathymetry and its derivatives 

with physical oceanographic data (R.M.S current speed of the baroclinic tide). Increased 1/D is 

predicted on escarpments (1) and the crests and south facing slopes of ridges (2) while lower 1/D is 

predicted along sections of the canyon axis and of low terrain complexity (3). Model predictions 

beyond canyon branches (i.e. on the interfluves and the shelf) are less reliable because training 

datasets did not include these environments. We have excluded them from our interpretation.  
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Figure 2.8 Ensemble model predictive maps for abundance (log+1) (A) across the extent of the 

survey area and (B and C) insets zoomed in on canyon flanks. (i): Predictive map based upon 

bathymetry and its derivatives. (ii): Predictive map based upon bathymetry and its derivatives with 

physical oceanographic data (R.M.S current speed of the baroclinic tide).  Highest abundance is 

predicted on the crests of ridges between 800 - 1600 m (2) and lower abundance is predicted along 

sections of the canyon axis and of low terrain complexity (3). Model predictions beyond canyon 

branches (i.e. on the interfluves and the shelf) are less reliable because training datasets did not 

include these environments. We have excluded them from our interpretation.  

2.5 Discussion  

2.5.1 Environmental variables influencing faunal patterns in canyons 

We have identified that depth, terrain complexity and hydrodynamics are important environmental 

factors influencing faunal patterns in submarine canyons and demonstrated that incorporating 

physical oceanographic data into predictive models improves their performance. 

Spatial heterogeneity in these environmental conditions drives spatial patterns in fauna by providing 

a greater variety of niches with the potential to support increased species richness and diversity 

(Levin et al., 2010; De Leo et al., 2014). 
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2.5.1.1 Terrain complexity 

Terrain complexity is a proxy of seafloor heterogeneity that is positively correlated with diversity  

(Levin et al., 2010; De Leo et al., 2014). The high terrain complexity of canyons generates spatial 

heterogeneity in sediment dynamics (de Stigter et al., 2011; Martín et al., 2011; Puig et al., 2017), 

substratum composition (Huvenne et al., 2011; Huvenne and Davies, 2014; Stewart et al., 2014) and 

current exposure (Ismail et al., 2015). Filter feeders, including CWCs, show a preference for such 

increased terrain complexity (De Mol et al., 2011; Howell et al., 2011; Huvenne et al., 2011; Gori et 

al., 2013; Rengstorf et al., 2013; Robert et al., 2015; Pierdomenico et al., 2016; Fabri et al., 2017; 

van den Beld et al., 2017; Bargain et al., 2018). They colonise topographic highs to exploit local 

current regimes, and so increase food encounter rates (Mohn et al., 2014; Fabri et al., 2017; Lo Iacono 

et al., 2018). In our study, increased probability of CWC occurrence, species richness, 1/D and 

abundance were associated with areas of high terrain complexity (slope and rugosity) over similar 

spatial scales predicted for macrobenthic diversity in canyons off  Hawaii (De Leo et al., 2014). 

These predictions are supported by previous studies within the canyon system that also predicted 

CWCs in areas of complex topography (Robert et al., 2015) and observed CWCs and increased 

epibenthic diversity and abundance in association with steep walls and topographic highs (Huvenne 

et al., 2011; Johnson et al., 2013; Davies et al., 2014; Robert et al., 2015).  Our models predicted 

asymmetric distributions (where a higher prevalence of different taxa is predicted for one or the other 

canyon flank) between the opposing flanks of both Dangaard and Explorer Canyons. The flanks of 

the canyons differ in complexity, with higher species richness and probability of CWCs predicted 

for the more complex northern flanks. Unfortunately the spatial extent of predictive mapping in 

previous studies does not enable further confirmation of the asymmetric distributions predicted 

(Robert et al., 2015), but fauna are predicted and observed in association with complex terrain which 

would support our model predictions (Davies et al., 2014; Robert et al., 2015). In other canyons, 

asymmetric distributions have been attributed to the different geomorphology and hydrodynamics of 

canyon flanks, with one side more subject to intense hydrodynamics and the other dominated by 

depositional regimes (De Mol et al., 2011; Fabri et al., 2017; Pierdomenico et al., 2017; Lo Iacono 

et al., 2018). Our data suggest, more specifically, that it is the differences in terrain complexity 

between flanks that result from these processes, together with variation in baroclinic current speeds 

which generate the observed asymmetric patterns in fauna distribution.  

Slope acts as a proxy for substratum type, which is correlated with faunal distributions. The steep 

slopes of Whittard Canyon are generally associated with hard substratum (Huvenne et al., 2011; 

Johnson et al., 2013; Stewart et al., 2014; Robert et al., 2015; Robert et al., 2017; Carter et al., 2018), 

which is positively correlated with sessile epibenthic diversity as it provides a suitable surface for 

epifauna to adhere to (Baker et al., 2012). In addition, steep slopes prevent sediment deposition and 

subsequent smothering of epifauna in these environments affected by high sedimentation rates 

(Howell et al., 2011; Baker et al., 2012). Steep slopes may also provide refuge for fauna from 
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anthropogenic disturbance caused by fishing gear (Huvenne et al., 2011; Johnson et al., 2013; 

Pierdomenico et al., 2016). A positive relationship between slope and diversity has been observed 

previously from Whittard and other canyons (Huvenne et al., 2011; Johnson et al., 2013; Robert et 

al., 2015; van den Beld et al., 2017; Chauvet et al., 2018). In our study, although highest diversity 

was recorded from vertical walls, some sections of the walls supported low diversity. This 

observation suggests that other processes and/or resources are acting together with terrain complexity 

to influence faunal distributions in canyons.  

2.5.1.2 Food supply and the internal tide 

Variability in quality and amount of food supply influences canyon faunal distributions (De Leo et 

al., 2010; McClain and Barry, 2010; Cunha et al., 2011; Chauvet et al., 2018). Many benthic species 

within canyons rely on surface derived POM as their main food supply (Cunha et al., 2011; Miller et 

al., 2012). Generally, availability of surface derived POM decreases with depth (Lutz et al., 2007). 

However, in active canyons sediments can regularly be flushed to the deep. In parallel, local 

hydrodynamics (including internal tides) can cause resuspension of material and generate nepheloid 

layers at specific depths (Puig et al., 2014; Wilson et al., 2015b). Nepheloid layers are concentrations 

of suspended material (including POM) that represent an important food resource for deep-sea fauna 

(Demopoulos et al., 2017).  

Within Whittard Canyon, nepheloid layers and centres of resuspension have been previously 

observed 1) where the MOW interacts with areas of complex canyon topography resulting in 

baroclinic internal wave motion, causing turbulent mixing (Wilson et al., 2015b), and 2) associated 

with the internal tide at depths of 400 - 500 m, 900 - 1600 m and 1700 - 1800 m as well as where 

internal waves propagate at the boundary between the permanent thermocline 600 - 900 m and upper 

boundary of the MOW (Wilson et al., 2015b). In our study, high probability of CWCs occurrence 

and peaks in species richness, 1/D and abundance are predicted at depths of 800 - 1600 m, coinciding 

with some of the above mentioned areas of resuspension and nepheloid layer production (Figures 5 

- 8). Previous studies have also observed high diversity in association with nepheloid layers in 

Whittard Canyon (Huvenne et al., 2011; Johnson et al., 2013; Robert et al., 2015). The correlated 

spatial patterns between canyon fauna and nepheloid layer distributions support the importance of 

food availability, in the form of nepheloid layers, in influencing fauna distributions. 

We found that internal tide dynamics correspond to an important factor influencing faunal patterns 

in canyons, contributing to increased spatial heterogeneity in environmental conditions. Faunal 

distributions are influenced by the internal tide both directly and indirectly. The internal tide directly 

influences fauna distributions by current speed and indirectly via its role in the production and 

distribution of nepheloid layers. 

Current speeds exceeding 0.15 m s-1 can cause resuspension of material (Thomsen and Gust, 2000), 

an important stage in nepheloid layer production. In our study, increased probability of CWC 
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occurrence, species richness, 1/D and abundance coincide with areas of elevated current speed for 

the internal tide. CWC occurrences have been linked to intensified bottom currents in a number of 

settings (Davies, 2009; Howell et al., 2011; Mohn et al., 2014; Rengstorf et al., 2013; van Oevelen 

et al., 2016), including canyons (Bargain et al., 2018). However, our data show that above 0.25 m s-

1 species richness and abundance are predicted to decrease. Species vary in their feeding strategies 

and efficiency under different hydrodynamic regimes (Järnegren and Altin, 2006; van Oevelen et al., 

2016). For filter feeders, increased current flow increases food encounter rate up to a limit after which 

the speed of the current exceeds that at which fauna can extract particles and/or causes physical 

disturbance (Johnson et al., 2013; Orejas et al., 2016). Our models predict low diversity on relatively 

flat sections of the canyon floor that experience current speeds exceeding (0.25 m s-1), located toward 

the canyon head of the Eastern branch, and also where the adjoining Dangaard and Explorer canyons 

intersect the main axis (Figure 2.3, 2.6-2.8). These are areas expected to experience higher 

disturbance regimes as mobile sandy sediments are routinely reworked over the tidal cycle, forming 

an unsuitable substratum for colonisation and abrasing the lower canyon walls. Additionally 

stochastic/episodic turbidity currents and mud-rich sediment gravity flows travel along the canyon’s 

axis representing major disturbance events (Puig et al., 2014; Amaro et al., 2016). Johnson et al. 

(2013) also attributed low diversity toward the bottom of canyon walls to increasing disturbance 

toward the canyon floor. It is therefore likely that disturbance is restricting faunal patterns across the 

canyon floor, and could explain the negative relationship of species richness and abundance with 

high current speed. 

As the internal tide wave propagates, it generates vertical displacement of the isopycnal surfaces and 

associated nepheloid layers (Hall et al., 2017). The periodic vertical movement of the nepheloid layer 

in the water column replenishes food to canyon fauna over the tidal cycle and has been linked to the 

distributions of antipatharians and gorgonians in canyons of the Bay of Biscay (van den Beld et al., 

2017). In our study, CWCs are also associated with locations where the internal tide is proposed to 

propagate (Wilson et al., 2015b; Aslam et al., 2018) and isopycnal displacements caused by the 

internal tide with amplitudes measuring up to 80 m have been recorded within the Eastern branch of 

Whittard Canyon (Hall et al., 2017). However, fine scale studies investigating the influence of the 

vertical variations in environmental conditions generated by the internal tide on fauna are still 

lacking. 

Internal waves, turbulent mixing and downslope displacement of water can generally be associated 

with enhanced resuspension of POM and can control the development of nepheloid layers (Allen and 

Durrieu de Madron, 2009; Hall et al., 2017; Aslam et al., 2018). Examples of the internal tide 

interacting with topography enhancing local hydrodynamics to form efficient food supply 

mechanisms to the benthos, have previously been documented in the Baltimore Canyon 

(Demopoulos et al., 2017). In other settings the reliance of CWCs on local current regimes to deliver 

food from the surface has been stressed (Rengstorf et al., 2013; Mohn et al., 2014; Davies, 2009; 
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Mienis et al., 2009; Soetaert et al., 2016).  It is probable that a similar process is occurring in Whittard 

Canyon. Our models predict high diversity and probability of CWCs in areas of complex terrain, 

especially steep slopes that are critical and supercritical to the dominant semi-diurnal internal tide 

and experience moderate internal tide current speeds. In their study of nepheloid layers within 

Whittard Canyon, Wilson et al. (2015b) found the distribution of nepheloid layers was associated 

with the criticality of the slope to the dominant semi-diurnal internal tide. Intermediate nepheloid 

layers were associated with critical conditions, whilst supercritical conditions, that reflect wave 

energy back down slope to suspend material, were linked to the formation of intermediate nepheloid 

layers at greater depths. These correlated spatial patterns between canyon fauna, nepheloid layer 

distributions and criticality support the theory of the interactive processes of the internal tide (local 

hydrodynamics) and topography in generating spatial heterogeneity in food supply to which fauna 

respond.  

2.5.1.3 Physical oceanography in canyon modelling 

Despite hydrodynamics having been related to epibenthic fauna distributions in canyons (Hargrave 

et al., 2004; Cunha et al., 2011; Huvenne et al., 2011; Johnson et al., 2013; Fabri et al., 2017; Bargain 

et al., 2018), there is a paucity of work which really quantifies this relationship as we have done here. 

Of the few studies that have incorporated hydrodynamics into predictive models, authors also found 

current speed to be an important environmental predictor (Bargain et al., 2018). In other studies the 

variable aspect, or its derivative components eastness and northness, used as a proxy for current 

exposure, have been identified as an important predictor variable (Lo Iacono et al., 2018).  

Our work has shown that by integrating high-resolution hydrodynamic data into predictive models 

we are able to capture greater environmental heterogeneity beyond that solely represented by terrain 

proxies (specifically areas of resuspension and nepheloid layer production), and in turn improved the 

precision of the predicted distribution maps.  

Future modelling efforts would benefit from incorporating physical oceanography data. However, 

high-resolution hydrodynamic models have only been developed for a subset of canyons and 

previous studies that integrated oceanographic data at low resolutions found it difficult to 

discriminate different environmental conditions (Davies et al., 2008a; Davies and Guinotte, 2011). 

Consequently, integrating oceanographic data at an appropriate scale currently represents the main 

challenge of high-resolution canyon mapping.  

2.5.2 Model limitations 

Field validations of deep-sea predictive models have demonstrated that caution should be applied not 

to over-interpret results (Anderson et al., 2016b). In particular, high spatial heterogeneity in 

environmental conditions and localised faunal distributions can be difficult to model accurately 
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(Anderson et al., 2016b). As such, model results should be viewed as representing suitable locations 

rather than actual distributions. The outputs from models are constrained by the data inputs (Lecours 

et al., 2015; Miyamoto et al., 2017; Misiuk et al., 2018; Porskamp et al., 2018), as demonstrated by 

our results which differed depending upon the inclusion of hydrodynamics (Table 2.3 and 2.4). 

Consequently, increased sample size, data resolution of the environmental variables and the inclusion 

of environmental variables that capture variability in food availability could improve our model 

predictions by further characterising environmental gradients and resolving the species – 

environment relationship of canyon fauna. 

The dependence of model performance on data resolution represents a limitation for deep-sea models 

(Lecours et al., 2015; Miyamoto et al., 2017; Misiuk et al., 2018; Porskamp et al., 2018). In our study 

the environmental variables temperature and salinity were extracted and interpolated from the 

FOAMM model that outputted the data at 7 km, which is too coarse a grid size to resolve the fine-

scale heterogeneity that influences species distributions in Whittard Canyon. As a result these 

variables were not retained in the models. The inclusion of finer resolution temperature and salinity 

data would enable environmental heterogeneity in water mass characteristics to be better 

characterised. Unfortunately, such fine-scale modelling outputs are rarely available for canyons. 

Additionally, incorporating oceanographic data metrics of higher temporal resolution that capture 

temporal variability in addition to mean values, could further improve the predictive value of 

oceanographic variables, since species distributions are often limited by environmental extremes 

(Vasseur et al., 2014; Stuart-Smith et al., 2017). Our results suggest that food supply is an important 

factor influencing species distributions, as such, the inclusion of environmental variables that capture 

variability in food availability could provide further insights and improve variance explained by 

models. Lastly, increasing the number of ground-truthed samples, from across the different canyon 

environments could reduce heterogeneity in the dataset and enable more accurate modelling of 

species- environment relationships, so improving prediction outside the originally sampled area.  

Despite the limitations of predictive modelling, as mentioned above, and despite the limitations of 

our specific dataset in Whittard Canyon, the results of this study still provide new insights in the 

functioning of submarine canyons, and in the processes that drive benthic faunal distributions in 

canyons. 

2.6 Conclusion 

In conclusion, our study has shown that the inclusion of high-resolution oceanographic data into 

predictive models of CWCs and epibenthic megafaunal biodiversity improves their performance. 

Our work builds upon previous studies that solely used indirect variables to capture information 

regarding physical oceanography and provides further evidence within a statistical modelling 

framework for the role of hydrodynamics, and principally the internal tide, in influencing faunal 
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patterns in canyons. Highest probability of CWCs and epibenthic diversity occur in areas of complex 

terrain that are subject to elevated current speed. These areas coincide with areas of probable 

resuspension and nepheloid layer distribution that represent enriched food resources for epibenthic 

canyon fauna. Future predictive modelling efforts would benefit from incorporating physical 

oceanography data at ecologically meaningful resolutions, based upon prior multiscale analysis, 

helping to ensure accurate habitat mapping of features of conservation interest, which will facilitate 

effective spatial management. 
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3.1 Abstract 

Vertical walls of submarine canyons represent features of high conservation value that can provide 

natural areas of protection for vulnerable marine ecosystems under increasing anthropogenic pressure 

from deep-sea trawling. Wall assemblages can vary between and even within canyon branches, in 

part attributed to the nature of canyons that can exhibit high environmental heterogeneity over short 

spatial scales. Effective spatial management and conservation of these assemblages requires a deeper 

understanding of the processes that generate the observed faunal distribution patterns. Canyons are 

recognised as sites of intensified hydrodynamic regimes, with internal tides enhancing mixing and 

nepheloid layer production, which influence faunal distribution patterns. These patterns also respond 

to physical oceanographic (water mass characteristics and hydrodynamics) gradients. Internal tides 

can generate such gradients by their movement along the canyon. Here we take an interdisciplinary 

approach using biological, oceanographic and bathymetric derived datasets to undertake high-

resolution analysis of a subset of wall assemblages within Whittard Canyon, North-East Atlantic. We 

investigate if, and to what extent, spatial patterns in diversity and epibenthic assemblages on deep-

sea canyon walls can be explained by spatial and temporal variability induced by/of internal tides. 

Vertical displacement of the internal tide and associated variance in physical oceanographic 

conditions was calculated from Seaglider and CTD data. Spatial patterns in faunal assemblage 

structure was determined by cluster analysis and non-metric Multi-Dimensional Scaling plots. 

Canonical Redundancy Analysis and Generalised Linear Regression was then used to explore 

relationships between faunal diversity and assemblage structure and the different environmental 

variables. Our results support the role of the internal tide as a structuring force influencing wall faunal 

diversity and assemblages by generating both spatial and temporal gradients in physical 

oceanography and consequently food supply. 
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3.2 Introduction 

Submarine canyons are complex geomorphological features that incise continental margins to form 

pathways between the shelf and deep-sea. (Huvenne and Davies, 2014; Amaro et al., 2016). The 

movement of water masses, sediments and organic matter through the canyon generate 

environmental gradients of physico-chemical characteristics that occur both horizontally along the 

canyon axis and vertically with depth (Obelcz  et al., 2014; Fernandez-Arcaya et al., 2017; Hall et 

al., 2017; Ismail et al., 2018). As a result, environmental conditions can vary over short spatial scales, 

such that different branches within a single canyon, or even opposing flanks of the same branch can 

experience different topography, hydrodynamics and sedimentary regimes (McClain and Barry, 

2010; Aslam et al., 2018; Bargain et al., 2018; Ismail et al., 2018; Pearman et al., 2020). The high 

spatial and temporal heterogeneity in environmental conditions often results in enhanced regional 

and local productivity, biodiversity, and faunal abundance (De Leo et al., 2010; 2014; Vetter et al., 

2010).   

Submarine canyons are listed as topographical features that may support vulnerable marine 

ecosystems (VMEs) (FAO, 2009).Vertical walls situated in submarine canyons can represent features 

of high conservation value, providing natural areas of protection for VMEs under increasing 

anthropogenic pressure from deep-sea trawling (Huvenne et al., 2011; Johnson et al., 2013). Vertical 

walls can support a range of faunal assemblages (which make up VMEs) that exhibit high diversity 

(Robert et al., 2015; 2017; Pearman et al., 2020). For example, vertical walls supporting dense 

benthic aggregations, such as the reef forming scleractinian corals, Lophelia pertusa (recently 

synonymised to Desmophyllum pertusum (Addamo et al., 2016)) (Huvenne et al., 2011; Fabri et al., 

2014; Brooke and Ross, 2014) and Madrepora oculata (Fabri et al., 2014), the stony coral 

Desmophyllum dianthus, the octocorals Paragorgia arborea and Duva florida (Brooke et al., 2017), 

the deep-sea oyster, Neopycnodonte zibrowii (Fabri et al., 2014), and the fire clam, Acesta excavata 

(Johnson et al., 2013). On the other hand, other sections of vertical walls can be almost devoid of life 

(Robert et al., 2015; Pearman et al., 2020). Consequently, vertical walls contribute to a canyon’s 

habitat diversity in various ways.  

 D. pertusum reefs and coral gardens are listed as ‘threatened or declining’ under Annex V of the 

Oslo-Paris convention (OSPAR, 2008) agreement, Annex 1 under the Habitats Directive 

(92/43/EEC, 1992) and as VMEs (FAO, 2008), requiring protection. Effective spatial management 

and conservation of vertical wall assemblages requires a deeper understanding of the processes that 

generate the observed faunal distribution patterns (Huvenne and Davies, 2014). However, despite the 

likely importance of canyon vertical walls in supporting and protecting diversity hotspots and 

protected habitats, few ecological studies of canyon wall fauna have been conducted (Robert et al., 

2017; 2019) and our understanding of the processes that generate spatial patterns along them is 

limited. 
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This is, in part, attributed to the extremely challenging environment of deep-sea canyon vertical walls 

which stayed largely unsampled prior to recent advancements in remote technologies (e.g. ROVs) 

that enabled their study (Huvenne and Davies, 2014). Additionally, the limitations in the resolution 

of ship-borne bathymetry prevents accurate delineation of vertical walls (Huvenne et al., 2011). 

Consequently, despite their likely importance, vertical walls remain under-represented and under-

sampled environments of canyons, limiting our knowledge of canyon ecology. 

This is further confounded by the predominance of canyon studies which only model the probability 

of epibenthic species presence-absence (Robert et al., 2015; Bargain et al., 2018; Lo Iacono et al., 

2018) or univariate faunal responses that condense faunal information into an index (Robert et al., 

2015; Ismail et al., 2018), rather than representing wider, multivariate species assemblage data.   

In general, the responses of canyon fauna are regulated by a complex interplay of multiple factors 

acting at different scales. Environmental factors (water mass characteristics, seafloor characteristics 

and food supply) are most likely to explain species patterns at broader spatial scales (McClain and 

Barry, 2010; Robert et al., 2015; Ismail et al., 2018) while biotic processes (i.e. competition) more 

often act at finer spatial scales (Robert et al., 2019), while stochastic events (disturbance) act at 

multiple scales (Pierdomenico et al., 2016). The interaction of these processes across different spatial 

and temporal scales makes identifying key factors that drive faunal patterns within heterogeneous 

canyon landscapes challenging.   

Canyons are recognised as sites of intensified hydrodynamics, including internal tides (Liu et al., 

2010; Hall et al., 2017) that are increasingly advocated as key environmental factors influencing 

species patterns in the deep sea (Huvenne et al., 2011; Johnson et al., 2013; van Haren et al., 2017; 

Davison et al., 2019; Pearman et al., 2020). For example, research focussing on scleractinian cold-

water coral (CWC) assemblages has highlighted the importance of local hydrodynamics (including 

internal tides) in supplying nutrients and food to sustain CWC populations and preventing 

sedimentation on the hard substratum that the corals colonise (Frederiksen et al., 1992; Thiem et al., 

2006; Davies, 2009; Mienis et al., 2009; White and Dorschel, 2010). Through interactions with 

topography, internal tides occurring within canyons may enhance near-bed flows and turbulent 

mixing forming efficient food supply mechanisms to benthic communities (Johnson et al., 2013). 

Internal tides also influence the resuspension and advection of suspended material in nepheloid layers 

(White et al., 2005; Liu et al., 2010; Puig et al., 2014; Wilson et al., 2015b). Nepheloid layers are 

layers where suspended material (including particulate organic matter) aggregates and represent an 

important food resource for deep-sea fauna (Demopoulos et al., 2017). Internal tide modulation of 

nepheloid layers can result in replenishment of food to the benthos over the tidal cycle (Davies, 2009) 

and has been linked to spatial distributions of antipatharians and gorgonians in canyons of the Bay 

of Biscay (van den Beld et al., 2017).  
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The vertical displacement of the water column, associated with internal tides, also results in temporal 

variability in physical oceanographic conditions on the canyon flanks. For example, in Whittard 

Canyon internal tides with amplitudes up to 80 m have been observed, generating twice daily 1°C 

temperature fluctuations and dissolved oxygen concentration changes of 12 μmol kg-1 on certain 

sections of the canyon walls (Hall et al., 2017). Fauna respond to such physical oceanographic 

gradients (water mass characteristics and hydrodynamics) (Levin et al., 2001; Howell et al., 2002; 

Dullo et al., 2008; Fabri et al., 2017) and spatial patterns in temporal oceanographic variability have 

been linked to species richness and assemblage patterns (Henry et al., 2014). However, to date no 

studies investigating faunal responses to spatial patterns in temporal oceanographic variability (i.e. 

temperature, salinity and oxygen) induced by the internal tide have been conducted in submarine 

canyons.  

Here we investigate if spatial patterns in temporal oceanographic variability induced by the internal 

tide explain variation in spatial patterns of faunal diversity and assemblage composition on deep-sea 

canyon walls. We take an interdisciplinary approach utilising biological, oceanographic and 

bathymetric derived datasets to undertake high-resolution analysis of wall assemblages within 

Whittard Canyon, North-East Atlantic. We ask the following questions: (1) Does epibenthic 

megafaunal assemblage composition change across physical oceanography and substratum gradients 

on vertical walls and (2) which environmental variables exert the strongest influence on epibenthic 

megafaunal diversity and assemblage structure? 

3.3 Methods 

3.3.1 Study Area 

Whittard Canyon extends over >200 km and incises the shelf break of the passive Celtic Margin, 

south-west of the British Isles in the Northern Bay of Biscay, at ~200 m depth  (Figure 3.1). It is a 

dendritic canyon system comprised of four main tributaries, the Western-, Western Middle-, Eastern 

Middle- and Eastern- branches that coalesce at ~3700 - 3800 m water depth. The Whittard Channel 

continues to a depth of ~4500 m, where it joins the Celtic Fan that leads onto the Porcupine Abyssal 

Plain (Hunter et al., 2013; Amaro et al., 2016). This study focusses on the Eastern branch of Whittard 

Canyon (Figure 3.1).  

Several water masses occur in the region, including the Eastern North Atlantic Water (ENAW) (~100 

- 600 m), the Mediterranean Outflow Water (MOW) (800 - 1200 m) and the Northeast Atlantic Deep 

Water (NEADW) (1500 - 3000 m) within which a core of Labrador Sea Water (~1800 - 2000 m) can 

be found (Pollard et al., 1996; Van Aken, 2000). The influence of each water mass on the water 

column characteristics varies along the canyon axis as depth decreases and mixing increases toward 

the canyon head (Hall et al., 2017).   
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Intensified bottom currents and internal tides have been documented from Whittard Canyon (Reid 

and Hamilton, 1990; Hall et al., 2017; Aslam et al., 2018) and attributed to generating spatial 

heterogeneity in environmental conditions (Wilson et al., 2015b; Hall et al., 2017; Aslam et al., 2018; 

Pearman et al., 2020). Baroclinic (internal) waves are generated when barotropic tidal currents 

interact with the steep canyon topography (Allen and Durrieu de Madron, 2009; Vlasenko et al., 

2016; Hall et al., 2017). The internal waves drive turbulent mixing, which is associated with 

increased concentrations of particulate organic matter (POM) and nepheloid layer production within 

the canyon (Wilson et al., 2015b; Hall et al., 2017; Aslam et al., 2018).  

Whittard Canyon is characterised by complex geomorphology and variable substrata that is observed 

to differ along the canyon axis and between branches (Stewart et al., 2014; Robert et al., 2015; Amaro 

et al., 2016; Ismail et al., 2018). The distribution of substrata is linked to the canyon geomorphology: 

increasingly fine substrata are associated with flat terrain whilst hard substrata are mostly associated 

with steep slopes (Stewart et al., 2014; Ismail et al., 2018). The hard substrata constitutes bedrock 

outcrops and escarpments (vertical walls) as well as boulders and smaller fractions of hard rock 

originating from slope failures (Carter et al., 2018). Due to the remobilisation and deposition of 

sediment in the canyon hard substratum is often coated in a sediment veneer of varying thickness.  

Sediment dynamics within Whittard Canyon are poorly understood, and although developing on a 

passive margin and far from coastal sediment inputs, a certain amount of sediment dynamics has 

been recorded (Amaro et al., 2016). Local slope failures within the canyon and resuspension by 

intensified bottom currents (including internal tides) source fine grained material (Reid and 

Hamilton, 1990; Amaro et al., 2015; Amaro et al., 2016; Hall et al., 2017) which is transported down-

canyon via turbidity currents and mud-rich sediment gravity flows (Cunningham et al., 2005; Amaro 

et al., 2016; Carter et al., 2018), while there is evidence that internal tides may act to transport 

material up-canyon (Wilson et al., 2015b; Lo Iacono et al., 2020).  

3.3.2 Data acquisition 

Data were collected during the JC125 expedition funded by the ERC CODEMAP project (Starting 

Grant no 258482), the NERC MAREMAP programme, the JC035_JC036 expedition funded by the 

NERC core programme OCEANS2025 and the EU FP7 IP HERMIONE; the MESH expedition 

funded by the European Union INTERREG IIIb Community Initiative, and DEFRA; and the 

64PE421, 64PE453 and 64PE437 expeditions funded by the NICO initiative by NOW and NIOZ and 

the NWO-VIDI, grant agreement 016.161.360.  

3.3.2.1 Acoustic data acquisition and processing, and extraction of terrain derivatives  

Multibeam echosounder (MBES) data were acquired during the MESH, JC035 and JC125 cruises 

with the ship-board Kongsberg Simrad EM120 MBES system of RRS James Cook  (Masson, 2009; 
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Huvenne et al., 2016) and Kongsberg Simrad EM1002 MBES system of RV Celtic Explorer (Davies 

et al., 2008b). Bathymetry data were processed utilising CARIS HIPS & SIPS v.8 and combined 

utilising the mosaic to new raster tool in ArcGIS 10.4.1, to produce a new grid at a resolution of    

50 m (WGS1984, UTM Zone 29N). 

 

Figure 3.1 Location map of (A) Whittard Canyon and (B) the data acquired from the Eastern 

branchduring the J036, JC125, 64PE421, 64PE435 and 64PE437 cruises. Background bathymetry 

from JC125 and GEBCO compilation group (2019).  
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The terrain derivatives slope, eastness, northness and rugosity were derived from bathymetry data 

using the ArcGIS extension Benthic Terrain Modeler v. 3.0 (Walbridge et al., 2018). Bathymetric 

slope criticality to the dominant semi-diurnal internal tide (α) was also calculated from the 

bathymetry and observed stratification in MATLAB (Supplementary 3.1.1). The environmental 

variables were exported as rasters at 50 m resolution (Supplementary 3.1.2). 

Rugosity is a measure of the ratio of the surface area to the planar area and was calculated with a 

neighbourhood size of 3 x 3 pixels (Wilson et al., 2007). Slope is a measure of change in elevation 

and was derived from a neighbourhood size of 3 x 3. Aspect (subsequently converted to eastness and 

northness) measures the compass orientation of the maximum change along the slope. The terrain 

derivatives were chosen as they have previously been shown to be informative explanatory variables 

of canyon fauna distribution within Whittard Canyon (Robert et al., 2015; Price et al., 2019; Pearman 

et al., 2020). Bathymetric slope criticality to the dominant semi-diurnal internal tide (α) can provide 

an indication of spatial variability in internal tide behaviour, by identifying potential areas within the 

canyon where up-slope propagating internal waves could be reflected back down-slope toward the 

canyon floor (supercritical, α >1), be focussed toward the head of the canyon (subcritical, α <1), or 

become trapped at the boundary (near-critical, α ≃ 1) resulting in wave breaking and mixing (Hall et 

al., 2014; 2017).   

3.3.2.2 Model-derived oceanographic data 

Near-bottom values for tidal current variables (root mean squared (R.M.S) near-bottom baroclinic, 

barotropic and their summed total current speed (m s-1) over an M2 tidal cycle) were calculated from 

horizontal velocity components extracted from a 500 m resolution canyon region hydrodynamic 

model based on a modified version of the Princeton Ocean Model, used to simulate the semi-diurnal 

internal tide in the Whittard Canyon region (see Aslam et al. (2018) for further details). To better 

represent tidal current speeds experienced by the benthos and match the resolution of the terrain 

derivatives, tidal current speeds were horizontally interpolated into rasters with 50 m resolution 

(Supplementary 3.1.2). Interpolation was undertaken by kriging using the Spatial Analyst tool box 

in ArcGIS, and based upon spatial variograms calculated in Golden Software Surfer V 8. To account 

for discrepancies in bathymetric resolution between the hydrodynamic model and the MBES 

bathymetry gridded at 50 m, bathymetry from the two datasets was compared and oceanographic and 

current values were extracted that corresponded to the nearest depth to that of the MBES bathymetry 

gridded at 50 m.  

3.3.3 Oceanographic data acquisition and processing 

Seaglider and shipboard CTD data were acquired along the Eastern canyon branch (Figure 3.1) and 

used to characterise its physical oceanography. Glider data were acquired with an iRobot 1KA 

Seaglider operated at station VM5 (Figure 3.1) in virtual mooring mode for 36 hours (see in Hall et 
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al. (2017) for further details). Temperature, salinity, dissolved oxygen concentration (µmol kg-1), and 

optical backscatter measured at two wavelengths (470 nm and 700 nm) were measured. Temperature 

and salinity were sampled every 5 seconds, and averaged into 5 m vertical bins. Oxygen 

concentration and optical backscatter were sampled every 5 seconds in the upper 200 m and every 

30 seconds between 200 m and 1000 m (or the seabed). The CTD data were acquired from 11 stations 

(Figure 3.1) with a Seabird Electronics Sea-Bird SBE 911plus, sampling at a rate of 24 Hz and 

averaged in 1 m depth bins. Temperature, salinity, dissolved oxygen concentration (µmol kg-1) and 

turbidity (NTU) were measured. Conservative temperature (ºC), absolute salinity (g kg-1), and 

potential density (kg m-3), were calculated from the CTD and glider data using the Gibbs Salt Water 

Oceanographic Toolbox in MATLAB.  

Depth profiles and temperature-salinity (T-S) plots from the CTD data were used to assess spatial 

and temporal variability within the dataset (Supplementary 3.1.3) and confirm consistency below the 

seasonal thermocline between profiles within spatial proximity but taken at different times. 

Consistency below the seasonal thermocline between profiles enabled profiles within proximity of 

ROV dive locations (Figure 3.1) to be combined to create mean depth profiles and for the local 

extrapolation of these depth profiles to ROV dive locations, all of which occurred below the seasonal 

thermocline (Supplementary 3.1.3). The mean of the combined profiles coincident with the ROV 

dive locations was then used to derive environmental variables for the multivariate analysis.  

3.3.3.1 Oceanographic data derived environmental variables  

CTD and glider data were used to calculate vertical isopycnal displacement caused by the M2 tide. 

Amplitude for vertical isopycnal displacement of the M2 tide was calculated from the glider data at 

VM5 (Figure 3.1) by Hall et al. (2017). Amplitudes at depths below 817 m were linearly extrapolated 

assuming a linear decay of the wave amplitude to zero at the seabed. For fauna samples at sites deeper 

than the glider profiles (>1000 m), vertical isopycnal displacement of the M2 tide was calculated from 

CTD profiles taken during the JC125 cruise (Figure 3.1). To justify the use of vertical isopycnal 

displacement amplitude derived from the datasets acquired by the glider and CTD, consistency 

between the density profiles from which vertical amplitude was calculated, was confirmed between 

the different datasets (Supplementary 3.1.3). 

3.3.3.2 Calculation of vertical isopycnal displacement of the M2 internal tide from CTD 

profiles 

The time averaged density profile, �̅�  (ɀ), was calculated from CTD profiles JC125_05, JC125_06 

and JC125_16. The time averaged density profile was used to calculate the density anomaly,           

ρˈ(ɀ, t) = ρ (ɀ, t) – �̅� (ɀ), from which the vertical isopycnal displacement was calculated,                        

ξ(ɀ, t) = -ρˈ( ∂ �̅�/∂ɀ)-1. An M2 harmonic analysis was applied to the vertical isopycnal displacement 
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on each depth level to yield amplitudes for M2 displacement (ξA
M2) every 5 m in the vertical using t-

tide (Pawlowicz et al., 2002) in MATLAB.  

3.3.3.3 Estimation of temporal variability induced by the M2 internal tide 

To infer temporal oceanographic variability over the M2 tidal cycle we took the time averaged profile 

of each of the oceanographic variables (conservative temperature, absolute salinity, potential density, 

absolute salinity and dissolved oxygen) from the three CTD casts and at each depth level calculated 

the range of values; from above and below that depth which were coincident with the amplitude of 

the vertical isopycnal displacement of the M2 internal tide. 

3.3.4 Seafloor Imagery 

3.3.4.1 Imagery data acquisition  

Video data were acquired during the JC036 and JC125 cruises, using the remotely operated vehicle 

(ROV) Isis. During JC036 Isis was equipped with a standard definition video camera (Pegasus, Insite 

Tritech Inc. with SeaArc2 400 W, Deep sea Power&- Light illumination) and stills camera (Scorpio, 

Insite Tritech Inc., 2048 x 1536 pixels). For the JC125 cruise, the ROV Isis was equipped with a dual 

high definition stills and video camera (Scorpio, Insite Tritech Inc., 1920 x 1080 pixels). Positional 

data were derived from the ROV’s ultra-short baseline navigation system (Sonardyne USBL). A total 

of four dives were completed in the Eastern branch to depths of 1420 m (Figure 3.1 and Table 3.1) 

(Robert et al., 2015). Epibenthic morphospecies (visually distinct taxa) >10 mm were annotated from 

the video, using a laser scale with parallel beams positioned 10 cm apart to estimate organism size. 

Those sections where the seabed was out of view for extended periods, prohibiting annotations, were 

noted by time and excluded from subsequent analysis.  

Composition of substrata was visually assessed from images and assigned a class based on the 

CATAMI classification (Althaus et al., 2015) (Table 3.2). Additionally, occurrences of coral reef 

and dead coral reef framework was annotated (example images are provided in supplementary 3.1.4). 

Due to the patchy distribution of substrata, substratum type was coded based upon the dominant 

substratum type followed by the subordinate, for example hard substratum with coral rubble was 

coded as H_CR. Vertical walls were identified visually from video data, and defined as topography 

oriented at an angle >50º to horizontal, and of a height >3 m from the seabed.   

3.3.4.2 Imagery data analysis 

Annotations from the JC036 (previously annotated by Robert et al. (2015) and JC125 cruises were 

combined into a single data matrix and nomenclature standardised. Transects were subdivided into 

10 m length sections and the morphospecies records within each section consolidated. Species 

richness and Simpson’s reciprocal index (1/D) (Simpson, 1949) were then calculated for each 10 m 
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section sample.  A 10 m sample length was chosen after data exploration revealed that distinct bands 

of fauna usually occurred in linear extents < 50 m so that 10 m sample units would enable structure 

in assemblages on walls to be identified (Borcard et al., 2011). 

3.3.4.3 ROV derived depth 

Depth values for the seabed were derived by combing the ROV’s altitude and depth to obtain a seabed 

depth value (m). These data were cross-referenced with annotations to identify sections of vertical 

wall and for these sections ROV depth alone was used in the calculation. A smoothing average with 

a window size of 3 was applied to the new depth variable.  

3.3.5 Statistical analyses 

Univariate and multivariate analysis techniques were used to identify spatial patterns in faunal 

diversity and assemblages along each dive. Highly mobile taxa such as fish that can be ‘double 

counted’ were removed prior to analysis. Samples with <2 taxa present were also excluded from 

multivariate analysis.  Environmental data coincident with the midpoint co-ordinate of each transect 

sample were extracted from the rasters and combined with oceanographic data extracted from depth 

profiles coincident with the depth of the sample. Samples D263_108 and D263_109 were removed 

as CTD data did not extend to the water depths of these samples. Data exploration was undertaken 

following the protocol described in Zuur et al. (2010).  

Generalised Linear Models (GLMs) were used to explore the relationships between diversity (species 

richness and 1/D) and the environmental variables. Species richness and 1/D was assessed using 

GLMs with link functions based on an exponential relationship between the response variable and 

the environmental predictor variables (Zuur et al., 2014b). A Poisson distribution was assumed for 

species richness and a Gamma distribution was assumed for 1/D, based upon the distribution of the 

response variable, together with a log link function. Environmental variables were selected by 

forward selection under parsimony after Pearson’s correlation and Variance Inflation Factor (VIF) 

scores were used to remove highly correlated variables (correlation coefficients >0.7) (Zuur et al., 

2014b). Model assumptions were verified by plotting residuals versus fitted values, versus each 

covariate in the model and each covariate not in the model (Zuur et al., 2014a). Residuals were 

assessed for spatial dependency via variograms (Zuur et al., 2014a). To further account for inherent 

spatial autocorrelation in the data an additional predictor variable, the residual autocovariate (RAC) 

was calculated and added to the optimal model. The RAC represents the similarity between the 

residual from the optimal model at a location compared with those of neighbouring locations. This 

method can account for spatial autocorrelation without compromising model performance (Crase et 

al., 2012).  
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Multivariate species data were assessed with non-metric Multi-Dimensional Scaling (nMDS) and 

hierarchal cluster analysis with group-averaged linkage, using a Hellinger dissimilarity matrix 

derived from the Hellinger transformed data matrix. Data were Hellinger transformed to enable the 

use of linear ordination methods (Legendre and Gallagher, 2001; Legendre and Legendre, 2012). 

The optimal number of interpretable clusters was determined with fusion level and mean silhouette 

widths (Legendre and Legendre, 2012). Characteristic morphospecies contributing to similarity 

among clusters were identified using the Similarity percentage analysis (SIMPER) routine (Clarke, 

1993). 

Canonical Redundancy Analysis (RDA) was used to explore relationships between the multivariate 

species data and the different environmental variables. RDA combines the outputs of multiple 

regression with ordination (Legendre and Legendre, 2012). Prior to RDA, environmental data were 

standardised (i.e. transformed to zero mean, and unit variance). Forward selection was then carried 

out on the environmental variables to obtain the most parsimonious model and Pearson’s correlation 

together with VIF scores were used to exclude environmental variables that showed strong 

collinearity with others present within the model (Correlation coefficients >0.7) (Borcard et al., 

2011).   

Spatial correlation in the multivariate species data was assessed by incorporating sample coordinates 

into the RDA of species data and by means of a Mantel correlogram on the detrended species data. 

Variance partitioning was then performed to assess how much of the variance explained in the species 

data by the environmental variables was spatially structured. Variance partitioning was performed 

using the environmental variables from the parsimonious model and sample coordinates, after 

forward selection (Legendre and Legendre, 2012).  

During model selection for GLM and RDA, high collinearity was observed between certain 

environmental variables and depth. Depth per se does not influence fauna, but in canyons depth is 

correlated with measured and unmeasured environmental factors (i.e. current speed, water mass 

characteristics) that have been shown to influence faunal patterns (Robert et al., 2015; Pearman et 

al., 2020). Consequently, depth was retained in analysis, for ease of interpretation though in later 

sections we also discuss potential effects of correlated environmental factors. 

All statistical analyses were conducted using the open source software R (R_Core_Team, 2014), 

packages “Packfor” “vegan”, “cluster”, “ape”, “ade4”,  “gclus”, “AEM”, “spdep” and “MASS”. 
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Table 3.1 Characteristics of ROV dives in Whittard Canyon analysed in the study: cruise number, 

total transect length (m), transect length (m) coincident with vertical walls, maximum and 

minimum water depth (m) coincident with vertical walls and number of samples extracted 

from each dive that represent vertical walls. 

Dive Cruise Total 

Transect 

Length 

(m) 

 Transect Length (m) 

(V. wall) 

Min Depth (m) 

(V. wall) 

Max Depth (m)  

(V. wall) 

Samples  

(V. wall) 

262 JC125 1030 226 486 836 21 

250 JC125 620 400 753 895 15 

116 JC036 1780 490 1291 1369 29 

263 JC125 1785 350 1260 1420 50 

Total 5215 1466     115 
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Table 3.2 Substratum classification used in annotation of image data. Substratum was annotated based upon the CATAMI classification. Additionally, coral reef and 

dead coral reef framework were added.  

Substratum Description Substratum Code 

CATAMI Classification 

Level 2 Level 3 Level 4 Level 5 
      

Sand S Unconsolidated (soft) Sand/mud (<2 mm) Coarse sand (with shell fragments)  

    Fine sand (no shell fragments)  

Mud M   Mud/silt (<64 µm)  

Biogenic gravel BG  Pebble/gravel Biogenic Shellhash 

Coral rubble CR    Coral rubble 

Hard H Consolidated (hard) Rock   

Dead coral reef 

framework 

DCRF  

Coral reef CRF  
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3.4 Results 

3.4.1 Oceanographic data 

Glider and CTD measurements show several water masses in the Eastern branch of Whittard Canyon 

(Figure 3.2 and Supplementary 3.2.1). The ENAW (ɵ range: 27.1 - 2 7.25 kg m−3) occurs below the 

seasonally warmed surface waters to approximately 600 m water depth (Figure 4.2). The influence 

of the MOW (ɵ 27.5 - 27.6 kg m−3), seen as increased salinity, can be observed from measurements 

taken further down the canyon axis, between 800 - 1200 m water depth, but is absent from those 

towards the canyon head (Figure 3.2 and Supplementary 3.2.1). Similarly, large gradients in 

dissolved oxygen (DO) concentration (µmol kg-1) that are observed from measurements taken further 

down the canyon axis are absent from those toward the canyon head (Supplementary 3.2.1).   

Increased optical backscatter, 8 - 10 x10-4 m-1 from 470 nm channel and 7 - 9 x10-4 m-1 from 700 nm  

channel, was observed from glider profiles at 400 m water depth and then below 600 - 700 m water 

depth (Supplementary 3.2.1). Increased turbidity was also observed from CTD profiles below depths 

of 400 - 600 m (upper canyon, 0.2 - 0.9) and below depths of 800 - 1150 m (mid canyon, 0.2 - 3.0). 

Higher turbidity was measured from the mid canyon, with the values measured in the vicinity of Dive 

116 three times higher than the upper canyon (3.0) (Supplementary 3.2.1).  

Vertical isopycnal displacement derived from the glider (Hall et al., 2017) and CTD data show 

variability across the Eastern branch and with depth. The highest displacement amplitude from the 

glider data (VM5, upper canyon) was 53 m at 617 m water depth (Figure 3.3), resulting in tidal 

temperature variations of 0.53 °C, salinity variations of  0.004 g kg-1, potential density variations of 

0.09 kg m-3  and dissolved oxygen variations of 9.2 μmol kg-1. The highest amplitude calculated from 

the CTD data (mid canyon) was 140 m at 942 m water depth (Figure 3.4), resulting in tidal 

temperature variations of 1.55 °C, salinity variations of 0.1 g kg-1, potential density variations of 0.16 

kg m-3 and dissolved oxygen variations of 5.8 μmol kg-1.  
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Figure 3.2 Temperature – Salinity Plot for 5 CTD casts along the canyon branch axis, collected 

during the 64PE21 cruise. See supplementary materials 3.2 for CTD locations. The influence of the 

MOW reduces toward the head of the canyon, until it is no longer distinguishable. 

 

Figure 3.3 Time series of potential density at VM5 overlaid with M2 harmonically filtered vertical 

isopycnal displacement every 100 m. When occupying the station in virtual mooring mode the glider   

maintained position within 2.5 km of the station during which it manoeuvred over different 

topography (grey). 
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Figure 3.4 240 hour time series of potential density from combined CTD profiles overlaid with a 

M2 harmonically filtered vertical isopycnal displacement every 100 m. 

3.4.2 Fauna results 

 A total of 14701 individuals assigned to 150 morphospecies were annotated. Most morphospecies 

were rare (Supplementary 3.2.2), whilst others were abundant in specific locations and occurred at 

low density across the rest of the samples. The most abundant morphospecies was Brachiopoda sp. 

1(4440). The most common morphospecies recorded across dives was Caryophylliidae sp. 1 (in 

69.2 % of total samples). Highest species richness (29/10 m transect) and 1/D (10.87) was observed 

from dive 262 on hard substratum vertical wall with coral rubble.  

Walls toward the head of the canyon (dives 262 and 250) were steep and comprised of an alternation 

of geological strata resistant to erosion, and friable, less competent sedimentary units of varying 

thickness with occasional ledges, all of which was covered in a mud veneer of varying thickness. 

The bivalves Neopycnodonte sp. 1 and Acesta excavata, stony corals Madrepora oculata and 

Caryophylliidae sp. 1 and crinoids were observed to aggregate beneath ledges (Figure 3.5). On other 

sections of wall the black coral Antipathidae sp. 1 or the sea star Brisingidae sp.1 reached relatively 

high abundances (Figure 3.5) and Cerianthidae sp. 1 occurred where soft sediment accumulated 

(Figure 3.5). The walls toward the canyon head were supercritical to the M2 tide and although the 

area is exposed to relatively weaker currents 0.17-0.23 m s-1 (Supplementary 3.1.2) it experiences 

similar short-term temporal variability to that of walls sampled in the mid canyon (dives 116 and 

263), despite the water temperature being up to 5 ° C warmer. 
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Dense aggregations of D. pertusum framework were observed between 1301 and 1369 m water depth 

from walls comprised of alternations of strong and weak, thinly bedded sedimentary units that 

resulted in a ‘stepped’ relief (dive 116) (Figure 3.5) and were covered in a mud veneer of varying 

thickness. The walls were supercritical to the M2 tide in a region exposed to high currents speeds 

0.42 - 0.46 m s-1. 

Brachiopods, large erect sponges and arborescent gorgonians were observed between 1261 - 1406 m 

water depth from walls that comprised brown rocky strata resistant to erosion and covered in a mud 

veneer of varying thickness (dive 263) (Figure 3.5). The walls were critical to the M2 tide and 

experienced currents of 0.27 - 0.29 m s-1.  

3.4.3 Statistical analysis results 

High collinearity was present within the environmental dataset (Supplementary 3.2.2).  Density, 

temperature, salinity and current speed were highly correlated with depth, as on occasion were values 

for the M2 amplitude and associated ranges in density, temperature and salinity. 

3.4.3.1 Species diversity 

The GLM analysis of the vertical wall dataset identified slope, depth and substratum as significant 

variables explaining 98 % variation in species richness across the dives (< 0.001 (79 df =107,114)) 

and 99 % variation in 1/D across dives (<0.001 (11 df = 96,103)). Species richness and 1/D have a 

positive relationship with slope and a weak negative relationship with depth and increasing soft 

sediment (Table 3.3). 

3.4.3.2 Canyon wall assemblages 

Hierarchical clustering identified nine clusters (Figure 3.6 and Table 3.4) that separated into three 

regions of the nMDS plot (Figure 3.7). From review of clustering (Figure 3.6) and SIMPER results 

(Table 3.4 and supplementary 3.2.1) it is likely that clusters 1, 2 and 3 represent the three main 

assemblages with the remaining clusters representing transitionary components (Figures 3.6 and 3.7).   

Cluster 1 represents the D. pertusum assemblage observed from dive 116, cluster 2 (and transitionary 

cluster 5) represents the Brachiopoda sp. 1 assemblage observed from dive 263 and cluster 3 (and 

transitionary clusters 4, 6 and 7) represents the general mixed assemblage comprised of Cerianthidae 

sp.1, C. cidaris and Antipathidae sp. 1 observed from dives 262 and 250 (Figures 3.5 - 3.9 and Table 

3.4).  Clusters 8 and 9 were only represented by a single sample, limiting conclusions that can be 

drawn and so are omitted from further discussion. 

Walls toward the head of the canyon (between 500 - 900 m) support a wider variety of assemblages 

with some observed across both dive 250 and dive 262 (Figure 3.8). In contrast, lower down the 
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canyon at approximately 1350 m, single assemblage types dominated the walls of opposite canyon 

flanks (dives 116 and 263) (Figure 3.8). 

The RDA analysis demonstrated assemblage-environment relationships, showing that species 

aggregations are driven by depth, M2 amplitude, criticality of the slope and substratum type 

(thickness of sediment veneer and coral framework) (Adjusted R2 48 %) (Figure 3.10 and Table 3.5). 

The first axis of the RDA plot represents a gradient from reef to non-reef substrata and from 

supercritical to critical conditions, and the second axis represents a gradient in depth and M2 

amplitude (Figure 3.10).    

The vectors representing species scores (Figure 3.10) separate into three subgroups: upper left 

quadrant, characterized by the predominance of the anemone Cerianthidae sp. 1, the urchin C. 

cidaris, the deep water oyster Neopycnodonte sp. 1, the black coral Antipathidae sp. 1, the squat 

lobster Munididae sp. 1, Brisingidae sp. 1 and the stony coral M. oculata; within which there is 

further differentiation depending on the relative abundance of Cerianthidae sp. 1, Antipathidae sp. 1, 

Neopycnodonte sp. 1 and Brisingidae sp. 1; the lower right quadrant represented by a predominance 

of Brachiopoda sp. 1, the stony coral Caryophylliidae sp. 1, Isididae sp. 3, the holothurian P. 

squamatus, the chalice sponge and Echinus sp. 1; and the lower left quadrant, represented by the 

predominance of the stony coral D. pertusum, the deep water bivalve A. excavata, the anemone 

morphospecies Actiniaria sp. 10,  two coral morphospecies (Anothozoa sp. 1 and Cnidaria sp. 129) 

and Crinoidea  sp. 11.  

The clustering and nMDS plots showed a similar trend by identifying nine clusters that separated 

into three regions of the nMDS plots (Figure 3.6 and 3.7) comprised of the same characterising 

morphospecies as those in the RDA plot (Table 3.4). Cluster 1 relates to the lower left quadrant; 

cluster 2 relates to the lower right quadrant and cluster 3 relates to the upper left quadrant, with 

cluster 6 representing the increasingly Antipathidae sp. 1 dominated assemblage to the central upper 

quadrant and cluster 4 representing the Neopycnodonte sp. 1 dominated assemblage. 

Results of the spatial analysis show that fauna samples are spatially structured showing both a general 

trend at a broad scale (Supplementary 3.2.2) and then greater similarity at distances <200 m and 

dissimilarity at distances >450 m  that represents the difference between dives (Supplementary 3.2.2). 

Variance partitioning shows that 45.3 % of variance explained in species data by environmental 

variables is also spatially structured in relation to the sample coordinates (Figure 3.11). Together 

these results suggest spatial patterns in species are driven by environmental variables which 

themselves are spatially organised and so exhibit a degree of induced spatial dependence. 
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Figure 3.5 Example images of vertical wall assemblages observed from ROV video data. (A)  The 

deep water oyster Neopycnodonte sp. 1 and the deep water bivalve Acesta excavata, the stony corals 

Madrepora oculata and Caryophylliidae sp. 1, the squat lobster Munididae sp. 1, the urchin Cidaris 

and crinoids, were observed aggregating beneath ledges, image taken during dive 262 at 637 m. (B) 

The anemone Cerianthidae sp. 1 occurs wherever there is sufficient soft sediment, image taken during 

dive 250 at 849 m. (C) The urchin C. cidaris and the seastar Brisingidae sp. 1, the anemone 

Phelliactis sp. 1, image taken during dive 262 at 826 m. (D) The black coral Antipathidae sp. 1, the 

urchin C. cidaris, the anemone Cerianthidae sp. 1, image taken during dive 262 at 733 m. (E) The 

stony coral Desmophyllum pertusum, the deep water bivalve A. excavata, the coral morphospecies 

Anthozoa sp. 1, the anemones morphospecies Actinaria sp. 2 and Actinernus michaelsarsi, and the 

fish Lepidion eques, image taken during dive 116 at 1362 m. (F) Brachiopoda sp. 1, sponge 

morphospecies chalice sponge, the deep water bivalve A. excavata, the holothurian Psolus 

squamatus, the stony coral Caryophylliidae sp. 1 and the urchin Echinus sp. 1, image taken during 

dive 263 at 1344 m. Scale bars = 10 cm. Numbers denote cluster membership after cluster analysis. 

  

A B

C D

E F

(7) (3)

(3) (6)

(1) (2)
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Table 3.3 Results from Generalised Linear Model for species richness and the selected environmental variables. Significance of individual terms tested by 

analysis of variance (ANOVA) ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ● p ≤ 0.1  

Model 
Environmental Variables - Significance of individual terms by 

ANOVA 
Adjusted R2 F-value p-value 

ANOVA of model  

p-value 

S 

Slope  0.0199470 ***,  depth -0.0004673 *, RAC 1.4144485 ***, 

Substrate H_V.MS -0.2589899 **,  H_V.MS_BG -0.1892338, 

H_V.MS_R 0.0163835, V.MS_CRF  -0.9036104 ** 

0.98 1289, df = 7,96 < 0.001 
<0.001 (79.001 

df=107,114) 

1/D 

Slope -0.006666 ***, depth  0.0001939 ***, RAC -1.767***, 

Substrate H_V.MS 0.0654 ●, H_V.MS_BG 0.05817, H_V.MS_R 

0.04200, V.MS_CRF 0.07071  

0.99 7413, df = 7,96 < 0.001 
 <0.001 (11.081 

df=96,103) 
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Figure 3.6 Dendrogram showing results of multivariate hierarchal clustering analysisof Hellinger 

transformed species data. Nine clusters (denoted by different colour overlays) were identified by 

silhouette and fusion level plots (Cluster: 1  2  3  4  5  6  7  8  9 ).  

 

Figure 3.7 nMDS plot of multivariate Hellinger transformed species data. Samples are coloured to 

represent the nine clusters identified by hierarchal clustering analysis. 
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Figure 3.8 Spatial plot of sites (samples) from vertical walls across all dives plotted over MBES 

bathymetry. Samples are coloured to represent the nine clusters identified by hierarchal clustering 

analysis. 
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Figure 3.9 Spatial plot of sites (samples) from vertical walls across all dives plotted over 

bathymetric criticality to the M2 tide. Samples are coloured to represent the nine clusters identified 

by hierarchal clustering analysis.  
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Table 3.4 Clusters identified from multivariate hierarchal clustering analysis with associated environmental parameters, and SIMPER resultsidentifying the 

morphospecies that characterise the clusters (70 % accumulative contribution cut off).  

 

Cluster 

 Characterising Species Water Depth 

(m) 

Substrate  Criticality  M2 Amplitude 

(m) 

Current 

Speed (ms-1) 

Temp 

Range (ºC) 

1 Desmophyllum pertusum, Acesta 

excavata, coral morphospecies Anthozoa 

sp. 1 and Cnidaria sp. 129, Actiniaria sp. 

10 

1301-1369 H.CRF.V.M Supercritical 0-58  0.42-0.46 5.6-7.1 

2 Brachiopoda sp.1, Caryophylliidae sp. 1, 

Psolus squamatus, Isididae sp. 3, 

Porifera morphospecies chalice sponge 
1261-1406 

H.V.M, 

H_V.MS_BG 
Critical 0-42 0.27-0.29 5.7-7.3 

3 Cerianthidae sp. 1, Cidaris cidaris, 

Antipathidae sp. 1, Ophiuroidea  514-636 H_V.M, H_V.M_R Supercritical 0-44 0.17-0.23 9.6-10.9 

4 Caryophylliidae sp. 1          639 and 

1330 
H_V.M Supercritical 27-45 0.19-0.28 5.8-10.6 

5 Echinus sp. 1, Acanella sp. 1  1323-1368 H_V.M Supercritical 0-28 0.28-0.29 5.7-6.9 

6 Porifera sp. 15, Antipathidae sp. 1, 

Actinaria sp. 14, Cidaris cidaris, 

Serpulidae sp. 1,Cyclostomatidae sp. 1, 

Cerianthidae sp. 1  

660-731 H_V.M_R, H_V.M Supercritical 44-47 0.19 9.2-10.6 

7 Neopycnodonte sp. 1, Crinoidea sp. 13, 

Munididae sp. 1, Caryophylliidae sp. 1, 

Cidaris, Madrepora oculata, Asterinidae 

sp. 1, Porifera sp. 11  
486-1336 H_V.M_R, H_V.M Supercritical 22-44 0.17-0.29 5.7-11 

8 Penatulacea sp. 1, Actinoscyphia sp. 1 1317 V.MS_CRF Supercritical 13 0.4 6.4-6.4 

9 Asteriodea sp. 1, Actiniidae sp. 5  1363 H_V.M Critical 0 0.29 6.2 
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Table 3.5 Results from Canonical Redundancy Analysis of Hellinger transformed species data and selected environmental variables. Significance of individual terms by 

analysis of variance (ANOVA) on RDA including spatial structure. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ●p ≤ 0.1  

Model Environmental Variables - Significance of individual 

terms by ANOVA 

Adjusted R2 Significance of RDA Plot by ANOVA  

F-value p- value   

V.Walls Depth***, M2.Amp***, Criticality ***, Substrate*** 48 14.305, df= 8,105 0.001   
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A B 

 

Figure 3.10 Canonical Redundancy Analysis of Hellinger transformed species data 

and selected environmental variables. For clarity, the triplot is displayed in three 

separate plots. (A) Environmental variables. The vector arrowheads represent high, the 

origin averages, and the tail (when extended through the origin) low values of the 

selected continuous environmental variables, centroids of categorical variables 

substratum shown as points colour coded by substratum type. (B) Species data with 

only species with strongest effect labelled. (C) Sites coloured by cluster following 

cluster analysis. Sites close to one another tend to have similar faunal structure than 

those further apart.  Substratum codes: BG = Biogenic gravel, CR = Coral rubble, CRF= 

Coral reef framework, DCRF= Dead Coral reef framework, S= Sand, M= Mud, H= 

Hard, V= Veneer. 
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Figure 3.11 Variation partitioning plot for the Hellinger transformed species data, the selected 

environmental variables (depth, substratum, bathymetric criticality to the M2 tide and amplitude of the 

M2 tide) and spatial variables (sample coordinates). 

3.5 Discussion 

There have been a number of studies examining environmental drivers of faunal patterns in submarine 

canyons but until now, no study of canyon wall assemblages integrating both spatial and temporal 

oceanographic variability induced by the internal tide has been conducted. Using a multi-disciplinary 

approach, we have been able to further quantify spatial patterns in environmental variables and wall 

faunal assemblages, and have identified depth, substratum and proxies of internal tide dynamics as 

important factors driving species patterns on canyon walls. 

3.5.1 Spatial gradients in oceanographic variables 

Several oceanographic gradients in Whittard Canyon are correlated with depth and vary in intensity 

along the canyon (Figure 3.2, 3.3 and 3.4 and supplementary 3.1.3 and 3.2.1). The oceanographic data 

showed an increased homogenisation of the water column towards the canyon head, exemplified by 

decreased gradients in oceanographic variables (Figure 3.2 and supplementary 3.2.1) such as dissolved 

oxygen and temperature. The increased homogenisation is postulated to be the result of elevated levels 

of turbulent mixing due to internal tide dissipation (Hall et al., 2017). The reduced influence of the 

MOW toward the canyon head illustrates its progressive collapse onto a mixing line between the ENAW 

and NEADW, as previously described by Hall et al. (2017). The temporal variability induced by the 

internal tide was the result of the amplitude of the isopycnal displacement by the M2 internal tide and 

the characteristics of the water it displaced. Concordantly, the temporal variability (over the M2 tidal 

0.167 0.453 0.006

Residuals = 0.374
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cycle) was lower in more mixed areas toward the canyon head compared to locations toward the middle 

canyon where the water is more stratified (Figure 3.2 and 3.3 and supplementary 3.2.1). 

3.5.2 Wall assemblages 

In our study, the greatest variance in species richness, diversity and assemblages was explained by depth 

(and its covariates) followed by criticality of slope and substratum (presence of sediment veneer, 

presence of coral framework) (Figure 3.9 and Tables 3.3 and 3.5). Although the amplitude of the M2 

internal tide played a subordinate role, it nevertheless significantly explained variance in species 

assemblages (Table 3.5).  

Studies investigating epibenthic assemblages in a variety of deep-sea settings (Levin et al., 2001; 

Howell et al., 2002; 2010), including seamounts (Kaufmann et al., 1989; Clark et al., 2010; Henry et 

al., 2014; Serrano et al., 2017; De la Torriente et al., 2018; Ramiro-Sánchez et al., 2019) and canyons 

(Vetter and Drayton, 1998 ; Mortensen and Buhl-Mortensen, 2005; Schlacher et al., 2007; Robert et al., 

2015; Pierdomenico et al., 2016; Pearman et al., 2020) have identified the same environmental variables 

as significant factors influencing assemblage structure (depth, slope and substratum) as our study. As 

well as representing environmental parameters in their own right, depth and slope act as proxies for 

environmental parameters such as water mass characteristics or seafloor complexity, respectively(Levin 

et al., 2001; Wilson et al., 2007; Stewart et al., 2014; Carter et al., 2018; Ismail et al., 2018) that act at 

broad spatial scales to determine faunal patterns in distribution and abundance (Levin et al., 2001; 

Kenchington et al., 2014; McClain and Lundsten, 2015; Robert et al., 2015; Du Preez et al., 2016; Ismail 

et al., 2018). In our study, the influence of environmental variables (principally depth and its covariates) 

acting at a broader scale was manifested as a spatial trend (Figure 3.10 and supplementary 3.2.2). 

Depth zonation of assemblages in the deep sea has been attributed to biological processes (competition 

and dispersal) and environmental factors (substratum, productivity and water mass characteristics 

including temperature, oxygen and pressure) that co-vary with depth (Rowe and Menzies, 1969; 

Lampitt et al., 1986; Levin et al., 2001; Howell et al., 2002; Carney, 2005; Olabarria, 2005). On 

topographically complex features such as seamounts depth zonation has been attributed to substratum, 

food availability and topographically modified hydrodynamics that vary with depth (Clark et al., 2010; 

McClain et al., 2010; McClain and Lundsten, 2015; Du Preez et al., 2016; Ramos et al., 2016). Despite 

assemblage responses in our study being linked to substratum changes (Figure 3.10, Table 3.5 and 

supplementary 3.2.2), different assemblages were observed from the same substratum type across 

different depths (Table 3.4 and supplementary 3.2.2) and even within similar depth ranges the 

assemblages observed varied (Table 3.4 and supplementary 3.2.2), indicating that other processes are 

working in concert at smaller spatial scales to drive spatial patterns in species assemblages on canyon 

walls. 
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3.5.2.1 Hydrodynamics  

Our results suggest that spatial variation in local hydrodynamics (amplitude of vertical isopycnal 

displacement of the M2 internal tide and internal tide current speed) drives spatial patterns in species 

diversity and assemblages on canyon walls.   

3.5.2.1.1 Internal tides and nepheloid layer influence on canyon fauna   

In our study, peaks in species diversity coincided with depths/areas of increased amplitude of vertical 

isopycnal displacement of the M2 internal tide and turbidity (Figures 3.3 and 3.4 and supplementary 

3.2.1). The increased turbidity is indicative of nepheloid layers, which have previously been reported 

at similar depths in Whittard Canyon (Huvenne et al., 2011; Johnson et al., 2013; Wilson et al., 2015b). 

These observations further support the link between increased epifaunal diversity and internal tide 

influenced nepheloid layers (Huvenne et al., 2011; Johnson et al., 2013; Pearman et al., 2020). However, 

our results go further to show that within these areas of high diversity, the species composition of 

assemblages varied, demonstrating that other processes are acting to determine assemblage contribution 

and that the sole use of univariate measures may miss key aspects of species – environment relationships 

in canyons and so limit our understanding of processes driving spatial patterns.   

3.5.2.1.2 Internal tide behaviour and quality of food in nepheloid layers 

The content of nepheloid layers has been shown to vary across Whittard Canyon (Huvenne et al., 2011; 

Wilson et al., 2015b) and variability in the quality and amount of food supply is known to influence 

canyon faunal distributions (De Leo et al., 2010; McClain and Barry, 2010; Cunha et al., 2011; Chauvet 

et al., 2018). Internal tides interacting with supercritical slopes can form an efficient food supply 

mechanism to deliver high quality POM from surface waters to benthic assemblages at depth (Johnson 

et al., 2013). However, internal tides interacting with critical slopes may result in wave breaking and 

resuspension, and the mobilisation of older material from the seafloor that is often degraded and 

reworked material of lower quality POM.  

We observed brachiopods, large sponges and arborescent gorgonians on walls where the slope was near 

critical (Figure 3.5). In contrast, the D. pertusum assemblage was observed at similar depth, from a wall 

that was supercritical (Figure 3.8). Huvenne et al. (2011) found that the composition of nepheloid layers 

within the vicinity of the D. pertusum assemblage was nutritionally higher compared to that of other 

sites measured in the canyon. Isotopic analysis shows that D. pertusum has a broad trophic niche 

(Demopoulos et al., 2017) having been known to feed on both POM and zooplankton (Duineveld et al., 

2007; 2012) with a preference for high quality POM. On the other hand, isotopic signatures indicative 

of lower quality POM have been documented from brachiopods (Valls, 2017). Consequently, our results 

suggest that potential differences in internal tide behaviour between the sites could generate variability 
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in the quality of POM within nepheloid layers. This could further influence spatial patterns in faunal 

assemblages by processes of resource partitioning and specialisation of fauna targeting specific material 

within the nepheloid layers. These findings further support the role of hydrological and 

geomorphological processes in influencing the supply and resuspension of particulate organic carbon 

to canyon environments thus driving trophic structure, faunal assemblage composition and diversity as 

previously proposed by Dell’Anno et al. (2013) and Demopoulos et al. (2017). 

3.5.2.1.3 Internal tide current speed  

Although R.M.S near-bottom baroclinic, barotropic and total current speed was removed from statistical 

analysis (due to collinearity with depth), data exploration showed that assemblages distributed along a 

gradient of baroclinic (internal) current speed (Supplementary 3.2.2). Separation of species along a 

gradient of current speed could reflect feeding and morphological adaptations. Species vary in their 

feeding strategies and efficiency under different hydrodynamic regimes (Järnegren and Altin, 2006; van 

Oevelen et al., 2016).  Species may exploit exposed localities to increase food encounter rates (Davies, 

2009; Howell et al., 2011; Mohn et al., 2014; Rengstorf et al., 2013; van Oevelen et al., 2016; Bargain 

et al., 2018) or, conversely avoid high current speeds that may exceed food capture rates, damage 

feeding apparatus (Johnson et al., 2013; Orejas et al., 2016) or topple large arborescent species 

(Weinbauera and Velimirov, 1996). Current speed is a primary driver of coral distributions and in our 

study the D. pertusum assemblage occurred in a region exposed to the highest speeds, which is 

consistent with published observations (Davies, 2009; Mohn et al., 2014; Rengstorf et al., 2013) 

including those from vertical walls (Brooke and Ross, 2014). On the other hand, larger gorgonians and 

sponges were observed in areas exposed to lower current speeds. Intensified currents are also linked to 

resuspension (Thomsen and Gust, 2000) and increased turbidity. Higher turbidity was measured from 

mid canyon sites (Supplementary 3.2.1). Both brachiopods and D. pertusum are noted to tolerate high 

turbidity (James et al., 1992; Brooke et al., 2009) that may enable them to exploit these conditions where 

other species cannot.  

3.5.2.1.4 Internal tide induced short term temporal variability  

Amplitudes of up to 140 m were calculated for the M2 tide resulting in maximum tidal temperature 

variations of 1.55 °C. Unfortunately these areas of high temporal variably were not coincident with 

vertical walls and the temporal variability in oceanographic variables experienced by wall fauna was 

relatively consistent between dives, even if the absolute values differed (Table 3.4). However, 

assemblages still differentiated across a gradient of M2 internal tide amplitude (Figure 3.9, Table 3.4 

and supplementary 3.2.2). Temperature has been linked to physiological responses and spatial patterns 

in species (Hutchins, 1947; Rowe and Menzies, 1969; Tietjen, 1971; Menzies, 1972; Van Den Hoek, 

1982; Jeffree and Jeffree, 1994; Southward et al., 1995). In our study D. pertusum occurred across the 
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canyon but only obtained high abundances along dive 116. At this location the D. pertusum colonies 

were periodically exposed to cooler waters than at other supercritical settings. Laboratory experiments 

have shown D. pertusum to tolerate better sudden temperature variability and colder temperatures when 

compared to M. oculata (Brooke et al., 2013; Naumann et al., 2014). These eco-physical responses of 

D. pertusum may enable it to dominate vertical walls that experience temporal variability, including 

colder temperatures. Such species-specific thermal acclimatisation has been postulated to significantly 

affect the occurrence and abundance of CWCs (Brooke et al., 2013).   

3.5.2.2 Fine-scale structural complexity 

In our study, increased species richness was observed from vertical walls that supported coral 

framework or coral rubble substratum and the amount of coral substratum explained variation in 

assemblages (Table 4.5). CWC species including arborescent gorgonians and scleractinians are 

considered ecosystem engineers capable of forming complex structures that provide substratum for 

settlement, food and refuge for many benthic species (Buhl-Mortensen et al., 2010). The organism 

structure can modify local current flow, sedimentation and subsequent food availability (Guihen et al., 

2013) and so increase fine-scale environmental heterogeneity (Buhl-Mortensen et al., 2010). Increased 

environmental heterogeneity leads to a higher diversity of associated species (Frederiksen et al., 1992; 

Henry and Roberts, 2007; Lessard-Pilon et al., 2010). In our study species richness was highest where 

coral substrata occurred with mud on vertical walls whereby accumulations of mud supported additional 

soft sediment species, further increasing diversity. 

We observed that some species aggregated in association with small scale geomorphological features 

such as ledges (Figure 3.5). Similar observations have been made from other vertical wall environments  

where the increased fine-scale structural complexity provided by ledges is proposed to provide some 

protection from sedimentation and allow species to position themselves further into the flow (Huvenne 

et al., 2011), contribute to fine-scale environmental heterogeneity and so promote niche differentiation 

(Robert et al., 2019).  The fragile nature of the ledges has also been proposed as a limiting factor on 

maximum colony size of corals observed (Brooke et al., 2017; Robert et al., 2019). This postulation 

could explain the occurrence of the D. pertusum assemblage on the wall with wider stronger ‘steps’, 

observed from dive 116 that are capable of supporting greater weight and higher coral densities, 

compared to the thinner ledges observed elsewhere.  However, the existence of different communities 

associated with ledges in ours (dive 262, 250 and 116) and other studies of Whittard Canyon (Johnson 

et al., 2013; Robert et al., 2019) suggests that these features act to influence species patterns at fine 

spatial scales whilst other factors beyond substratum availability (e.g. depth, current speed and food 

supply) influence assemblage patterns across walls at the canyon scale.  
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3.6 Conclusion 

Our results show that species diversity and assemblage composition on vertical walls change in response 

to environmental gradients of depth (and its covariates), substratum type and internal tide dynamics. 

We demonstrate that multivariate analysis of species data provides greater sensitivity than univariate 

indices, providing further insight into how the environmental factors interact at different scales to 

generate variability in environmental conditions that control species abundances and which species 

become characteristic of assemblages. Specifically, we highlight the likely link between internal tides 

and their associated vertical displacement in generating both spatial and temporal gradients in food 

supply and water mass characteristics that in turn influence faunal patterns. 
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4.1 Abstract 

Environmental heterogeneity is a primary driver of faunal distributions. The structural complexity of 

the seafloor is an important factor promoting increased environmental heterogeneity in marine benthic 

settings. Small mound features 3 m high and 50 - 150 m in diameter occur on the interfluves between 

the Dangaard and Explorer Canyons, North-East Atlantic. The mounds are predominantly comprised 

of coral rubble and are structurally complex compared to the surrounding seafloor. The interfluves (and 

hence also the coral mounds) are subject to trawling pressure, which acts to reduce structural complexity 

by modifying seafloor morphology. Establishing the role of structural complexity as an environmental 

driver of faunal patterns across the mounds is fundamental to enable effective management of these 

features. This study aims to assess the link between environmental heterogeneity, particularly caused 

by structural complexity at multiple spatial scales, and faunal patterns across mound provinces of the 

two interfluves.  

Autosub6000 AUV high-resolution sidescan sonar data, multibeam echosounder data, Drop-down 

camera and ROV Isis HD still imagery data were acquired to characterise the substrata, topography and 

epibenthic megafauna of the interfluves. Sidescan sonar image texture indices and a suite of terrain 

derivatives were calculated and integrated with still imagery data to explore the relationship between 

structural complexity, substratum characteristics and species richness, density and assemblage. 

Hierarchal clustering, Non-metric Multi-Dimensional Scaling and canonical Redundancy Analysis 

were applied to relate faunal assemblage composition to the environmental variables and Generalised 

Additive Models were applied to relate species richness and density to the environmental variables. To 

explore how structural complexity may influence spatial distributions of faunal assemblages Random 

Forests was used to build predictive distribution maps of faunal assemblages across the interfluves.  

Our results demonstrate the importance of structural complexity in influencing species richness, density 

and assemblage structure at various spatial scales. Structural complexity influences faunal patterns on 

canyon interfluves by mediating spatial distributions of substratum characteristics and increasing 

environmental heterogeneity. In particular, fine-scale structural complexity provided by coral rubble 

appears to be important in explaining faunal patterns within mound provinces. We propose that coral 

rubble may act as a key stone structure on interfluves that supports a coral rubble assemblage distinct 

from that previously described from the coral rubble zone adjacent to living coral reefs. Furthermore, 

our results indicate that even if the broad-scale terrain complexity appears reduced (low ruggedness), 

fine-scale complexity may still be present and acting to increase diversity. Therefore, it is important 

that fine-scale structural complexity be taken into account when studying environmental drivers of 

faunal patterns and assessing impacts of trawling on canyons. 
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4.2 Introduction 

Spatial patterns in fauna are intrinsically linked to environmental heterogeneity (Stein et al., 2014). 

Environmental heterogeneity is the variation in the spatial arrangement of environmental conditions at 

a given site. Niche theory states that species adapt to exploit certain environmental conditions 

(fundamental niche), although they may only occur within a portion of suitable sites (realised niche), as 

a result of biological interactions, such as dispersal, competition or predation (Hutchinson and 

MacArthur, 1959), or the impact of disturbance. As such, areas supporting greater environmental 

heterogeneity can support more niches and through associated resource partitioning reduce competition, 

leading to higher coexistence of ‘specialised’ species and diversity (MacArthur and MacArthur, 1961). 

Increased environmental heterogeneity has been linked to increased diversity in marine environments 

(McQuaid and Dower, 1990; Menge and Sutherland, 1976; Schlacher et al., 2007; Firth et al., 2013; 

Robert et al., 2014; Loke and Todd, 2016; Zeppilli et al., 2016), which has led to the use of 

environmental heterogeneity as a proxy of faunal diversity (Mumby, 2001; Buhl-Mortensen et al., 2012; 

Fontaneto et al., 2013; Meager and Schlacher, 2013; Mellin et al., 2014; Robert et al., 2014; Ismail et 

al., 2018).  

In marine settings environmental heterogeneity in oceanography, food availability and seafloor 

characteristics interact at multiple scales, together with biological interactions to influence faunal 

patterns (Levin et al., 2001; McClain and Barry, 2010; De Mol et al., 2011; Howell et al., 2011; Baker 

et al., 2012; De Leo et al., 2014; Bargain et al., 2018; Pearman et al., 2020).  Most studies assessing the 

influence of environmental heterogeneity on faunal patterns have focussed on seafloor characteristics 

(topography and substratum) (Brown et al., 2011; Robert et al., 2014; Ismail et al., 2018). The common 

use of seafloor characteristics is based on the observation that environmental heterogeneity is often 

spatially arranged in relation to topography (Wilson et al., 2007; Daly et al., 2018), coupled with the 

comparative ease of collecting broad-scale acoustic datasets (with multibeam echosounders (MBES)) 

from which seafloor characteristics can be inferred and used to model habitat (Kostylev et al., 2001; 

Wilson et al., 2007; Brown et al., 2011) and faunal distributions (Robert et al., 2014). 

Seafloor characteristics influence faunal distributions by providing substratum for colonisation (Baker 

et al., 2012; Lacharité and Metaxas, 2017). On the other hand, topography influences sediment 

dynamics (de Stigter et al., 2011; Martín et al., 2011; Puig et al., 2017) and the degree of exposure to 

currents and waves fauna may experience (Wilson et al., 2007; Ismail et al., 2015; Robert et al., 2015). 

Additionally, complex topography can interact with local hydrodynamics to form efficient food supply 

mechanisms to the benthos (Demopoulos et al., 2017).  

Seafloor characteristics contribute to the physical structural complexity of habitats (Graham and Nash, 

2013). Structural complexity, refers to “ the irregularity in arrangement of structural elements which 
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comprise the bathymetric contours of a given site” (Taniguchi et al., 2003; Yanovski et al., 2017) and 

represents the three-dimensional component of seafloor characteristics. Increased structural complexity 

is associated with increased environmental heterogeneity and subsequently niche diversification and 

species coexistence (Willis et al., 2005; Graham and Nash, 2013). Increased structural complexity has 

the ability to influence ecological interactions and community dynamics by providing refuges from 

predation and decreasing encounter rates between competitors, predators and prey (Stevenson et al., 

2015; Price et al., 2019). Consequently, studies have shown positive relationships between structural 

complexity and diversity (Lingo and Szedlmayer, 2006; Moore and Hovel, 2010; Price et al., 2019; 

Mazzuco et al., 2020). 

Substratum characteristics capture qualities of the substratum, including substratum composition (i.e. 

grain size), and fine-scale patchiness in the consistency and spatial arrangement in substratum 

composition (Lacharité et al., 2015). Substratum characteristics influence faunal distributions because 

many benthic species are associated with particular substratum characteristics, so that their spatial 

distributions are correlated with the spatial distribution of the substratum with which they affiliate 

(Baker et al., 2012; Pierdomenico et al., 2019). Consequently, substratum characteristics have been 

incorporated into benthic studies of faunal patterns and assemblage structure (Warwick and Davies 

1977; Schneiderl et al., 1987; Robert et al., 2014; Post et al., 2016; Michaelis et al., 2019), as well as 

forming a key component of hierarchal habitat classification schemes (EUNIS, 2019). 

Terrain derivatives, such as ruggedness and slope that are derived from MBES data can capture 

variability in topography, which can be used to quantify structural complexity and consequently act as 

a proxy of environmental heterogeneity (Robert et al., 2015; Ismail et al., 2018; Price et al., 2019) and 

be incorporated in to benthic mapping (Wilson et al., 2007). On the other hand, acoustic signatures in 

sidescan sonar (SSS) and MBES backscatter can indicate changes in substratum characteristics 

(Huvenne et al., 2002).  

Image textural indices are second order derivatives of backscatter that can identify variation in image 

tone and contrast to provide a proxy for substratum patchiness and pattern that is independent of 

bathymetry (Blondel et al., 1998; Zelada Leon et al., 2020). Textural indices can delineate substratum 

types, such as sand that is more homogeneous compared to coarser substratum i.e. gravels (Blondel et 

al., 1998; Prampolini et al., 2018), and geomorphological features such as sand waves that exhibit 

regular structural complexity in contrast to the irregular patterns of rocky outcrops (Blondel et al., 

1998). Due to the ability of textural indices to highlight areas of difference and similarity in the acoustic 

signatures of backscatter and so discriminate seafloor characteristics they have been incorporated at 

varying resolutions in studies of environmental heterogeneity  (Huvenne et al., 2007; Ismail et al., 2018) 

and in automated benthic and habitat mapping (Ierodiaconou et al., 2007; Montereale-Gavazzi et al., 

2017; 2018; Janowski et al., 2018; Prampolini et al., 2018). 



Chapter 4 

93 

With the increased use of Automated Underwater Vehicles (AUVs) in the deep sea enabling the 

acquisition of data at a resolution comparable to that of hull-mounted systems on continental shelf areas, 

we can now visualise fine-scale variability in seafloor characteristics (including structural complexity) 

over km-scale areas (Wynn et al., 2014; Zelada Leon et al., 2020), offering an opportunity to quantify 

its importance in driving faunal patterns.  

Understanding the role of structural complexity is especially poignant on canyon interfluves that are 

under fishing pressure from bottom trawling (Wilson et al., 2015a; Daly et al., 2018), which reduces 

structural complexity by modifying the seafloor (Bahn_McGill, 2012; Puig et al., 2012; Martín et al., 

2014a; 2014b; Daly et al., 2018). Contact between trawl gear and the seafloor can cause damage, 

resuspension, resorting and modified layering of the substrata present (Martín et al., 2014c). Trawling 

induced modification of seafloor characteristics can affect ecosystems by reducing environmental 

heterogeneity with subsequent reduction in diversity and abundance (O'Neill and Summerbell, 2011; 

Puig et al., 2012; Pusceddu et al., 2014). 

We aim to explore the relationship between environmental heterogeneity, particularly caused by 

structural complexity acting at different spatial scales, and epibenthic megafaunal species richness, 

density and assemblage structure across mound features that have been described on the interfluves 

between the Dangaard and Explorer Canyons, North-East Atlantic (Stewart et al., 2014). The mounds 

comprise aggregations of coral rubble, pebbles and shell (Stewart et al., 2014), which make the mounds 

structurally complex compared to the surrounding seafloor. We calculate textural indices based on Grey 

level co-occurrence matrices (GLCM) derived from AUV-acquired SSS backscatter data, together with 

a suite of terrain derivatives to ascertain what drives patterns in species richness, density and assemblage 

across the interfluves. Our working hypothesis is ‘Epibenthic megafaunal assemblages are driven by 

environmental heterogeneity caused by structural complexity acting at different spatial scales and that 

increased species richness and density are associated with increased seafloor complexity as it promotes 

increased fine-scale patchiness in substratum characteristics, allowing more species to co-occur’.  

4.3 Methods 

4.3.1 Study Area 

The Explorer and Dangaard Canyons incise the shelf break of the western flank of Brenot Spur, on the 

Celtic Margin, south-west of the British Isles in the Northern Bay of Biscay (Aslam et al., 2018) (Figure 

4.1). They are located at a water depth ranging from approximately 200 m to 2200 m and 3600 m, 

respectively, where they join the Whittard Canyon system. Explorer Canyon trends north-east and 

Dangaard Canyon trends east north-east (Davies et al., 2014; Stewart et al., 2014).  
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Interfluves, representing relict parts of continental shelf and slope, separate the two canyons (Figure 

4.1). The interfluves are named corresponding to the canyon branch located north of them, following 

the convention of Stewart et al. (2014) (Figure 4.1). The interfluves occur at approximate water depths 

of 250 m to 450 m (Stewart et al., 2014) where they are overlaid by the Eastern North Atlantic Water 

(ENAW) (~100 - 600 m) (Pollard et al., 1996; Van Aken, 2000). The slope current flows predominantly 

to the north-west at velocities of ~ 0.05 – 0.10 ms-1 (Pingree and Cann, 1990). Estimated near-bed tidal 

currents are lower (0.02 - 0.17 ms-1) on the interfluves compared to the intensified hydrodynamic regime 

within the canyon branches (Aslam et al., 2018). 

The interfluves are characterised by slope angles of < 3º (Stewart et al., 2014) and are comprised of 

mixed substrata with areas of biogenic gravel composed of coral rubble and shell fragments associated 

with mound features (termed ‘mini mounds’; (Stewart et al., 2014)). To date over 2800 mounds have 

been identified, and they are more numerous and pronounced on the Dangaard interfluve compared to 

the Explorer interfluve (Stewart et al., 2014; Stewart and Gafeira, 2016). The mounds measure up to 3 

m in height with diameters of 50 – 150 m. Although the surface of the mounds is mainly comprised of 

coral rubble, to date no live cold-water corals have been observed (Davies et al., 2014; Stewart et al., 

2014). The lack of subsurface expression of the mounds has led authors to propose their possible 

origination in the Holocene, during a period of live coral growth contributing to mound formation 

(Stewart et al., 2014).  

The mounds are situated within the U.K designated ‘The Canyons Marine Conservation Zone’ (MCZ) 

that encompasses Dangaard and Explorer Canyons. The MCZ designation is based upon the presence 

of the ‘Deep-sea bed’ broad-scale habitat and ‘Cold-water coral reefs’, ‘Coral gardens’ and ‘Sea-pen 

and burrowing megafauna communities’, habitat features of conservation interest (DEFRA, 2013; 

DEFRA, 2019b). 

An assemblage comprised of ‘Ophiuroids and Munida sarsi associated with coral rubble’ has previously 

been described from a limited dataset covering the mounds (Davies et al., 2014). This classification 

relates to ‘coral rubble zone’ described from other settings, where a coral rubble assemblage has been 

found close to live coral reef (Mortensen et al., 1995). Elsewhere on the interfluves an assemblage 

comprised of ‘Munida sarsi and Leptometra celtica on mixed substratum’ has been described (Davies 

et al., 2014). 

4.3.2 Data acquisition 

Data were collected during (1) the JC124_JC125 expedition funded by the ERC CODEMAP project 

(Starting Grant no 258482), the NERC MAREMAP programme and the Department of Environment, 

Food & Rural Affairs (DEFRA), (2) the JC166 expedition funded by the NERC CLASS programme 

(Grant No NE/R015953/1) (3) the MESH expedition funded by the European Union INTERREG IIIb 
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Community Initiative, and the (4) CEND0917 cruise funded by DEFRA 2017 Marine Protected Areas 

Group. 

 

Figure 4.1 Location map of (A) Dangaard and Explorer Canyons and (B) of bathymetry data acquired 

from the interfluves during the MESH cruise. Background bathymetry from GEBCO compilation group 

(2019). Sidescan sonar and imagery data acquired from the (C) Dangaard and (D) Explorer interfluves 

during the JC125, JC166 and CEND0917 cruises. 
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4.3.3 Acoustic data acquisition and processing, and extraction of terrain derivatives  

MBES data were acquired during the MESH cruise with the ship-board Kongsberg Simrad EM1002 

MBES system of RV Celtic Explorer (Davies et al., 2008b). Bathymetry data were processed utilising 

CARIS HIPS & SIPS v.8 and exported at a resolution of 25 m (WGS1984, UTM Zone 29N)(Davies et 

al., 2008b). The terrain derivatives slope, curvature, eastness, northness, ruggedness (VRM = Vector 

Ruggedness Measure) and both broad and fine bathymetric position index (BPI) were derived from 

bathymetry data using the ArcGIS extension Benthic Terrain Modeller v. 3.0 (Walbridge et al., 2018) 

and exported as rasters at 25 m resolution (Supplementary 4.1.1). 

The BPI is a derived metric of a cell’s position and elevation relative to its surrounding landscape within 

a user defined neighbourhood (Wright, 2005). Ruggedness is a measure of the variation in three-

dimensional orientation of grid cells within a neighbourhood. Slope quantifies the maximum rate of 

change in elevation within a neighbourhood, and aspect (subsequently converted to eastness and 

northness) measures the compass orientation of the maximum change along the slope (Wilson et al., 

2007). Together these terrain derivatives can capture variation in seafloor characteristics, including 

structural complexity. 

To further our understanding of the resolution at which structural complexity influences faunal 

assemblages, BPI and ruggedness were derived at pixel neighbourhoods (nh) of 3, 5, 9, 17 and 33 and a 

multi-scale analysis was performed to identify which resolution explains most variation in the species 

data (Misiuk et al., 2018; Porskamp et al., 2018) (see supplementary 4.1.2). In summary, species data 

was modelled with each terrain derivative separately but at all resolutions, in order to rank the 

contribution of each terrain derivative at the different resolutions (Misiuk et al., 2018). Additionally, all 

terrain derivatives, at all resolutions were modelled simultaneously with species data to account for 

potential interactions or correlation between the variables. Results were reviewed and following Misiuk 

et al. (2018) terrain variables that contributed > 10 % to overall variance explained by the model and   

< 0.7 correlated were retained. 

4.3.4 Textural derivatives 

SSS backscatter data were collected with the Edgetech 2200-M system (120 - 410 kHz) mounted on the 

Autosub6000 AUV during the JC124_125 (Huvenne et al., 2016) and JC166 cruises (Huvenne and 

Furlong, 2019) (Figure 4.1). SSS backscatter data were processed utilising the NOC in-house PRISM 

software (Le Bas, 2002) and the mosaic from each interfluve exported at a resolution of 0.5 m 

(WGS1984, UTM Zone 29N). Due to internal navigation inconsistencies of the AUV during JC125, 

SSS lines were manually georeferenced against overlapping features on the MESH bathymetry using 

the ArcGIS georeferencing tool box. The corrected SSS lines were exported as a mosaic using the 



Chapter 4 

97 

ArcGIS mosaic to new raster tool box. The SSS backscatter mosaics from the two interfluves were 

standardised by bringing the histograms of grey scale values to an averaged mean calculated from both 

mosaics with the same standard deviation.  

To obtain textural derivatives, GLCMs (Blondel et al., 1998) with 32 grey levels were derived from the 

SSS backscatter. GLCMs are an adaptable method for textural analysis of SSS backscatter (Blondel et 

al., 1996) that have been widely applied in benthic mapping (Huvenne et al., 2007; Montereale-Gavazzi 

et al., 2016; Prampolini et al., 2018; Zelada Leon et al., 2020). The GLCM represents the frequencies 

of probabilities of each tonal combination from 32 grey level tones of pixel pairs. 32 grey levels were 

chosen as a compromise between texture detection and computation time (Blondel et al., 1996; Huvenne 

et al., 2002). To account for the influence that pixel comparison distance and orientation can have on 

the GLCM frequencies of probabilities (due to spatial autocorrelation), GLCMs were calculated at 

various window sizes (11, 21 and 51) with a range of inter pixel distances (minimum 5 up to a maximum 

of half the window size) across all directions and a multi-scale analysis performed (following the same 

protocol as that for terrain derivatives) to identify which combination explains most variation 

(Supplementary 4.1.3). The importance of studying different spatial scales when analysing textural 

patterns from backscatter has been demonstrated by Montereale-Gavazzi et al. (2016) and Zelada Leon 

et al. (2020). Windows sizes (w) and inter pixel distances (ipd) were chosen to match the size of 

morphological features influencing textural contrast (mounds), whilst still capturing variation in 

seafloor characteristics at comparable resolutions to that captured by the still imagery data and terrain 

derivatives. Co-occurrence matrices were averaged for all directions to account for variation in heading 

affecting the angle at which features were insonified (Blondel et al., 1996; Huvenne et al., 2002).  

The second order textural indices entropy, homogeneity, contrast and correlation were derived from the 

GLCM (Blondel et al., 1996) and exported as rasters at a 0.5 m resolution in the open source software 

R (R_Core_Team, 2014), packages “raster” and “glcm”.  Textural indices quantify spatial arrangements 

of grey level tones among pixels (Haralick et al., 1973) can provide an indication of seafloor 

characteristics, including substratum type (Blondel et al., 1998; Huvenne et al., 2002; 2007; Janowski 

et al., 2018; Prampolini et al., 2018). Homogeneity is measure of similarity in grey levels within the 

moving window (Blondel et al., 1998; Huvenne et al., 2002), entropy is a measure of spatial disorder in 

grey levels of the moving window, contrast is a measure of differences of the intensities of the grey 

levels within the moving window (Montereale-Gavazzi et al., 2017) and correlation is a measure of 

grey-level linear-dependencies in the moving window (Blondel et al., 1998). 
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4.3.5 Seafloor Imagery  

4.3.5.1 Imagery data acquisition and processing 

Imagery data were acquired during the CEND0917 cruise (Figure 4.1 and Table 4.1), using a Drop-

down camera system equipped with high definition stills (18 mega pixel) and video camera (1080 

pixels). Positional data were derived from an ultra-short baseline navigation system (USBL) using a 

beacon attached to the camera frame. Still imagery data were also acquired during the JC166 cruise 

(Figure 4.1 and Table 4.1), using the remotely operated vehicle (ROV) Isis equipped with a dual high 

definition stills and video camera (Scorpio, Insite Tritech Inc., 1920 x 1080 pixels). Positional data were 

derived from the ROV’s USBL (Huvenne and Furlong, 2019). 

Overlapping images and those exceeding 2 m altitude or of low visibility (due to sediment or lighting) 

were removed. To reduce the influence of spatial autocorrelation ‘sample images’ were extracted at a 

minimum distance of 7 m. To account for the oblique angle of the ROV that could lead to bias counts, 

images were cropped and the area of each image was calculated. The area of each image was calculated 

following a JNCC procedure implemented during the analysis of CEND0917 images (Turner et al., 

2006), whereby pixel dimension of each image together with the pixel and actual distance between 

lasers were used to give the approximate area of each still image (Supplementary 4.1.4). Percent 

composition of the substratum was visually assessed from images, substratum type was described and 

assigned a broader EUNIS habitat classification (EUNIS, 2019). Epibenthic morphospecies (visually 

distinct taxa) > 10 mm were annotated from the stills in BIIGLE, with organism size estimated from a 

laser scale with parallel beams positioned 10 cm apart. Taxa were assigned to morphospecies using a 

modified version of the Howell and Davies (2010) species catalogue that was developed specifically 

for the CEND0917 analysis. All individuals were enumerated except for encrusting and colonial fauna 

where area cover was used (by overlaying a grid on to images). To account for the differences in camera 

field of view, the area of each image was calculated and used to convert species counts to densities per 

m2. Annotations from the two cruises were combined into a single data matrix and annotation 

consistency between cruises assessed following Durden et al. (2016) (Supplementary 4.1.4). Species 

richness and density was calculated for each sample image.  
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Table 4.1 Transects from Explorer and Dangaard interfluve analysed in the study. List of transects, cruises during which transect was complete, transect 

location (degrees and decimal minutes), transect length (m) and maximum and minimum water depth (m) from each transect.  

Transect Cruise Interfluve Start Position   End Position   Length (m) Depth Range (m) 

CYN_042_STN_195 CEND0917 Explorer 48° 25.695' N 9° 37.927' W 48° 25.634' N 9° 38.092' W 240 (299 - 305) 

CYN_047_STN_192 CEND0917 Explorer 48° 25.077' N 9° 38.246' W 48° 24.981' N 9° 38.398' W 230 (299 - 305) 

CYN_051_STN_196 CEND0917 Explorer 48° 25.818' N 9° 37.942' W 48° 25.756' N 9° 38.103' W 230 (306 - 312) 

CYN_054_STN_193 CEND0917 Explorer 48° 25.080' N 9° 38.338' W 48° 25.091' N 9° 38.521' W 230 (305 - 312) 

CYN_058_STN_194 CEND0917 Explorer 48° 25.634' N 9° 38.149' W 48° 25.550' N 9° 38.294' W 220 (306 - 311) 

CYN_082_STN_231 CEND0917 Dangaard 48° 16.519' N 9° 38.134' W 48° 16.460' N 9° 38.294' W 230 (321 - 333) 

CYN_083_STN_229 CEND0917 Dangaard 48° 16.218' N 9° 39.700' W 48° 16.177' N 9° 39.877' W 180 (372 - 384) 

CYN_091_STN_226 CEND0917 Dangaard 48° 15.655' N 9° 41.710' W 48° 15.614' N 9° 41.883' W 190 (485 - 495) 

CYN_110_STN_227 CEND0917 Dangaard 48° 15.968' N 9 41.383' W 48° 16.211' N 9° 40.714' W 930 (450 - 416) 

340 JC166 Dangaard 48° 16.644' N 9 39.114' W 48° 16.886' N 9° 39.509' W 710 (362 - 372) 
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4.3.6 Statistical analyses  

Multivariate analysis was used to identify and relate faunal assemblage composition to structural 

complexity. Highly mobile taxa such as fish that can be ‘double counted’ and encrusting or colonial 

fauna that were estimated by percent cover and not readily comparable with our density measurements, 

were removed prior to analysis. Samples with < 3 taxa present were also excluded from the multivariate 

analysis.   

Environmental data coincident with each sample image was extracted from the rasters and standardised 

(i.e. transformed to zero mean, and unit variance). Species data were Hellinger transformed to enable 

the use of linear ordination methods (Legendre and Gallagher, 2001; Legendre and Legendre, 2012) 

and data exploration was undertaken following the protocol described in Zuur et al. (2010). 

Non-metric Multi-Dimensional Scaling (nMDS) and hierarchal cluster analysis was performed to 

identify faunal assemblages, using a Hellinger dissimilarity matrix derived from the transformed data 

matrix. Cluster analysis was based upon group average linkage. The optimal number of interpretable 

clusters was determined by mean silhouette widths (Legendre and Legendre, 2012). Silhouette widths 

are based upon comparisons of dissimilarity measures between objects within a cluster and those in the 

next closest cluster and can be useful in determining clustering performance based on different cut off 

levels for cluster interpretation (Legendre and Legendre, 2012). Characteristic fauna contributing to 

similarity among clusters were identified using the Similarity percentage analysis (SIMPER) routine 

(Clarke, 1993). Differences in faunal composition between interfluves, mounds and substratum type 

were tested via analysis of similarities (ANOSIM). 

To explore relationships between faunal assemblages and seafloor structural complexity, canonical 

Redundancy Analysis (RDA) was performed. RDA combines the outputs of multiple regression with 

ordination (Legendre and Legendre, 2012). Forward selection was carried out on the environmental 

variables to obtain the most parsimonious model. Pearson’s correlation and variance inflation factor 

(VIF) scores, which detect multicollinearity in regression analysis, were used to exclude environmental 

variables that showed strong collinearity with others present within the model and are therefore 

redundant (Correlation coefficients > 0.7 and VIF scores > 5) (Borcard et al., 2011; Zuur et al., 2014a).  

Spatial correlation in the multivariate species data was assessed by incorporating sample co-ordinates 

(Borcard et al., 2011).  

Variance partitioning via partial RDA was performed to assess the combined and shared variance 

explained in the species data by the environmental variables. Variance partitioning was performed using 

the retained environmental variables and sample co-ordinates (Legendre and Legendre, 2012).  
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Generalised Additive Models (GAMs) were used to determine if species richness and density are 

associated with increased structural complexity, influenced by the same environmental drivers as 

assemblages, and to identify any potential thresholds for species richness and density with complexity. 

GAMs are generalised models with smoothers and link functions based on an exponential relationship 

between the response variable and the environmental variables (Zuur et al., 2014b). GAMs produce 

ecologically intuitive outputs (Zuur et al., 2014a) and have previously been applied to identify 

ecological response thresholds (Foley et al., 2015; Large et al., 2015; Rowden et al., 2020). The degree 

of smoothing in the fitting of the environmental variables was based on the Generalized Cross 

Validation (GCV) method and a log link function. A gamma distribution with no transformation was 

chosen after exploring several alternative distributions. Significance of terms in the model was tested 

with analysis of variance (ANOVA). Model accuracy was assessed by variance in species richness or 

density explained by each model (Adjusted R2) and model fit was assessed by Akaike’s Information 

Criterion score (AIC) and residual plots (Zuur et al., 2014a).  

4.3.6.1 Predictive distribution modelling of assemblages 

To explore how structural complexity may influence spatial distributions of faunal assemblages, 

predictive distribution maps of faunal assemblages were built based upon the environmental variables 

identified as important after the multi-scale analysis (Supplementary 4.1.2 and 4.1.3) and for which 

spatial rasters existed. Random Forests (RF) were used to build predictive distribution maps of 

assemblages that had been defined during the multivariate analysis, and were subsequently modelled as 

a univariate response. RF is a classification method that builds multiple trees based upon splitting rules 

that maximise homogeneity in response to predictors within branches, starting each time with a 

randomised subset of data points and predictor variables (Breiman, 2001; Prasad et al., 2006). RF is 

commonly employed in predictive habitat mapping (Collin et al., 2011; Bučas et al., 2013; Piechaud et 

al., 2015; Robert et al., 2015; Zhang et al., 2019; Pearman et al., 2020), due to its high performance 

based upon lack of assumptions concerning the response variable, robustness to overfitting, allowance 

for interactions between environmental variables and nonlinear relationships between the response and 

environmental variables (Cutler et al., 2007). Each RF was run with 1500 trees and the number of 

variables chosen at each node split and the out of bag (OOB) set as default (Breiman and Cutler, 2018; 

Prasad et al., 2006). Model performance was assessed using a cross-validation procedure in which 

models were trained using a random partition of data (70 %) and tested against the remaining portion 

(30 %) (Guisan and Zimmermann, 2000). Predictive performance was assessed with the out of bag error 

rate of the training data and confusion matrices between the predicted and observed values within the 

test dataset. 
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All statistical analyses were conducted using Primer V7 and the open source software R 

(R_Core_Team, 2014), packages “Packfor” “vegan”, “cluster”, “ape”, “ade4”, , “gclus”, “AEM”, 

“spdep”, “mgcv”, “raster”, “RandomForest”, and “MASS”. 

 

Figure 4.2 Overview of methodology applied during analysisEnvironmental variables were derived 

from the processed bathymetry and sidescan sonar (SSS) backscatter data. Multi-scale analysis of the 

terrain and textural environmental variables was undertaken separately (reported in supplementary 4.1.2 

and 4.1.3). The best uncorrelated predictors for both the terrain and textural indices were incorporated 

into a canonical Redundancy Analysis (RDA) to discern which environmental variables explain the 

greatest variation in the Hellinger transformed species data. Predictive distribution mapping of the 

faunal assemblages, identified after review of clustering and RDA, was undertaken by Random Forest 

(RF). General Additive Models (GAMs) of species richness and density with uncorrelated 

environmental variables chosen by forward selection was undertaken to assess if they exhibit a positive 

response to increased structural complexity and are driven by similar environmental variables as 

assemblages 

4.4 Results 

4.4.1 Acoustic data results 

The terrain derivatives captured variation in topography related to the bathymetry across the entire site 

and were only able to distinguish prominent mounds that occurred in relatively flat surroundings. 
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(Supplementary 4.1.1). The SSS backscatter data and textural indices captured variation in the 

patchiness of substratum characteristics (Supplementary 4.1.3), but were unable to distinguish fine-

scale substratum characteristics (i.e. presence of coral fragments or pebbles) identified in still images.   

The SSS survey of the Explorer interfluve covered an area of mini-mounds and comprised two acoustic 

facies (Figure 4.1). Patches of higher reflectivity backscatter were surrounded by areas of lower 

reflectivity backscatter. The SSS survey of the Dangaard interfluve covered an area of mini-mounds to 

the north-east that extended south-west to a depth of approximately 380 m (Figure 4.1). The mounds 

were more discrete on the Dangaard interfluve, with acoustic shadows indicating elevation (Figure 4.1 

and 4.3). On the Dangaard interfluve three acoustic facies were identified. Patches of high reflectivity 

were surrounded by ‘halos” of medium reflectivity in areas of lower reflectivity (Figure 4.3). The 

density of mounds decreased toward the south-west and higher reflectivity patches trending north-west 

associated with a bathymetric ridge were observed (Figure 4.1 and supplementary 4.1.1). Between water 

depths of 390 m and 450 m striations were present (Figure 4.1). The remaining area surveyed to the 

south-west comprised lower acoustic reflectivity with ripples (Figure 4.1). Acoustic signatures 

indicative of trawl marks were evident from the backscatter and confirmed in the imagery data (Figure 

4.3).  

The textural indices derived from the SSS backscatter captured variation in substratum characteristics 

(Supplementary 4.1.3), which appeared to be spatially arranged in relation to mound features evident 

in the SSS backscatter (Figure 4.1 and 4.3) and a bathymetric rise on the Dangaard interfluve that was 

evident in both the SSS backscatter (Figure 4.1) and MBES data (Supplementary 4.1.1). Substratum 

patchiness was higher within the mound provinces compared to that of the non-mound province area 

(Supplementary 4.1.3). Textural indices indicated that areas of more homogeneous substrata occurred 

toward the south-west of the Dangaard interfluve coincident with the lower backscatter reflectivity 

(Figure 4.1 and supplementary 4.1.3). Less homogeneous substrata occurred between areas of different 

acoustic reflectivity coincident with areas directly surrounding the mounds and the bathymetric rise on 

the Dangaard interfluve (Supplementary 4.1.1 and 4.1.3). These areas also showed high correlation 

values (Supplementary 4.1.3). 

Ground-truth imagery showed that substrata within the mound provinces comprised muddy sand with 

varying quantities of pebbles, shell and coral fragments, with patches of coral rubble often coinciding 

with high reflectivity backscatter of mound features (Figure 4.3). Muddy sand with pebbles and shell 

fragments coincided with the “halos” of medium reflectivity (Figure 4.3) and higher reflectivity patches 

associated with the bathymetric rise on the Dangaard interfluve. Substratum to the south-west of the 

Dangaard mound province mainly comprised muddy sand coincident with low reflectivity backscatter 

and increased homogeneity (Figure 4.1 and supplementary 4.1.3).   
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Figure 4.3 Example of sidescan sonar (SSS) backscatteracquired from the Dangaard interfluve. The 

partial track of the ROV during transect JC166_340 is illustrated in green. Letters denote the locations 

of ground-truthed backscatter: i) A trawl mark evident by a straight line of higher reflectivity ii) Coral 

rubble coincides with areas of high reflectivity iii) Muddy sand with pebbles and shell fragments 

coincide with a mottled pattern of moderate reflectivity iv) Muddy sand with pebbles, shell fragments 

and cup corals (with hard skeletons) coincide with a mottled pattern of moderate reflectivity.  
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4.4.2 Multi-scale analysis  

Following the multi-scale analysis and model selection (detailed in supplementary 4.1.2 and 4.1.3), the 

terrain derivatives depth, slope, northness, eastness and ruggedness derived at neighbourhoods of 17 or 

3 pixels, together with the textural indices correlation with a window size of 51 and inter-pixel distance 

of 20 and homogeneity with window size of 51 and inter-pixel distance of 25 were retained.  

4.4.3 Fauna results 

A total of 7492 individuals assigned to 71 morphospecies were annotated. Most morphospecies 

occurred at low abundance (Supplementary 4.2.1). The three most abundant morphospecies were 

brittlestars, OTU246 Ophiactis balli/ Ophiuroidea (2663), the cup coral OTU6 Caryophyllia sp. 2 

(2537) and the anemone OTU499 Actinauge richardi (1200). The most common morphospecies 

recorded across transects was A. richardi (in 79.2 % of total samples). Highest species richness (13 

from image CNYN_CEND0917_CNYN051_STN_196_A1_021) was observed from a mound feature 

comprised of coral rubble, shell fragments and muddy sand.  

A. richardi, ophiuroids and squat lobsters, OTU200 Munida sp. were observed in association with coral 

rubble substratum of the mound features (Figure 4.4). The ophiuroids occurred within and beneath coral 

fragments, and Munida sp. occupied crevices beneath aggregations of coral rubble (Figure 4.4). 

Between the mounds, coral and shell fragments were more dispersed. Here, A. richardi, the polychaete, 

Serpulidae and the solitary cup coral, Caryophyllia sp. 2 were observed (Figure 4). A. richardi, the 

solitary cup coral, C. smithii and burrowing anemones of the Cerianthidae were observed on muddy 

sand with varying amounts of pebbles, shell and coral fragments in association with areas directly 

surrounding the mounds. Away from the mound province, substratum mostly comprised muddy sand 

where a variety of anemones, including cerianthids were observed. On the Dangaard interfluve patches 

of muddy sand with pebbles and shell fragments occurred in association with a bathymetric rise to the 

south-west and A. richardi were observed among this coarser material. In general, where coarser 

material was encountered it also provided a hard substratum for morphospecies of the Serpulidae and 

Hydrozoa to adhere to (Figure 4.4). 

4.4.3.1 Benthic assemblages 

Following hierarchal clustering, mean silhouette widths identified an optimum of eight interpretable 

clusters that gave an average silhouette width per class of 0.28 (Figure 4.5). Silhouette widths for the 

classes varied between 0.00 and 0.37, indicating that the distinctness of clusters varied. The nMDS plot 

showed samples formed two aggregations with the remaining samples dispersed to the left (Figure 4.6). 

From review of the hierarchal clustering (Figure 4.5), nMDS (Figure 4.6) and SIMPER results (Table 

4.2 and supplementary 4.2.1) it is likely that clusters 1, 2 and 3 represented three assemblages associated 
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with the mound provinces and clusters 4, 5 and 7 separated, representing less defined non-mound 

province assemblage(s). Clusters 6 and 8 were only represented by a single sample, limiting conclusions 

that can be drawn and so are omitted from further discussion (Table 4.2 and supplementary 4.2.1). 

Cluster 1 represented an A. richardi, C. smithii and cerianthid assemblage observed on muddy sand 

with varying amounts of pebbles, shell and coral fragments in association with the area directly 

surrounding the mounds. Cluster 2 represented an A. richardi, ophiuroid, serpulid and Munida sp. 

assemblage observed on coral rubble in association with mounds. Cluster 3 represented an A. richardi, 

Caryophyllia sp. 2 and serpulid assemblage observed on muddy sand with varying amounts of pebbles, 

shell and coral fragments that occurs between mounds in the mound province. Clusters 4, 5 and 7 were 

less defined and comprised a mix of anemone species observed predominantly from muddy sand outside 

the mound province (Figures 4.4 and 4.7 and Table 4.2).   

Results from the ANOSIM showed that fauna did not differentiate across the interfluves (R value 0.38, 

P 0.01) with two of the assemblages, represented by clusters 1 and 2, observed across both interfluves 

(Figure 4.7). Fauna showed a degree of differentiation between the mound and non-mound provinces 

(R value 0.47, P 0.01) but not necessarily between mounds and non-mounds (R value -0.077, P 0.98). 

Fauna also showed a degree of differentiation between substratum types that was greater for the more 

detailed substratum classification (R value 0.41, P 0.01) than that using the EUNIS classification (R 

value -0.025, P 0.75). 

The RDA analysis demonstrated assemblage-environment relationships, indicating that faunal 

assemblage composition was driven by depth, substratum characteristics and structural complexity of 

the seafloor at various spatial scales (Adjusted R2 23%) (Figure 4.8 and Table 4.4). The first axis of the 

RDA plot represented a gradient from coral rubble (mound) to non-coral rubble substrata (non-mound) 

and increasing ruggedness 17nh.  The percent cover of coral rubble acted as a proxy of fine-scale 

structural complexity, whereas the increase in ruggedness was a proxy of broader scale changes in 

structural complexity related to the bathymetry across the site (Supplementary 4.1.1). The second axis 

represented a gradient in homogeneity and eastness (Figure 4.8). Homogeneity captured fine-scale 

variability in substratum characteristics, and eastness captured the broader scale variation in the 

orientation of bathymetry across the site (Supplementary 4.1.1).    

The vectors representing species scores separated into three main subgroups (Figure 4.8). The lower 

right quadrant was characterised by A. richardi, Caryophyllia sp. 2 and to a lesser extent C. smithii and 

the brittlestar OTU451 Ophiothrix fragilis. The lower left quadrant was characterised by the 

predominance of Ophiuroidea, Munida sp. and the polychaete OTU228 Serpulidae sp. 2 The upper right 

quadrant was represented by anemones, including an unidentified anemone and a variety of Actinaria 

morphospecies, OTU510 Actinaria sp. 17, OTU1255 Actinaria sp. 32 and OTU605 Actinaria sp. 20, 
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plus the molluscan morphospecies OTU1219 Bivalivia sp. 3 and OTU113 Colus sp. 2. Lastly, the upper 

left quadrant was characterised by a predominance of the polychaete OTU106 Serpulidae sp. 1. 

The results from the RDA, corroborated those from the nMDS plot, whereby samples formed two main 

aggregations (Figure 4.6) that related to the lower left and right quadrants in the RDA plot (Figure 4.8). 

The remaining samples that dispersed, forming less well defined muddy sand assemblage(s) (Figure 

4.6) related to by the upper quadrants of the RDA plot (Figure 4.8). The agreement in aggregation was 

primarily driven by the same morphospecies, except that the RDA highlighted OTU106 Serpulidae sp. 

1 as contributing to sample differentiation (Figure 4.8 and Table 4.2). 

Variance partitioning showed that 17 % of variance in species data explained by the environmental 

variables was spatially structured in relation to the sample co-ordinates (Figure 4.9). Pearson’s 

correlation coefficients and VIF scores showed that sample co-ordinates were highly correlated with 

depth (Supplementary 4.2.3). Together these results suggested that observed spatial patterns in fauna 

are driven by the environmental variables which themselves are spatially organised in relation to depth 

and so exhibit a degree of induced spatial dependence. 

The spatial structuring of the influential environmental variables expressed itself as spatial structure in 

the data, whereby samples exhibited a general spatial trend related to depth and greater similarity at 

distances < 14 m (Mantel correlation coefficient 0.02) that decreased with increasing distance, until 

samples exhibited greater dissimilarity than expected by chance at distances > 2.7 km (Mantel 

correlation coefficient - 0.09) (Supplementary 4.2.3). The similarity in samples was most likely driven 

by assemblages 1 – 3, which within each mound province were positioned on average 14 m apart. On 

the other hand, sample distances between the mound and non-mound provinces were larger and likely 

contributed to the broad-scale dissimilarity. 
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Figure 4.4 Example images of the fauna and substrataof (A) observed from the imagery data. (A) 

OTU510 Actiniaria sp.17, OTU499 Actinauge richardi and OTU500 Caryophyllia smithii observed 

from image CNYN_CEND0917_CNYN082_STN_231_A1_056 at 330 m water depth. (B) OTU200 

Munida sp., Unidentified Actiniaria sp., OTU499 Actinauge richardi, OTU246 Ophiactis balli / 

Ophiuroidea, OTU228 Serpulidae sp. 2 and OTU447 Microchirus variegatus observed from image 

CNYN_CEND0917_ CNYN047_STN_192_A1_014, at a water depth of 300 m. (C) OTU6 

Caryophyllia sp. 2, OTU499 Actinauge richardi and OTU228 Serpulidae sp. 2 observed from image 

JC166_STN340_607 at a water depth of 366 m. (D) OTU499 Actinauge richardi, OTU1219 Bivalvia 

sp. 3 and Unidentified Actiniaria sp. observed from image CNYN_CEND0917_CNYN110 

_STN_227_A1_017 at a water depth of 440 m. (E) uncropped image of coral rubble observed from 

image JC166_STN340_376, at a water depth of 300 m Scale bars = 10 cm.
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Figure 4.5 Dendogram showing results of multivariate hierarchal clustering of Hellinger transformed species dataSilhouette widths for each cluster are denoted 

in italics. Eight interpretable clusters were identified as producing the highest average Silhouette width (denoted by different colour overlays Cluster: 1  2  3  

4  5  6  7  8 ). 
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Figure 4.6 nMDS plot of multivariate Hellinger transformed species dataSamples are coloured to 

represent the eight clusters identified by hierarchical clustering analysis. 
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Figure 4.7 Spatial plot of clusters: Sample are coloured to represent the eight clusters identified by hierarchal clustering analysis. 
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Table 4.2 Clusters identified from multivariate hierarchical clustering analysis with associated environmental parameters, and SIMPER resultsidentifying 

the morphospecies that characterise the clusters (90% accumulative contribution cut off).  

Cluster Characterising species Water 

depth (m) 

EUNIS Substratum Substratum Mound 

Province 

Feature 

1 OTU499 Actinauge richardi, OTU500 

Caryophyllia smithii, OTU2 Cerianthidae 

sp. 1 

296 - 484 Mud and sandy mud, 

Coarse sediment 

Muddy sand with varying 

amounts of  pebbles, shell and 

coral fragments 

Yes In between 

mounds 

2 OTU246 Ophiactis balli/ Ophiuroidea , 

OTU499 Actinauge richardi, OTU228 

Serpulidae sp. 2, OTU200 Munida sp.  

296 - 481 Mud and sandy mud, 

Sandy and muddy sand, 

Coarse sediment, Mixed 

sediment 

Coral rubble, muddy sand with 

varying amounts of pebbles, shell 

and coral fragments  

Yes On and in 

between 

mounds 

3 OTU6 Caryophyllia sp. 2, OTU499 

Actinauge Richardi, OTU228 Serpulidae 

sp. 2 

321 - 371 Mud and sandy mud Muddy sand with varying 

amounts of pebbles or coral 

fragments 

Yes In between 

mounds 

4 OTU605 Actiniaria sp. 20 435 - 482 Mud and sandy mud Muddy sand with varying 

amounts of shell fragments 

No Flat 

5 Unidentified Actiniaria sp., OTU1219 

Bivalvia sp. 3, OTU499 Actinauge 

richardi 

424 - 490 Mud and sandy mud, 

Mixed sediment 

Muddy sand with varying 

amounts of pebbles and shell 

fragments 

No Bathymetric 

rise 

6 Less than 2 samples in group 440 Mud and sandy mud Muddy sand with shell fragments  No Bathymetric 

rise 

7 OTU1255 Actiniaria sp. 32, OTU510 

Actiniaria sp. 17, Unidentified Actiniaria 

sp. 

421 - 435 Mud and sandy mud, 

Mixed sediment 

Muddy sand with varying 

amounts of pebbles and shell 

fragments 

No Flat 

8 Less than 2 samples in group 433 Mud and sandy mud Muddy sand No Flat 
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Table 4.3 Analysis of Similarity results. Analysis of similarity was calculated between six categories based on Hellinger distance matrices. Each pairwise 

comparison of two groups was performed using 999 permutations. * 11 out of 42 pairwise comparisons < 999. Global R values > 0.75 are 

generally interpreted as clearly separated, R >0.5 as separated, R <0.25 as groups that are hardly separated and negative values suggest that 

dissimilarities are greater within than between groups (Chapman and underwood 1999). 

Factor Number of levels in factor Global R p value 

Interfluve 2 0.38 0.01 

Province/Non-province 2 0.47 0.01 

Mound/Non-mound 2 -0.08 0.98 

Substrata * 10 0.41 0.01 

EUNIS Substrata 4 -0.03 0.75 

 

Table 4.4 Results from Canonical Redundancy Analysis (RDA) of Hellinger transformed species data and selected environmental variables. Significance 

of individual terms by analysis of variance (ANOVA) on RDA including spatial structure. ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. ♦ amended 

significance taking into account spatial structure. 

Model Environmental Variables - Significance of individual 

terms by ANOVA 

Adjusted R2 Significance of RDA Plot by ANOVA  

F-value p - value   

RDA 

Depth***, Ruggedness (3)***, Ruggedness (17)**, 

Homogeneity**, Northness***, Eastness***,  

Coral rubble **, Correlation ***, Slope** 

23  
6.70, df= 9,160  

(♦ 7.24, df=11,158) 
0.001   
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Figure 4.8 Canonical Redundancy Analysis of Hellinger transformed species 

data and selected environmental variables.For clarity, the triplot is displayed in 

three separate plots with varying axis limits. (A) Species data, only fauna with 

the strongest effect are labelled. (B) Environmental variables and sites colour 

coded by substratum type. (C) Sites colour coded to represent hierarchal 

clustering. The vector arrowheads represent high, the origin averages, and the 

tail (when extended through the origin) low values of the selected continuous 

environmental variables. Sites are represented by circles. Sites close to one 

another tend to have similar faunal structure than those further apart.). 
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Figure 4.9 Variation partitioning plotplot for the Hellinger transformed species data, the selected 

environmental variables (Terrain = depth, northness, eastness, slope, ruggedness derived at 

neighbourhoods of three and 17, textural = homogeneity (51w 25ipd) and correlation (51w 20ipd), 

percent coral rubble and spatial variables (sample co-ordinates). 

4.4.3.2 Predictive distribution modelling of assemblages 

Predictive distribution maps of the assemblages were built using RF. The predicted distributions 

represented the three mound province assemblages that corresponded to clusters 1-3 of the hierarchal 

clustering and a fourth assemblage that represented the combination of the less defined non-mound 

province samples belonging to clusters 4-8 of the hierarchal clustering. Predictive models based upon 

the variables depth, northness, eastness, homogeneity (51w 25ipd), correlation (51w 20ipd), slope and 

ruggedness at neighbourhoods of three and 17 were generated across the full extent of the available 

environmental rasters for the two interfluves (Figure 4.10). RF outputs showed that while terrain 

variables explained higher variance in assemblages, the textural indices were important for node purity 

(Supplementary 4.2.3). 

Model accuracy estimated by the out of bag error rate using the training data, indicated that the model 

adequately discriminated the assemblages (30.36 %). However, the confusion matrix of the predicted 

and observed classification using the test data showed variable accuracy in assemblage predictions. 

Confusion matrices showed that most of the error was in the misclassification of assemblage 1 

(misclassification error rate 0.91), which was inaccurately predicted where assemblage 2 or 3 occurred. 

Prediction accuracy of assemblage 2 and 4 was higher (misclassification error rate 0.06 and 0.00, 

respectively). Review of the predicted distributions (Figure 4.10) against spatial plots of clusters (Figure 



Chapter 4 

116 

4.7) showed that the predictive inaccuracy of assemblage 1 resulted in the overestimation of its extent. 

For example, assemblage 1 was predicted to occur to the north-east of the area surveyed on the Explorer 

interfluve (Figure 4.10), when in reality assemblage 2 (synonymous with cluster 2) was observed in the 

ground-truth data (Figure 4.7).  

Assemblage 1 and 2 were predicted across both interfluves generally in areas with northern aspects 

(Figure 4.10 and supplementary 4.1.1). Assemblage 3 was predicted in areas of moderate ruggedness 

between areas straddling low and high homogeneity, observed in association with the bathymetric rise 

toward the south-west of the Dangaard survey area and between or surrounding mounds within the 

mound provinces (Figure 4.10 and supplementary 4.1.3). Assemblage 4 was predicted toward the south-

west of the Dangaard survey area, coincident with homogeneous areas of low ruggedness and southern 

aspects in water depths > 390 m (Figure 4.10 and supplementary 4.1.1 and 4.1.3).  

4.4.3.3 Species Richness and Density 

Highest species richness and density was observed from samples belonging to assemblage 2 that was 

observed from coral rubble substratum (Figure 4.11). GAMs analysis of the species richness data 

identified depth, slope, ruggedness 9nh and coral rubble as important variables explaining 41% variation 

in species richness across the samples (< 0.001 (11.08 df =157,169)) (Table 5). GAMs also identified 

coral rubble, depth, ruggedness 17nh, slope and in addition correlation 11ws 5ipd as important variables 

explaining 28 % variation in density across samples (<0.001 (16.8 df = 150,167)) (Table 4.5). Both 

species richness and density exhibited an overall positive relationship with slope and an overall negative 

relationship with depth, although density showed a peak at 450 m water depth (Figures 4.12 and 4.13). 

Species richness exhibited a positive relationship with coral rubble (Figure 4.12), whereas density 

showed a positive relationship which peaked at ~ 22 % beyond which it became negative (Figure 4.13). 

Species richness showed a variable but overall negative relationship with ruggedness 9nb (Figure 4.12), 

whereas density exhibited weak relationships with both ruggedness 17nh and correlation 11w 5ipd (Figure 

4.13).  No obvious threshold for species richness or density was observed in the modelled environmental 

variables (Figures 4.12 and 4.13).  

The relationships identified from the GAMs corroborate the analysis of faunal assemblages, where 

increased species richness and density was recorded from samples belonging to assemblage 2 (Figure 

4.11), which the RDA analysis showed to exhibit a negative relationship with depth and positive 

relationship with percent cover of coral rubble and slope (Figure 4.8). 
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Figure 4.10 Random Forests predictive map of assemblage distribution across the  

two survey areas occuring on the (A) Explorer and (B) Dangaard interfluves as 

shown in the map inset (C). Random Forests built with the selected 

environmental variables following the redundancy analysis of species data.  
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Table 4.5 Results from Generalised Additive Models for species richness and density and the selected environmental variables. Significance of individual 

terms tested by analysis of variance (ANOVA) ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ● p ≤ 0.10. 

Model Environmental Variables - Approximate significance of individual terms by ANOVA 

Variance explained 

(Adjusted R2) ANOVA of model  p-value 

Species 

richness Intercept***,  Ruggedness (9) ***, Slope ***, Coral rubble ***, Depth *** 41% <0.001 (11.08, df 157.169) 

Density  Depth ***,  Coral rubble **,  Ruggedness (17)●, Correlation (11w_5ip)*,  Slope ** 28% <0.001 (16.8, df = 150,167) 

 

 

Figure 4.11 Boxplots showing (A) species richness and (B) densityrecorded from samples belonging to the four assemblages. 
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Figure 4.12 General Additive Models smoother outputs showing the relationship between species 

richness and the selected environmental variables. Centred smooth component and estimated degrees 

of freedom, black line. Grey shade represents standard error estimates for the smoothers.  A) Depth (m), 

B) Slope º, C) Coral rubble as percent cover and D) Ruggedness 9nh. 
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   A        B 

 
                            Correlation 11w5ipd                                                Depth (m)  

    C                                D

                                                                               

Figure 4.13 General Additive Models smoother outputs showing the relationship between density and 

the selected environmental variables. Centred smooth component and estimated degrees of freedom, 

black line. Grey shade represents standard error estimates for the smoothers.  A) Correlation 11ws 5ipd, 

B) Depth (m), C) Coral rubble as percent cover and D) Ruggedness 17nh, E) Slope º. 

Ruggedness 17nh 

 



Chapter 4 

121 

4.5 Discussion 

Understanding how structural complexity influences spatial patterns in deep-sea species richness, 

density and assemblage is fundamental for understanding processes that drive faunal patterns in areas 

subject to seafloor modification by trawling. 

4.5.1 The influence of seafloor heterogeneity and complexity 

Our results show that depth and seafloor characteristics (topography and substratum) derived at spatial 

scales of 25 to 825 m, explain variation in observed species richness, density and assemblage. These 

variables relate to structural complexity, seafloor orientation and distribution of substratum. 

Our results show that species richness, density and assemblage are influenced by variations in 

substratum characteristics linked to structural complexity at different scales. Faunal assemblage are 

influenced by substratum characteristics (Figure 4.8 and Tables 4.2 and 4.3), which exhibit a degree of 

spatial correlation with structurally complex geomorphological features (i.e. mounds and bathymetric 

ridge) that occur at specific depths on canyon interfluves (Figure 4.1). Species richness and density are 

likely influenced by heterogeneity in environmental conditions (notably variations in substratum 

characteristics), which are positively correlated with increased structural complexity, particularly at 

finer scales (i.e. coral rubble) rather than broader scales (i.e. Ruggedness 17nb) 

In our study, depth was identified as an important factor explaining variation in species richness, density 

and assemblage (Tables 4.4 and 4.5). Depth is commonly identified as a prominent explanatory variable 

of deep-sea faunal patterns (Rex, 1976; 2006; 2010; Levin et al., 2001; Howell et al., 2002; Carney, 

2005; Braga-Henriques et al., 2013; Kenchington et al., 2014; Robert et al., 2015), where in addition to 

substratum characteristics, it acts as a broad-scale proxy for water mass characteristics, food availability 

and hydrodynamics (Clark et al., 2010; McClain et al., 2010; 2015; Du Preez et al., 2016; Ramos et al., 

2016; Pearman et al., 2020). On the interfluves, broad-scale gradients in water mass characteristics, 

food availability and hydrodynamics are not expected to vary (Aslam et al., 2018; Pearman et al., 2020). 

In our study, coral rubble and increased fine-scale patchiness (reduced homogeneity) of substratum 

characteristics was observed in association with the mound provinces that occur in water depths <380 

m (Figure 4.1 and supplementary 4.1.3). Therefore, on the interfluves studied here, depth most likely 

acts as a broad-scale proxy of substratum characteristics, as well as the factors mentioned above.  

Faunal patterns have been correlated with substratum characteristics in numerous benthic studies (Baker 

et al., 2012; Hallenbeck et al., 2012; Braga-Henriques et al., 2013; Currie and Sorokin, 2013; Robert et 

al., 2014; 2015; Durden et al., 2015; Sigler et al., 2015; Carvalho et al., 2017; Pearman et al., 2020). In 

canyon settings, substratum was the dominant factor driving assemblages at The Gully (eastern Canada 
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margin) (Mortensen and Buhl-Mortensen, 2005; Baker et al., 2012) and canyons in the Bay of Biscay 

(van den Beld et al., 2017), and sponge diversity was positively correlated with variation in substratum 

in five canyons off the south-eastern Australian margin (Schlacher et al., 2007).   

Our results suggest that spatial patterns in faunal assemblage reflect the spatial arrangement of 

substratum characteristics in relation to the structural complexity of geomorphological features, which 

occur at specific water depths. Characteristic fauna of each assemblage show positive correlations with 

different seafloor characteristics (Figure 4.8).  Ophiuroids, serpulids and Munida sp. are characteristic 

of assemblage 2, and are positively correlated with coral rubble, northness and slope (Figure 4.8). 

Review of SSS backscatter and MBES bathymetry shows that mound features occur at certain depths 

(< 380 m) (Figure 4.1 and supplementary 4.1.1) and aggregate above underlying bathymetry with high 

slope values (supplementary 4.1.1). The relationship with northness is less obvious and may reflect the 

general trend of increased variability in the orientation of the seafloor within the mound provinces, 

compared to outside the provinces, which is predominately southern (supplementary 4.1.1). On the 

other hand, A. richardi, Caryophyllia sp. 2 and C. smithii, which characterise assemblages 1 and 3, are 

positively correlated with ruggedness 3nh and less homogeneous substrata with higher correlation 

indices (Figure 4.8). Review of the acoustic data shows that such conditions are concurrent with areas 

between the mounds and on the bathymetric ridge observed on the Dangaard interfluve (supplementary 

4.2.1 and 4.2.2). Lastly, substrata characterised as being more homogeneous and occurring in deeper 

water, with eastern aspects are correlated with the remaining morphospecies (Figure 4. 8), which are 

associated with assemblage 4, and review of acoustic data shows that these conditions are coincident 

with the deeper muddy sand toward the south-west of the Dangaard interfluve (Figure 4.1 and 

supplementary 4.1.1 and 4.1.2). Similar patterns, where faunal distributions have been related to the 

spatial structuring of substratum characteristics in relation to geomorphological features have been 

observed at similar scales for iceberg plough marks (Robert et al., 2014) and sand ripples (Hallenbeck 

et al., 2012). Studies in canyons have also correlated faunal distributions with both substratum and/or 

topography (Robert et al., 2015; Pearman et al., 2020). However, these studies focussed on canyon 

branches, that differ from interfluves in that they occur in deeper water depths and often experience 

sharper environmental gradients and enhanced hydrodynamics (Stewart et al., 2014; Aslam et al., 2018; 

Pearman et al., 2020), which can affect the ability to isolate the direct influence of structural complexity. 

In our study, species richness was positively correlated with the presence of the mounds. GAMs analysis 

for species richness identified a negative relationship with depth, an overall positive relationship with 

coral rubble and slope, and a variable but overall negative relationship with ruggedness 9nh (Figure 

4.12). The relationships identified from the GAMs corroborates the analysis of assemblages, where 

increased species richness and density was associated with assemblage 2 (Figure 4.11), which like 

species richness exhibited a negative relationship with depth and ruggedness 9nh, and positive 

relationship with slope and coral rubble (Figure 4.8). As such, increased species richness appears to be 
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associated with the mounds, which are aggregated at shallower depths, above underlying seabed with 

steep slopes (Supplementary 4.2.4). The overall negative relationship between species richness and 

ruggedness 9nh may reflect the scale at which ruggedness was derived. Ruggedness derived at larger 

neighbourhoods than slope, captured broader scale variation in bathymetry, which did not relate to the 

distribution of mounds and coral rubble (Supplementary 4.2.4). High ruggedness calculated at 

neighbourhoods > 9 pixels highlighted areas coincident with broad-scale distributions of substratum 

characteristics (i.e. availability of pebbles) (Figure 4.1 and supplementary 4.2.4). Consequently, these 

results suggests that faunal patterns in species richness on the interfluves are influenced by the increased 

structural complexity provided by the presence of the mound provinces in conjunction with broader 

scale variability of the underlying bathymetry across the site.  

Positive correlations between structural complexity and diversity have been documented in benthic 

studies across various scales (Levin et al., 2010; De Leo et al., 2014; Robert et al., 2017). At broad- 

scales environmental heterogeneity resulting from the structural complexity provided by topographic 

features has been linked to variations in faunal diversity and biomass on seamounts (McClain, 2007), 

abyssal hills (Durden et al., 2015) and in canyons (De Leo et al., 2010; McClain and Barry, 2010; 

Pearman et al., 2020). In canyons, broad-scale structural complexity generates environmental 

heterogeneity in substratum characteristics (Huvenne et al., 2011; Huvenne and Davies, 2014; Stewart 

et al., 2014), hydrodynamics (Hall et al., 2014; Hall et al., 2017) and food availability (Campanyà-

Llovet et al., 2018) which have been linked to spatial patterns in fauna (Robert et al., 2015; Campanyà-

Llovet et al., 2018; Pearman et al., 2020). In our study, the broad-scale distribution of substratum 

appeared correlated with the underlying bathymetry (Figure 4.1 and supplementary 4.1.1). On the other 

hand, increased fine-scale patchiness of substratum characteristics, which generate variations in 

backscatter image texture (i.e. contrast, entropy,) was associated with the increased structural 

complexity provided by the mini-mound provinces (Figure 4.3 and supplementary 4.1.3), which likely 

promotes increased species richness by enabling fauna with different substratum preferences to co-

occur (Schlacher et al., 2007).  

In our study, coral rubble was positively correlated with increased species richness and density (up to a 

point) (Figure 4.12 and 4.13) and highest species richness and density was observed from assemblage 

2 (Figure 4.11), which was positively correlated with percent cover of coral rubble (Figure 4.8). The 

fine-scale structural complexity provided by coral framework or, rubble has been linked to high 

diversity observed from coral habitats (Frederiksen et al., 1992; Roberts et al., 2008; Buhl-Mortensen 

et al., 2010; Price et al., 2019). Coral rubble provides fine-scale structural complexity by the 

accumulation of hollow coral fragments that lay on top of one another to generate topographic 

irregularity in the seafloor surface (evident in image stills, Figure 4.3). The increased structural 

complexity promotes increased epi-benthic species richness and density because the accumulation of 

coral fragments provides increased surface area of hard substratum for colonisation (Buhl-Mortensen 
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et al., 2010) and increased elevation from the seafloor (Figure 4.3), which can enable fauna to better 

exploit currents to increase food encounter rates (Mohn et al., 2014; Fabri et al., 2017; Lo Iacono et al., 

2018). Additionally, the interstitial spaces within and between coral fragments provide refuge from 

predation (Buhl-Mortensen et al., 2010; Price et al., 2019). In contrast to our work, previous studies 

exploring the influence of the fine-scale structural complexity provided by coral rubble have been 

conducted where coral rubble occurs in proximity to live reef (Buhl-Mortensen et al., 2010; Robert et 

al., 2017). Such locations are likely to experience enhanced hydrodynamics facilitating the growth of 

cold-water corals and associated filter and suspension feeding assemblages (Davies, 2009; Roberts et 

al., 2009a; Duineveld et al., 2007; 2012; Moreno Navas et al., 2014) promoting increased diversity 

(Kazanidis et al., 2015). In contrast the coral rubble setting of our study is quite different, to date no 

live coral reef or intact framework has been observed (Howell et al., 2010; Davies et al., 2014; Stewart 

et al., 2014) and there is no evidence of enhanced hydrodynamics across the study area (Aslam et al., 

2018; Pearman et al., 2020). Thus our work provides unique insights into how fine-scale structural 

complexity provided by coral rubble influences faunal patterns on interfluves, independent of the 

presence of live coral cover, and confirms that coral rubble could be acting as a ‘key stone structure’ 

(Tews et al., 2004) to promote increased species richness and density on the interfluves.  

4.5.2 Predictive distribution modelling of assemblages 

Consistent with the RDA results, faunal assemblages were predicted in localities reflecting variability 

in structural complexity and associated patchiness in distribution of substratum characteristics (Figures 

4.8 and 4.9). However, in our study, the inability of acoustic derivatives to differentiate the fine-scale 

substratum characteristics (i.e. presence of coral fragments), which image data could detect may have 

led to predictive inaccuracies. The association between coral rubble and mounds, and between mounds 

and the underlying geomorphology (i.e. depth, slope and northness) enabled terrain derivatives to act 

as proxies of mound occurrence and finer scale structural complexity. However, where the mounds on 

the Explorer interfluve were less discrete and the correlation between mound distribution and the 

underlying bathymetry was weaker, the effectiveness of terrain derivatives to act as a proxy of fine-

scale structural complexity or indicate the presence of coral rubble was reduced, resulting in predictive 

inaccuracies in the form an overestimation of assemblage 1 on the Explorer interfluve (Figures 4.7 and 

4.10). The predictive inaccuracy highlights the potential importance of fine-scale structural complexity 

in influencing faunal assemblage distribution on the interfluves and that predictive models based solely 

on broader resolution ship-based acoustic data may miss or inadequately represent this information.  

Overall, our results indicate that faunal assemblages are influenced by substratum characteristics that 

are spatially arranged in respect to geomorphological features (i.e. mounds and bathymetric ridge) and 

the underlying bathymetry upon which they occur. Terrain derivatives capture variation in broad-scale 

structural complexity that reflects changes in the bathymetry across the site and potentially a gradation 
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in availability of coarser substrata. The increased structural complexity provided by the mini-mound 

provinces increases the fine-scale patchiness of substratum characteristics and the fine-scale structural 

complexity provided by coral rubble increases fine-scale environmental heterogeneity as well as 

influencing biological interactions by providing shelter for associated species, both resulting in 

increased species richness. 

4.5.3 Ecological importance of mini-mounds 

We have described three faunal assemblages from the mound provinces, and due to limited sampling 

have been unable to adequately describe those from outside (Figure 4.4 and Table 4.2).  The A. richardi, 

ophiuroid and Munida sp. assemblage associated with coral rubble is consistent with the ‘Ophiuroids 

and Munida sarsi associated with coral rubble’ assemblage previously described from coral rubble on 

the interfluves (Davies et al., 2014; Stewart et al., 2014). However, in contrast to previous studies our 

results show that A. richardi was also a characteristic species and abundant across the mound provinces 

(Table 4.2 and supplementary 4.2.2). High abundances of A. richardi have been recorded from trawl 

surveys over coarse substratum of the canyons and the surrounding Celtic margin (Ellis et al., 2007). 

Additionally, in contrast to previous studies we did not observe the crinoid, Leptometra celtica that was 

a characteristic taxon observed on mixed substratum of the Dangaard interfluve (Stewart et al., 2014). 

Instead, we observed two other assemblages occurring between the mounds characterised by either the 

cup coral Caryophyllia sp. 2 or C. smithii (Figures 4.4 and 4.7 and Table 4.2). Elsewhere in the canyons 

an assemblage characterised by Munida sp. and caryophyllids on mixed substrata (including biogenic 

gravel) has been observed (Howell et al., 2010), as has another assemblage characterised by Carophyllia 

sp. 2, encrusting Porifera and Hydrozoa (Davies et al., 2014). Although not observed from the 

interfluves it is possible that these assemblages correspond to or represent, variations of the 

Caryophyllid assemblages observed in our study. 

The differences in assemblages observed from interfluves between studies could reflect the differences 

in survey location and spatial extent that resulted in different environments being sampled. For example 

the L. celtica assemblage was observed from a mixed substratum (shell hash), that was not observed 

during our study. In contrast to our transect locations, previous transects where the L. celtica assemblage 

was observed were undertaken toward the north-east of the mound province of the Dangaard interfluve 

where substrata have been interpreted to be coarser (Stewart et al., 2014). The differences in 

assemblages observed across the mound provinces and surrounding interfluves highlights the spatial 

heterogeneity of assemblages associated with the mounds and illustrates the importance of the mound 

provinces for regional diversity by increasing habitat heterogeneity on the interfluves, which is 

positively correlated with increased diversity in associated species (Frederiksen et al., 1992; Henry and 

Roberts, 2007; Lessard-Pilon et al., 2010).  
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Observed fauna and assemblages in our study are also known from the wider North-East Atlantic, 

incorporating the Celtic margin, Rockall Bank and Wyville-Thomson Ridge (Howell et al., 2010; 

Davies et al., 2014). Solitary scleractinian fields on a range of Atlantic upper bathyal sediments and 

Caryophyllia smithii and Actinauge richardi assemblage on Atlantic upper bathyal coarse sediment, are 

described biotopes from Rockall Bank (Parry et al., 2015) that correspond to the assemblage in our 

study that was characterised by OTU499 C. smithii, A. richardi and OTU2 Cerianthidae sp. 1. An 

Ophiuroid and squat lobster (Munida sp.) assemblage has been observed from coral rubble substrata 

across the North-East Atlantic (Howell et al., 2010) and corresponds to the Squat lobster assemblage 

on Atlantic upper bathyal coarse sediment (Lophelia rubble) biotope (Parry et al., 2015). However, 

these assemblage descriptions are associated with ‘the Lophelia rubble zone’ or, ‘coral rubble apron’ 

that comprise the eroded fragments of coral framework that accumulate to surround living reefs 

(Mortensen et al., 1995), which differs from the environmental setting of coral rubble among the mini-

mounds where no life reef is present. Consequently, Howell et al. (2010) has proposed that coral rubble 

assemblages that are separate from life reef systems represent a variant of the Lophelia rubble 

assemblages formerly described. Our results further support the differentiation between the coral rubble 

assemblages of the mini-mounds from coral rubble aprons of living reefs, based upon the presence of 

A. richardi which is absent from other descriptions (Mortensen et al., 1995; Howell et al., 2010; Parry 

et al., 2015). If the coral rubble associated assemblage observed in our study were to be considered a 

variant then its distribution would be more restricted, possibly to canyon interfluves, which would need 

to be considered in environmental management. 

4.5.4 Fishing 

The canyon interfluves have been historically fished for decades and in our study trawl marks were 

evident across the mini-mound provinces (Figure 4.3). Daly et al. (2018) reported that the ‘Whittard 

Canyon area likely experiences the same effects from seafloor ploughing as those found at La Fonera 

Canyon in the North-West Mediterranean by Puig et al. (2012) albeit at a slower rate and wider 

geographical area’. Such studies of trawling impact have emphasised the reduction in seafloor 

complexity caused by contact fishing gear (Bahn_McGill, 2012; Puig et al., 2012; Martín et al., 2014a; 

2014b; Daly et al., 2018).   

The reduced expression of the mounds on the Explorer interfluve have been attributed to higher fishing 

intensity compared to that experienced by the Dangaard interfluve (Stewart et al., 2014). This could 

also account for the mounds being less discrete on the Explorer interfluve. However, despite differences 

in the expression of the mounds between the interfluves, mound assemblages in our study did not differ. 

We propose that this is because of the of importance fine-scale structural complexity, provided by the 

coral rubble, in influencing faunal assemblages within the mound provinces, even when broader scale 

structural complexity is reduced. 
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4.6 Conclusion  

Our results have shown that faunal assemblages are influenced by substratum characteristics that are 

spatially arranged in relation to structurally complex geomorphological features (i.e. mounds and 

bathymetric ridge). Increased species richness and density are associated with increased patchiness in 

substratum characteristics in relation to increased structural complexity provided by the mini- mound 

provinces and fine-scale environmental heterogeneity and shelter provided by coral rubble. The fine-

scale structural complexity provided by coral rubble is an important factor influencing faunal patterns 

even when the broader scale structural complexity of the mounds is reduced. Further, excluding or 

inadequately capturing variation in structural complexity of mounds or coral rubble may lead to 

predictive inaccuracies of assemblage distribution. Consequently, coral rubble may be acting as a key 

stone structure on interfluves that supports a coral rubble assemblage distinct from that previously 

described from the coral rubble zone adjacent to living coral reefs. 
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Chapter 5 Synthesis  

5.1 Thesis Motivation 

Submarine canyons are complex geomorphological features that incise continental margins and act 

as conduits between the deep sea and coastal and shelf environments. (Huvenne and Davies, 2014; 

Amaro et al., 2016). The complex geomorphology coupled with cross-shelf exchanges and canyon-

intensified hydrodynamics, generates high spatio-temporal heterogeneity in environmental 

conditions (Fernandez-Arcaya et al., 2017; Hall et al., 2017; Campanyà-Llovet et al., 2018; Ismail et 

al., 2018). The high environmental heterogeneity is proposed to promote the high biological and 

habitat diversity observed within canyons (Bianchelli and Danovaro, 2019). In particular, the 

complex topography of canyons can lead to intensified hydrodynamics, including internal tides (Hall 

et al., 2014) that are hypothesised to influence faunal distributions (Huvenne et al., 2011; Johnson et 

al., 2013) and favour vulnerable marine ecosystems (VMEs) such as cold-water coral (CWC) habitats 

(De Leo et al., 2010; Robert et al., 2015). CWC habitats are associated with increased biodiversity 

(Roberts et al., 2009b; Buhl-Mortensen et al., 2010). Technological advancements have revealed 

CWC habitats occurring on the vertical walls of canyons (Huvenne et al., 2011; Robert et al., 2017) 

and small mounds comprised of coral fragments have been described from canyon interfluves 

(Stewart et al., 2014). Understanding the connection between faunal patterns, including CWCs, 

environmental heterogeneity, local hydrodynamics and fine-scale structural complexity like that 

provided by coral rubble mounds, is needed to support the effective management of  canyons and the 

features of conservation that they support (Huvenne and Davies, 2014; Buhl-Mortensen et al., 2015). 

However, studies explicitly incorporating internal tide data into ecological modelling of canyon 

fauna are limited (Liao et al., 2017; Bargain et al., 2018). Furthermore, despite the importance of 

structural complexity in generating environmental heterogeneity, few studies assessing the influence 

of finer- scale structural complexity have been undertaken (Robert et al., 2017; Price et al., 2019). 

This thesis applied a range of statistical approaches to increase our understanding of what drives 

epibenthic megafaunal patterns, including CWCs, over a range of spatial scales, and specifically 

advances our understanding of how internal tides influence epibenthic megafaunal patterns in 

canyons, using Whittard Canyon, North-East Atlantic as a model system. 
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5.2 Thesis objectives 

5.2.1 Overall thesis objective 

The overall aim of this thesis was to (1) investigate how environmental heterogeneity acting at 

different spatial scales influences spatial patterns of epibenthic megafauna, including CWCs and (2) 

assess the role of the internal tide and fine-scale structural complexity in influencing faunal patterns 

in Whittard Canyon, North- East Atlantic. 

This aim was achieved through: (1) comparative predictive habitat modelling with and without 

physical oceanographic data (including internal tide data) and (2) by multivariate statistical analyses 

to investigate the influence of spatial and temporal environmental heterogeneity on species diversity 

and assemblage structure. 

The following sections aim to address each of these objectives and summarise the main scientific 

findings of each chapter. 

5.2.2 Main scientific findings 

5.2.2.1 Chapter 2 

The objective of this chapter was to identify which environmental variables best predict canyon-wide 

epibenthic megafaunal patterns in Whittard Canyon and to assess if including physical oceanographic 

data (internal tide data) improved predictions of biodiversity, abundance and CWC occurrence. 

Submarine canyons represent deep-sea biodiversity hotspots that are associated with CWCs reefs 

(De Leo et al., 2010; Fabri et al., 2014; Robert et al., 2015; Price et al., 2019). Effective spatial 

management and conservation of these features requires accurate distribution maps and a deeper 

understanding of the processes that generate the observed distribution patterns (Huvenne and Davies, 

2014; Buhl-Mortensen et al., 2015; Anderson et al., 2016a). Despite physical oceanography, 

including internal tides, being advocated as important phenomena influencing faunal patterns in 

canyons (Huvenne et al., 2011; Johnson et al., 2013; Liao et al., 2017), these data had rarely been 

incorporated into predictive mapping (Bargain et al., 2018). The work carried out within Whittard 

Canyon identified depth, terrain complexity and hydrodynamics as important environmental factors 

influencing faunal patterns in submarine canyons. The work demonstrated that incorporating internal 

tide data improved model predictions and that excluding internal tide data could lead to an over-

estimate of CWC occurrence. The inclusion of internal tide current speeds, together with terrain 

derivatives, identified those areas where the internal tide is likely to interact with complex 

topography to suspend and concentrate food in the form of nepheloid layers. These areas of 

resuspension and nepheloid layer production coincided with CWC and diversity hot spots within the 

canyon.  
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Figure 5.1 Schematic showing how internal tide dynamics influence food availability. Food 

particles from the surface sink down through the water column and concentrate where the internal 

waves re-suspend material as they come in to contact with the steep and complex topography of the 

canyon walls. Deep-sea filter feeding species, including cold-water corals take advantage of the 

increased food resources, promoting increased diversity in these areas. 

5.2.2.2 Chapter 3 

The aim of this chapter was to investigate if spatial patterns in temporal oceanographic variability 

induced by the internal tides explained variation in spatial patterns of diversity and assemblage 

composition on deep-sea canyon walls. The objectives were achieved by asking: (1) Does epibenthic 

megafaunal assemblage composition change across physical oceanography and substratum gradients 

on vertical walls and (2) which environmental variables exert the strongest influence on epibenthic 

megafaunal diversity and assemblage structure? 

The movement of the internal tide along the canyon causes the vertical displacement of isopcynals 

which in turn generates temporal variability in water mass characteristics on sections of canyon wall 

(Wang et al., 2008; Hall et al., 2017). The degree of variation experienced by canyon fauna on a 

section of wall is dependent on the amplitude of the internal tide and the characteristics of the water 

it displaces. Amplitudes of up 80 m had previously been observed within Whittard Canyon, 

generating twice daily 1°C temperature fluctuations and dissolved oxygen concentration changes of 

12 μmol kg-1 on certain sections of the canyon walls (Hall et al., 2017). However, no studies assessing 

the structuring force of this variability on benthic assemblages in canyons had been conducted. The 

work carried out showed that temporal oceanographic variability induced by the internal tide 

explained variation in spatial patterns of diversity and assemblage composition on canyon walls. 
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Assemblages were linked to the water depth and criticality of the canyon wall to the internal tide. 

Assemblages comprised of larger arborescent species occurred where internal tides potentially break, 

whereas vertical CWC reefs occurred on supercritical walls where internal tide energy is reflected 

back down toward the canyon floor. Heterogeneity in fine-scale substratum features influenced 

diversity patterns, with increased diversity associated with increased structural complexity provided 

by stepped features on walls and by CWC framework. 

5.2.2.3 Chapter 4 

The aim of this chapter was to explore the relationship between structural complexity and epibenthic 

megafaunal assemblages within mini-mound provinces occurring on canyon interfluves that are 

subject to trawling pressure. 

Understanding the role of structural complexity on deep-sea faunal assemblages and diversity at 

comparative scales is fundamental for the accurate impact assessment of seafloor modification by 

trawling and to assist effective spatial management. In general, spatial patterns in epibenthic 

megafauna are intrinsically linked to heterogeneity in environmental conditions at multiple scales 

(Levin et al., 2001;  2010; Robert et al., 2017). However, species-environment relationships are often 

modelled from broad resolution shipborne acoustic datasets from which bathymetric derivatives are 

used as proxies of environmental heterogeneity and complexity (Robert et al., 2015). The mis-match 

between scale of study and scale of biological response could lead to inaccuracies when quantifying 

anthropogenic impact. The thesis undertook a high-resolution study of the mini-mounds and 

demonstrated that species richness, density and assemblage are influenced by variations in fine-scale 

patchiness in substratum characteristics linked to structural complexity at different scales. The work 

supported the role of structural complexity in driving spatial patterns of species richness and density 

within the mound provinces of the canyon interfluves. The work emphasised the ecological role of 

mini-mounds in increasing regional diversity by increasing habitat heterogeneity on the interfluves 

and supported the proposed differentiation between the coral rubble assemblages of the mini-mounds 

from coral rubble aprons of living reefs (Mortensen et al., 1995; Howell et al., 2010). The predictive 

modelling illustrated the importance of fine-scale structural complexity in influencing faunal 

distributions and showed that if the ecologically important heterogeneity cannot be acoustically 

distinguished between classes that are to be mapped it can lead to predictive inaccuracies. The 

implication of these findings is that studies exploring environmental drivers for the purposes of 

habitat mapping should consider if environmental heterogeneity or complexity can be distinguished 

in the available datasets as part of the model selection process. Furthermore, the results of the study 

showed that when broad-scale structural complexity of the terrain is reduced, fine-scale structural 

complexity may still be present and acting to increase diversity. The implication of this finding is 

that a change detected in broad- complexity, which is often reported as an indication of fishing 

impact, does not necessarily reflect a change in fine-scale complexity or fine-scale variability of the 

substratum, which is equally if not more influential to faunal patterns on interfluves. This further 
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highlights the need for multi-scale and multi-loci approaches in detecting species – environment 

relationships to establish anthropogenic drivers and pressure specific effects on faunal assemblages 

to support effective management.  

5.3 Thesis contributions 

5.3.1 Scientific contributions 

This thesis provided a contribution toward our understanding of how environmental heterogeneity 

generated by seafloor complexity and internal tides, acting at different spatial scales influences 

spatial patterns of deep-sea epibenthic megafauna, including CWCs in canyon settings. These 

findings can be used to propose a model, whereby the high variability in epibenthic megafaunal 

patterns observed within canyon systems can be attributed to variability in topography and internal 

tide behaviour between and within canyon branches. 

The work represented one of a few studies that have explicitly investigated how the internal tide 

influences faunal patterns in a deep-sea canyon environment. The work provided further evidence 

for the ecological role of internal tides, which by interacting with complex topography generate 

environmental heterogeneity in food supply and water mass characteristics. Studies from other 

settings have shown that internal tides influence fauna by mediating food supply (Davies, 2009; 

Duineveld et al., 2012; Mohn et al., 2014; Demopoulos et al., 2017) and generating variability in 

water mass characteristics (Jantzen et al., 2013; Henry et al., 2014; van Haren et al., 2017; Hanz et 

al., 2019). In contrast to our study, the few deep-sea studies looking at the role of the internal tide in 

generating temporal variability in water mass characteristics have emphasised the importance of 

internal tides in ensuring efficient food and oxygen supply to support fauna in hostile oxygen 

minimum zones (van Haren et al., 2017; Hanz et al., 2019). Consequently this thesis furthered our 

knowledge of faunal responses to internal tide induced variability within a canyon setting. 

Consistent with the findings of the thesis, assemblages in both deep and shallow water settings have 

been observed to differ between areas experiencing different degrees of internal tide induced 

variability (Jantzen et al., 2013; Henry et al., 2014), or behaviour (i.e. wave breaking) (van Haren et 

al., 2017). In particular, our results corroborate previously reported distribution patterns of deep-

water CWCs that have been observed to thrive in areas experiencing increased internal tide driven 

variability and food supply (Henry et al., 2014; van Haren et al., 2017; Hanz et al., 2019). CWCs are 

opportunistic feeders (Duineveld et al., 2007; Mueller et al., 2014), capable of adjusting their 

metabolism in response to temperature and food supply, which has been proposed as an adaptation 

to periodic fluxes (van Oevelen et al., 2016; Maier et al., 2019). Consequently, by linking CWC 

distributions to internal tide dynamics in canyons, this thesis has contributed to our growing 
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understanding of the association between CWCs and internal tides (Frederiksen et al., 1992; White 

et al., 2005; Thiem et al., 2006; Roberts et al., 2009a; Mohn et al., 2014). 

This thesis provided updated and improved distribution maps of diversity and CWC occurrence 

within the Eastern branch of Whittard Canyon and Dangaard and Explorer Canyons. Dangaard and 

Explorer Canyons constitute the Canyons Marine Conservation Zone (MCZ). Updated and improved 

maps can support the effective management of the MCZ. Furthermore, the predictive distribution 

modelling illustrated that incorporating internal tide data captured additional information to that 

provided by terrain derivatives alone. The incorporation of internal tide data enabled areas of possible 

resuspension and concentrated food resources to be better identified, which improved map accuracy 

and demonstrated that maps based upon terrain derivatives alone could lead to an overestimation of 

CWC occurrence. The improvement in predictive accuracy, provided by including high-resolution 

hydrodynamic data corroborated recent studies that have found that integrating data from spatially 

explicit hydrodynamic models with high resolution bathymetry can improve our understanding of 

multiscale interactions and predictions of habitat suitability, and adds to the growing argument to 

include spatially explicit hydrodynamic models into predictive distribution modelling (Rengstorf et 

al., 2013; 2014; Mohn et al., 2014; Bargain et al., 2018). 

By using a suite of statistical approaches including different predictive mapping methods, this thesis 

has identified and confirmed different spatial scales at which environmental heterogeneity influences 

epibenthic megafaunal diversity and assemblage structure in the deep sea. The thesis has illustrated 

that substratum characteristics influence the spatial distribution of assemblages, while structural 

complexity at varying spatial scales is important in determining spatial patterns in diversity, species 

richness and abundance. For example, at the canyon scale, highest species diversity and CWC 

occurrence is associated with the increased structural complexity of canyon escarpments and ridges. 

Here internal tides interact with the complex topography causing enhanced current speeds or 

modified internal wave behaviour (i.e. wave breaking) resulting in the resuspension of particulate 

matter and nepheloid layer production. Nepheloid layers represent important food resources for deep-

sea fauna, promoting increased diversity. At finer spatial scales, increased structural complexity, 

provided by lithologic features such as ‘steps’ or coral framework and rubble, is associated with local 

peaks in diversity. The increased structural complexity provided by lithology and coral increases 

fine-scale environmental heterogeneity, which in turn promotes increased diversity by the 

diversification of niches and provision of shelter from predators (See Figure 5.2 for a schematic over 

view).  
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These findings corroborate those from other deep-sea settings that have incorporated multi-scale data 

to show that heterogeneity in fine-scale substratum characteristics represents a principal driver of 

variation in assemblage structure and diversity at spatial scales of < 50 m (Robert et al., 2014) and 

that structural complexity across a range of spatial scales (including fine-scale complexity provided 

by coral colonies) may be important in determining spatial patterns in diversity (Robert et al., 2017). 

Similar to our study these authors also noted that fine-scale variability is largely undetected by ship-

acquired MBES (Robert et al., 2017; Lacharité and Metaxas, 2017). 

The utilisation of AUV acquired datasets allowed the characterisation of the mini-mound provinces 

at the metric scale, which, combined with ROV and Drop-down camera imagery data, allowed for 

the most detailed characterisation of the mounds yet. The results demonstrated the positive 

relationship between fine-scale structural complexity and diversity across a new canyon setting (i.e. 

mini-mounds on interfluves) and that fine-scale structural complexity may be an important factor 

acting to influence faunal patterns even when broader-scale complexity is not detected. The 

importance of fine-scale structural complexity and variability in substratum characteristics to the 

overall biodiversity of a system has also been demonstrated on the continental shelf (Post et al., 2016) 

and margin (Lacharité and Metaxas, 2017). The implications of these results is that trawling impact 

studies based solely on evidence of broad-scale reductions in seafloor complexity could be  

misrepresenting species-environment relationships and impacts. Consequently, the application of 

multi-scale approaches to understand and monitor the impacts of seafloor modification by trawling 

on fauna will increase our knowledge of fishing impacts on benthic fauna. Consequently, the 

combined outputs of the thesis promoted the inclusion of true multi-resolution environmental data, 

to capture the spatial heterogeneity in environmental conditions encountered in complex seafloor 

settings, when modelling faunal distributions, diversity and assemblage structure. 

Lastly the thesis provided further ecological characterisation of the fauna and assemblages within 

Whittard, Dangaard and Explorer Canyons, North-East Atlantic and the developed morphospecies 

catalogue contributed to the development of a standardised database format and ongoing 

morphospecies guide for deep-sea taxa of the North-East Atlantic (Howell et al., 2019). 

5.3.1.1 Contributions toward cold-water coral habitat mapping in submarine canyons 

The thesis advanced CWC habitat mapping in submarine canyons by contributing to our 

understanding of the links between environmental heterogeneity and CWC distributions in submarine 

canyons. The thesis showed both how environmental heterogeneity influences CWC distributions, 

but also how the increased structural complexity provided by CWC framework and rubble in turn 

creates fine scale environmental heterogeneity. The thesis illustrated that in order to produce accurate 

CWC habitat maps it is necessary to quantify and map ecologically relevant environmental 

heterogeneity (i.e. include correct parameters and map at the correct spatial scale). Within canyon 
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settings, this includes incorporating internal tide data, and this work has demonstrated that internal 

tides interacting with complex topography are key phenomena that can generate environmental 

heterogeneity in food supply and physical oceanography to influence CWC distributions. The thesis 

also demonstrated how environmental heterogeneity and structural complexity created by CWC 

framework and rubble acts as a driver for species assemblage composition and diversity. While it is 

often of too fine a scale to be detected by standard acoustic surveying techniques, this fine-scale 

heterogeneity should be kept in mind when evaluating the status of benthic ecosystems and accuracy 

of CWC habitat maps. 

5.4 Limitations of the work 

The thesis was principally aimed at modelling species–environment relationships for predictive 

mapping and ecological insights. However, model outputs are always constrained by the data inputs 

(Lecours et al., 2015, Miyamoto et al., 2017, Misiuk et al., 2018, Porskamp et al., 2018) and 

unfortunately deep-sea datasets are often acquired at broad resolutions, reflecting technological 

constrains rather than being ecologically intuitive (Verfaillie et al., 2009; Huvenne and Davies, 2014; 

Ismail et al., 2015; Lecours et al., 2015; Porskamp et al., 2018). When coupled with small sample 

sizes of ground-truthed data points and lack of robust replication across a highly heterogeneous 

landscape it can affect the statistical robustness and applicability of models beyond the data used to 

build them. Consequently caution should be applied not to over-interpret results, (Anderson et al., 

2016b), especially in canyon settings that exhibit high spatial heterogeneity in environmental 

conditions and localised faunal distributions (Anderson et al., 2016b). To this end predictive habitat 

maps should be viewed as representing suitable locations rather than actual distributions. Ecological 

models should be viewed as simplifications of reality that provide insight but not absolute truth and 

should be used to guide further hypothesis or sampling designs. 

The dependence of model performance on data resolution represents a limitation for all deep-sea 

models (Lecours et al., 2015, Miyamoto et al., 2017, Misiuk et al., 2018, Porskamp et al., 2018). 

Consequently, increased sample size, data resolution of the environmental variables and the inclusion 

of environmental variables that directly influence fauna will further enable more precise 

characterising of environmental heterogeneity which would improve our ability to resolve, model 

and predict relationships between faunal diversity/assemblage and environmental variables, and 

increase our understanding of which and at what scale heterogeneity in environmental variables  

influence deep-sea fauna. 
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Figure 5.2 Schematic of thesis synthesis (Page 137) showing how environmental heterogeneity 

generated by structural complexity and internal tides influences faunal patterns in a deep-sea canyon. 

Environmental heterogeneity is an important factor driving spatial patterns in canyon faunal diversity 

and assemblages. Water mass characteristics influence fauna at spatial scales of 10 - 1000 km and 

vary with depth and distance along the canyon axis, with a reduced influence of the Mediterranean 

Outflow Water (MOW) and increased mixing toward the canyon head. Peaks in diversity and cold-

water coral occurrence coincide with areas where the internal tide interacts with the broad-scale 

structural complexity of the canyon walls (i.e. ridges and escarpments), enhancing resuspension and 

the formation of nepheloid layers that represent an important food resource for deep-sea benthos. 

Local peaks in diversity also occur in areas of increased fine-scale structural complexity provided by 

lithologic features such as ‘steps’, coral framework and rubble that increase fine-scale environmental 

heterogeneity. Spatial patterns in assemblages, on the other hand, are influenced by patchiness in 

distribution of substratum characteristics (i.e. soft or hard) plus by temporal variability in water mass 

characteristics and current speed induced by the propagation and dynamic behaviour of the internal 

tide. 

5.5 Future directions 

Our understanding of the deep sea is intrinsically linked to technological advancements facilitating 

the acquisition of larger and higher resolution datasets (Danovaro et al., 2014; Huvenne and Davies, 

2014). The thesis supports the increasingly advocated need for multi-scale approaches and 

understanding of how relationships change over scale to detect change and match hierarchal 

classification approaches applied in management (e.g. Deep-Ocean Stewardship Initiative) 

(Porskamp et al., 2018).  

Although canyons are recognised as sites of intensified hydrodynamics (Hall et al., 2014; Aslam et 

al., 2018), which this thesis has shown to be influential to fauna, high-resolution hydrodynamic 

models for deep-sea canyons are scarce (Aslam et al., 2018; Bargain et al., 2018). Additionally, ship-

borne acquired acoustic datasets struggle to resolve steep canyons walls that support the highest 

diversity (Hall and Carter, 2011; Huvenne et al., 2011; Robert et al., 2017; Robert et al., 2019). 

Together these factors limit our ability to adequately model habitats in other canyons with 

consequences for spatial management. Consequently, integrating data at an appropriate scale 

currently represents the main challenge of high-resolution canyon mapping. Therefore, future deep-

sea canyon research and mapping should endeavour to incorporate physical oceanographic and 

acoustics datasets at ecologically relevant resolutions, apply multi-scale approaches to model 

selection and improve our understanding of how relationship change across scales. 
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Lastly, future modelling of internal tide dynamics and fauna in canyons or canyons branches where 

hydrodynamics differ to those studied here would enable comparisons and assist in determine the 

universality of the results.  

5.6 Concluding remarks 

Submarine canyons represent ecologically important geomorphological features that support and 

provide refuge for high biological diversity, productivity and VMES, such as CWC habitats. The 

spatial distributions of fauna in canyons, including CWCs are associated with environmental 

heterogeneity generated by internal tides and the structural complexity of the seafloor at various 

spatial scales. Effective management of canyons will require the integration of predictive modelling 

tools and the adoption of multi-scale approaches that incorporate high-resolution acoustic, physical 

oceanographic and internal tide data, to further our understanding of the processes driving spatial 

patterns in fauna. 
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Appendix A Chapter 2 Supplementary materials 

2.1 Methods supplementary materials 

2.1.1 Annotator consistency between studies 

Video Annotations from JC125 were combined with those from the previous cruises of JC010 and 

JC036 (Robert et al., 2015) and annotator consistency assessed following Durden et al. (2016). 

Review of morphospecies catalogues from the two studies show that morphospecies discrimination 

was consistent between the annotators, with discrepancies relating to the level of classification rather 

than a misidentification. In such cases, the annotation in the combined matrix was assigned the lowest 

shared hierarchal classification.   

Annotator consistency was assessed statistically using univariate statistics, T-test and Man Whitney 

of 1-D, that showed diversity differed between annotators (T-Test t = -4.435, df = 127.71, p-value = 

<0.001, Man Whitney W = 9378, p-value = <0.001).  Annotator consistency was also assessed using 

multivariate analysis on Euclidean distance of a Chord transformed 50 m segment sample data 

matrix. This analysis found a difference between sample annotations by annotator (Permutational 

multivariate analysis of variance (PerMANOVA) p < 0.005, Supplementary materials Table 2.1). 

However, further analysis shows that the annotated data exhibit high variability in the morphospecies 

composition between samples from dives completed across different depths and substrates. Whittard 

Canyon is characterised by high spatial heterogeneity and beta diversity (Amaro et al., 2016), with 

authors reporting <40 % taxa shared between dives (Robert et al., 2015). Cluster analysis of our data 

shows that annotator annotations from dives covering similar environmental conditions fall within 

the same cluster (Supplementary materials Figure 2.1 and 2.3). We therefore conclude that 

differences between annotators reflect the inherent high beta-diversity resulting from habitat 

heterogeneity sampled by the different dives annotated by each annotator, rather than annotator bias. 

Consequently, annotations were combined. 

Supplementary materials Table 2.1 Results from PERMANOVA analysis for differences in sample 

annotations between annotators. 

Factor DF Sum Sq 
Pseudo-

F 
R2 P 

Annotator 1 10.52 12.371 0.02985 <0.005 

Residuals 402 341.84  0.97015  

Total 403 352.36   1   

DF - degrees of freedom; Sum of Sq - sum of squares; Pseudo-F- F value by permutation, P-values 

based on 999 permutations. Bold indicating significant P value <0.05.
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Supplementary materials Figure 2.1 Dendogram showing results of a reordered cluster analysis based upon 50 m segment samples. Each cluster allocated K or T 

representing the annotator of the samples within that cluster, where a cluster comprises samples from both annotators both prefixes are allocated. Samples from each 

annotator fall in the same cluster where annotations come from dives undertaken in similar environments within the canyon. 
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Supplementary materials Figure 2.2 A non-metric Multi-Dimensional Scaling (nMDS) plot with each 

50 m segment sample coloured by cluster membership following cluster analysis. The plot shows a 

subset of the data (for ease of interpretation), comprising dive JC125_263 and JC036_117-118 that 

were undertaken from similar water depth but opposite flanks of the canyon. Each dive was annotated 

by a different annotator (T or K). The samples are spread across five clusters and overlap in one 

(denoted as green circles). Two clusters (denoted by pink and green circles) represent fauna 

characteristic of soft substratum and the other clusters represent fauna characteristic of steep hard 

substratum. Analysis of the characterising taxa of each cluster shows that they represent different 

taxonomic families, which are easily distinguishable from one another, suggesting that differences 

in sample annotations are not caused by inconsistent annotation but reflect the heterogeneous nature 

of the biota.   

S.2.1.2 Multiscale analysis of terrain derivatives for predictive modelling  

To capture the range of spatial scales at which the terrain derivatives may affect faunal distributions, 

a multi-resolution approach was implemented whereby terrain variables were derived from 

bathymetry gridded at 50, 100 and 500 m, and derivatives calculated at varying window sizes 

(Rugosity: 150 m, 750 m, 2350 m, BPI: 100 m, 150 m, 200 m, 1000 m). Statistical modelling was 

then applied to identify the most ecologically meaningful resolution to use for each variable, 

identified as those derivatives that produced the optimal model. Model performance was based upon 

comparing measures of variance explained and the Area Under the Receiver operating Curve (AUC) 

score for cold-water coral (CWC) presence-absence (Elith and Leathwick, 2009) and correlation 

coefficients (linear regression) for the remaining models. The AUC score (0 to 1) indicates how well 
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the model fits the data. An AUC score <0.5 indicates that the model is no better than random and an 

AUC score >0.7 can be considered as adequately fitting the data. For GAM models the Akaike’s 

Information Criterion (AIC) score (Zuur et al., 2014a) was also used. The AIC score is commonly 

applied to compare model performance and measures the goodness of fit and model complexity 

reflecting the variance explained penalised by number of explanatory variables, with a lower AIC 

score indicting a better model fit (Zuur et al., 2014a). The results from this analysis indicated that 

terrain derivatives from bathymetry gridded at 50 m were found to be optimal. A subset of this 

analysis for CWC occurrence is shown in Supplementary materials Table 2.2.  

Supplementary materials Table 2.2 Modelling performance for the probability of cold-water coral 

(CWC) occurrence is optimal utilising terrain variables derived from bathymetry gridded at 50 m. 

For each of the modelling algorithms used (Boosted Regression Tree (BRT), Random Forest (RF) 

and General Additive Models (GAMs)) variance explained in the training data and AUC scores are 

highest or equal for models utilising terrain variables derived from bathymetry gridded at 50 m. The 

Area Under the Receiver operating Curve (AUC) score indicates how well the model fits the data (0 

- 1). An AUC score <0.5 indicates that the model is no better than random and an AUC score >0.7 

can be considered as adequately fitting the data. 

Model Variable importance Variance explained 

Adj R² (Train) 

AIC AUC 

(Train) 

AUC 

(Test) 

Species Richness 

     

CWC_BRT_50 

Depth, Slope, Rugosity, 

Eastness 29%  0.97 0.90 

CWC_RF_50 

Depth, Slope, Rugosity, 

Eastness 32%  0.99 0.89 

CWC_GAM_50 

Depth, Slope, Rugosity, 

Eastness 38% 167 0.92 0.87  

     

CWC_BRT_100 Depth, Slope, Rugosity 25%  0.95 0.87 

CWC_RF_100 Depth, Slope, Rugosity 21%  0.98 0.87 

CWC_GAM_100 Depth, Slope, Rugosity 33% 151 0.89 0.90 

      

CWC_BRT_500 

Depth, BBPI, 

Northness 27%  0.94 0.90 

CWC_RF_500 

Depth, BBPI, 

Northness 29%  0.94 0.90 

CWC_GAM_500 

Depth, BBPI, 

Northness 37% 169 0.91 0.82 
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2.1.3. Calculation of the bathymetric slope criticality to the dominate semi diurnal tide (M2 internal 

tide) 

   𝛼 =
𝜕𝐻/𝜕𝑥

[(𝜔2− ƒ2)/(𝑁2 –𝜔2)]
1
2

 

Where: 𝑥 is across-slope distance (m), H is the total depth (m), ω is the angular frequency of the 

wave (Hz), ƒ is the inertial frequency (Hz), and N is the buoyancy frequency (Hz), calculated from 

the ship’s CTD cast.   

2.2 Data exploration supplementary materials 

2.2.1 Data exploration 

The pair plots, Pearson’s correlation matrix and variance inflation factor (VIF) scores indicate 

collinearity between environmental variables and no strong correlations between the response 

variables and the environmental predictor variables (Supplementary materials 2.3 and Supplementary 

materials Tables 2.3 and 2.4). 

Supplementary materials Table 2.3 Correlation variance inflation factors for each of the 

environmental variables. 

Variance inflation factors VIF Score 

Northness 1.144411 

Rugosity 1.457108 

Slope 1.553037 

Eastness 1.823179 

Slope Criticality to the M2 tide 2.029585 

Planar Curvature 2.692182 

Broad Bathymetric Position Index 3.078473 

Profile Curvature 3.102408 

Fine Bathymetric Position Index 3.53757 

Barotropic Current Speed 5.865172 

Baroclinic Current Speed 6.139925 

Depth 9.857295 

Temperature 189.2233 

Salinity 214.7065 
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Supplementary materials Figure 2.3 (Page 146) Pair plots between the environmental predictor variables indicate that many environmental variables are collinear. Label 

abbreviations: North = Northness, East = Eastness, BBPI = Broad Bathymetric Position Index, FBPI = Fine Bathymetric Position Index, Slope Criticality = criticality of the 

slope to the dominate semi diurnal tide (M2), S.Crit = criticality of the slope to the dominate semi diurnal tide (M2), Temp = Temperature ° C, Sal = Salinity (PSU) Curve = 

Curvature, Plan = Planar Curvature, Prof = Profile Curvature, Rug = Rugosity, BT_RMS = Root mean squared current speed of the barotropic tide, BC_RMS = Root mean 

squared current speed of the baroclinic tide. 

 

Supplementary materials Table 2.4 Pearson’s correlation between the environmental predictor variables. Label abbrevtaions: BBPI = Broad Bathymetric Position Index, 

FBPI = Fine Bathymetric Position Index, Slope Criticality = criticality of the slope to the dominate semi diurnal tide (M2). 
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2.3. Modelling supplementary materials 

2.3.1. Model outputs 

 

Supplementary materials Figure 2.4 GAM smoother outputs showing the relationship between depth 

(m) and (A) Cold-water coral occurrence, (B) Species richness, (C) Diversity (1/D) and (D) Total 

abundance (Log+1). 
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Supplementary materials Figure 2.5 Fitted function of BRT outputs showing the relationship between 

depth (m) and (A) Cold-water coral occurrence, (B) Species richness, (C) Diversity (1/D) and (D) 

Total abundance (Log+1). 
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Appendix B Chapter 3 Supplementary materials 

 

3.1 Methods supplementary materials 

3.1.1 Calculation of the bathymetric slope criticality to the dominate semi diurnal tide (M2 internal tide)  

   𝛼 =
𝜕𝐻/𝜕𝑥

[(𝜔2− ƒ2)/(𝑁2 –𝜔2)]
1
2

 

Where: 𝑥 is across-slope distance (m), H is the total depth (m), ω is the angular frequency of the wave 

(Hz), ƒ is the inertial frequency (Hz), and N is the buoyancy frequency (Hz), calculated from the ship’s 

CTD cast.   
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3.1.2 Environmental rasters 

 

Supplementary materials Figure 3.1 Maps (50 m pixel resolution) of the bathymetric derivatives used 

as environmental variables in the model selectin. (A): Rugosity, (B): Slope (°), (C): Eastness (D): 

Northness. 
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Supplementary materials Figure 3.2 Maps (50 m pixel resolution) of the oceanographic derivatives used 

as environmental variables in model selection. (A): Bathymetric slope criticality to the dominant semi-

diurnal internal tide (α), (B): Root mean squared current speed of the sum of baroclinic and barotropic 

tide (m s-1) (C): Root mean squared current speed of baroclinic tide (m s-1) (D): Root mean squared 

current speed of barotropic tide (m s-1). 
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3.1.3  

Assessment of variability between profiles prior to deriving physical oceanographic variables 

CTD data from the JC125, 64PE421 and PE453 cruises were compared to assess temporal and spatial 

variability. The temperature-salinity plots show temporal and spatial variability between profiles with 

increased consistency below the seasonal thermocline (Supplementary materials Figure 3.3 and 3.5). 

Depth profiles show that data collected during the same cruise are more consistent than data collected 

from different cruises but in closer proximity (Supplementary materials Figure 3.3 – 3.6). Although 

temporal variability is observed, the profiles converge below the seasonal thermocline (Supplementary 

materials Figure 3.3 - 3.6) justifying the combining of profiles within proximity of dives and for the 

local extrapolation from CTD data to dive sites all of which occur below the seasonal thermocline.
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Supplementary materials Figure 3.3. (A) Location of CTD casts from the JC125, 64PE421 and 64PE453 cruises combined to obtain mean values for the fauna 

samples from Dives D116 and D263. The JC125 CTD casts were used to calculate vertical displacement of the M2 tide. (B) Temperature-Salinity Plot. CTD casts 

come from the JC125, 64PE421 and 64PE453 cruises. 

B 
A 
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            A         B           C

 

Supplementary materials Figure 3.4. Depth Profiles for (A) conservative temperature (ºC), (B) absolute salinity (g kg-1), and (C) potential density (kg/ m3). Profiles 

represent CTD casts from the JC125, 64PE421 and 64PE453 cruises. Data collected during the same cruise are more consistent that data collected from different 

cruises but in closer proximity. Temporal variability is observed however, the profiles converge below the seasonal thermocline. 
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Supplementary materials Figure 3.5 (A) Location of CTD casts combined from the 64PE421 cruise to obtain mean values for the fauna samples from Dives D262 

and D250. Location of glider station VM5 from which vertical amplitude displacement of the M2 tide was calculated. (B) Temperature-Salinity Plot. Profiles 

represent four CTD casts from the 64PE421 cruise. 

 

A 
B 



Appendix B 

158 

 

                A         B        C

Supplementary materials Figure 3.6 Depth Profiles for (A) conservative temperature (ºC), (B) absolute salinity (g kg-1) and (C) potential density (kg/ m3). Profiles 

represent 4 CTD casts from the 64PE421 cruise.
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Supplementary materials Figure 3.7 Depth profiles for potential density (kg/ m3) from CTD casts 

64PE421_38, _39 , _41, _09 and glider data from VM5 (thick grey line). The profiles are consistent 

beyond a depth of ca 150 m for the glider and CTD data.  
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3.1.4  

Example images of substratum types annotated from ROV still images 

Supplementary materials Figure 3.8 ROV images representing the different substrata classified under 

the CATAMI classification. (A) H_V.M, Hard substratum with veneer of mud: rock (B) H_MS, Hard 

substratum with muddy sand (C) S, Sand (D) M, Mud (E) CR, Coral rubble (F) CRF, Coral reef 

framework. 
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3.2 Results supplementary materials 

3.2.1 

Spatial and temporal variability within the canyon was assessed by plotting CTD and glider data. 

Profiles from cruises JC125, 64PE421, 64PE453 and 64PE437  

Profiles from the 64PE421 cruise cover the greatest spatial extent of the canyon (Supplementary 

materials Figure 3.9). Section plots of the data show spatial variability of the physical oceanographic 

variables along the canyon axis. 

 

Supplementary materials Figure 3.9 Profile locations from the 64PE421 cruise.
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Supplementary materials Figure 3.10 (Page 162) Section plots of Conservative Temperature, Absolute 

Salinity, Potential Density and Oxygen plotted against z (m) and latitude. The data come from 6 CTD 

casts (denoted by dashed lines) collected along Whittard Eastern branch canyon axis during the 

64PE421 cruise. The data exhibit spatial variability along the canyon axis. The influence of the 

Mediterranean Outflow Water (MOW), expressed as increased salinity, can be observed from 

measurements taken lower down the canyon axis but is absent toward the canyon head. 

Supplementary materials Figure 3.11 Particulate backscatter bpb at 700 nm (m-1) at VM5. 

 

Supplementary materials Figure 3.12 Particulate backscatter bpb at 470 nm (m-1) at VM5. 
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Supplementary materials Figure 3.13 Turbidity measured from CTD casts 64PE421_41, 64PE421_39, 

64PE421_38, 64PE421_09. 

 

Supplementary materials Figure 3.14 Turbidity measured from CTD casts 64PE421_01, 64PE421_49, 

64PE421_48, 64PE453_52, JC125_06, JC125_05 and JC125_19. 
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Supplementary materials Figure 3.15. A) M2 vertical isopycnal displacement phase at VM5 with 

displacement amplitude indicated by colour.  B) M2 vertical isopycnal displacement phase at calculated 

from combined CTD casts. 

3.2.2 Supplementary faunal analysis results 

 

Supplementary materials Figure 3.16. Histogram of species occurrences across samples from all the 

dives.
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Supplementary materials Figure 3.17 Spatial plot of species richness of vertical wall sample plotted on bathymetry.   
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Supplementary materials Figure 3.18 Spatial plot of species richness of vertical wall sample plotted on bathymetric criticality to the M2 tide. 
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Supplementary materials Figure 3.19 Spatial plot of Simpson’s Reciprocal Index (1/D) of vertical wall sample plotted on bathymetry.  
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Supplementary materials Figure 3.20 Spatial plot of Simpson’s Reciprocal Index (1/D) of vertical wall sample plotted on bathymetric criticality to the M2 tide.
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Supplementary materials Table 3.1 SIMPER results: Average abundance, their contribution (%) to 

within group similarity, cumulative total (%) of contributions (90 % cut off). 

Group 1       

Average similarity: 62.64       

Species Av.Abund Contrib% Cum.% 

Desmophyllum pertusum 10.06 34.43 34.43 

Acesta excavata 5.12 16.11 50.54 

Actinaria sp. 10 4.34 14.37 64.9 

Cnidaria sp. I29 2.55 7.64 72.55 

Red Coral sp. 2 2.58 5.64 78.18 

Cnidaria sp. I4 1.58 4.6 82.78 

Crinoidea  sp. 11 2.5 3.77 86.55 

Caryophylliidae sp.  1.21 2.12 88.66 

Echinus sp. 1 0.94 2.1 90.76 

    
Group 2    
Average similarity: 48.60       

Species Av.Abund Contrib% Cum.% 

Brachiopoda sp. 1 8.43 46.97 46.97 

Caryophylliidae sp. 2.75 15.45 62.42 

Psolus squamatus 2.89 12.15 74.57 

Isididae sp. 3 2.06 8.02 82.59 

Porifera (Chalice) 1.23 4.94 87.53 

Desmophyllum pertusum 1.3 4.22 91.75 

    
Group 3    
Average similarity: 34.32       

Species Av.Abund Contrib% Cum.% 

Cerianthidae sp. 4.55 70.2 70.2 

Cidaris cidaris 0.84 6.51 76.71 

Antipathidae sp. 1 0.83 3.3 80 

Ophiuroidea sp. 1 0.69 3.01 83.01 

Caryophylliidae sp.  0.51 2.89 85.9 

Brisingidae sp. 1 0.72 2.16 88.05 

Desmophyllum pertusum 0.57 2.1 90.16 

    
Group 4    
Average similarity: 21.72       

Species Av.Abund Contrib%  Cum.% 

Caryophylliidae sp. 1.57 100 100 

    
Group 5    
Average similarity: 40.80       

Species Av.Abund Contrib%  Cum.% 

Echinus sp. 1 1.63 55.02 55.02 

Acanella sp. 1 0.67 12.29 67.31 

Caryophylliidae sp. 0.8 12.29 79.6 

Desmophyllum pertusum 0.67 10.2 89.8 

Asteroidea sp. 8 0.91 10.2 100 
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Group 6    
Average similarity: 49.87       

Species Av.Abund Contrib% Cum.% 

Porifera sp. 13 6.19 16.82 16.82 

Antipathidae sp. 1 3.74 10.77 27.58 

Actinaria sp. 14 3.4 9.7 37.28 

Cidaris 2.18 7.72 45 

Serpulidae 1.7 6.36 51.37 

Cyclostomatida 1.97 5.55 56.92 

Cerianthidae sp. 3.11 5.39 62.31 

Porifera sp. 18 2.24 4.65 66.96 

Actinaria sp. 19 1.8 4.06 71.02 

Psolus squamatus 2.05 2.85 73.87 

Caryophylliidae sp. 1.21 2.63 76.51 

Sabellidae 1.11 2.48 78.99 

Turbinidae sp. 1 1 2.36 81.35 

Alcyonacea sp. 7 1.16 2.28 83.63 

Bathynectes sp. 1 0.75 2.06 85.68 

Actinaria sp. 13 0.85 1.86 87.55 

Asterinidae sp. 1 0.75 1.86 89.41 

    
Group 7    
Average similarity: 50.50       

Species Av.Abund Contrib% Cum.% 

Neopycnodonte sp.  3.5 14.43 14.43 

Leptometra celtica  3.26 11.06 25.48 

Munididae sp. 1 2.51 9.76 35.25 

Caryophylliidae sp. 2.67 7.47 42.72 

Cidaris cidaris 2.21 7.32 50.04 

Madrepora oculata 2.12 7.08 57.12 

Asterinidae sp. 1 1.33 7.04 64.16 

Porifera sp. 11 1.39 6.88 71.04 

Zoanthidea 1.52 4.35 75.39 

Crinoidea sp.  1.97 3.92 79.31 

Desmophyllum pertusum 1.03 3.76 83.07 

Porifera sp. 14 0.97 3.69 86.76 

Bathynectes sp. 1 0.88 3.54 90.3 

Group 8    
Less than 2 samples in group       

Group 9    
Less than 2 samples in group       

 

4.2.3 Modelling results
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Supplementary materials Figure 3.21 (Page 172) Pairs plot for environmental variables used in model selection. Rho_Range = Range in density, Temp_Range = 

Range in temperature, Sal_Range = Range in Salinity, Oxy_Range= Range in oxygen, Sal_Mean = Mean salinity, Pdens_Mean = means density, Oxy_Mean = 

mean oxygen, Temp_Mean = Mean temperature, M2. Amp = Amplitude of the M2 internal tide, BC_RMS = Root mean current speed of baroclinic tide, 

BT_RMS = Root mean squared current speed of barotorpic tide, East = Eastness, North = Northness, Rug = Rugosity. 

 

 

 

 

Supplementary materials Figure 

3.22. The nine assemblages 

identified from multivariate 

hierarchal clustering analysis 

plotted against environmental 

variables identified by RDA 

analysis as key factors driving 

assemblage patterns (Substratum, 

depth (m), M2 Amplitude (m), 

bathymetric criticality to the M2 

tide. Additionally assemblages 

have also been plotted against 

root mean current speed of the 

summed barotropic and 

baroclinic tide, U (m s-1) and root 

mean current speed of the 

baroclinic M2 tide. BC (m s-1). 
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Supplementary materials Table 3.2 Results from RDA performed on Hellinger transformed species data and spatial coordinates reveal that there is 

a spatial trend in the species data. Significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ●p ≤ 0.1 

Significance of individual terms by 

ANOVA 

Adjusted R2 Significance of RDA plot by 

ANOVA 

  

    F-value p-value 

X coordinate **, Y coordinate ** 45% 49.331, df=2, 115 0.001 
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Supplementary materials Figure 3.23 Mantel correlogram 

of detrended species data for vertical walls Holm 

correction for multiple testing. The Mantel correlogram 

of the detrended species data shows significant positive 

spatial correlation in the first two distance classes (i.e. 

<200 m) and negative significant spatial correlation 

between the fourth and fifth distances classes (>450 m). 
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Appendix C Chapter 4 Supplementary materials 

4.1 Methods supplementary materials 

4.1.1. Derivation of terrain variables   

Supplementary materials Figure 4.1(Page 176) Maps (25 m pixel resolution) of the bathymetric 

derivatives used as environmental variables in the model selection coinciding with spatial extent of 

sidescan sonar collected from the Explorer interfluve. (A): Depth (m), (B): Slope (ɵ), (C): General 

curvature (D): Planar curvature (E): Profile curvature (F): Northness (F): Eastness (G): Fine scale 

bathymetric position index (FBPI) with an inner radius of one and outer radius of three. 

Supplementary materials Figure 4.2 (Page 177) Maps (25 m pixel resolution) of the bathymetric 

derivatives used as environmental variables in the model selection coinciding with spatial extent of 

sidescan sonar collected from the Explorer interfluve. (A): Ruggedness derived with window size of 

33, (B): Ruggedness derived with window size of 17 (C): Ruggedness derived with window size of nine 

(D): Ruggedness derived with window size of five (E): Ruggedness derived with window size of three 

(F): Bathymetric position index (BPI) with an inner radius of  one and outer radius of 33 (G): 

Bathymetric position index (BBPI) with an inner radius of  one and outer radius of 17 (H): Bathymetric 

position index (BBPI) with an inner radius of  one and outer radius of nine (I): Fine scale bathymetric 

position index (BBPI) with an inner radius of  one and outer radius of five. 

Supplementary materials Figure 4.3 (Page 178) Maps (25 m pixel resolution) of the bathymetric 

derivatives used as environmental variables in the model selection coinciding with spatial extent of 

sidescan sonar collected from the Dangaard interfluve. (A): Depth (m), (B): Slope (ɵ), (C): General 

curvature (D): Planar curvature (E): Profile curvature (F): Northness (F): Eastness (G): Fine scale 

bathymetric position index (BBPI) with an inner radius of one and outer radius of three. 
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Supplementary materials Figure.4.4 (Page 179) Maps (25 m pixel resolution) of the bathymetric derivatives 

used as environmental variables in the model selection coinciding with spatial extent of sidescan sonar 

collected from the Dangaard interfluve. (A): Ruggedness derived with window size of 33, (B): Ruggedness 

derived with window size of 17 (C): Ruggedness derived with window size of nine (D): Ruggedness derived 

with window size of five (E): Ruggedness derived with window size of three (F): Bathymetric position index 

(BPI) with an inner radius of  one and outer radius of 33 (G): Bathymetric position index (BBPI) with an inner 

radius of  one and outer radius of 17 (H): Bathymetric position index (BBPI) with an inner radius of  one and 

outer radius of nine (I): Fine scale bathymetric position index (BBPI) with an inner radius of  one and outer 

radius of five. 

4.1.2 Multi Scale Analysis 

To further our understanding of the resolution at which structural complexity influences faunal assemblages, 

derivatives of bathymetric position index (BPI) and ruggedness were created at neighbourhoods (nh) of 3, 5, 9, 

17 and 33 and a multi-scale analysis performed to identify which resolution explains most variation in fauna 

data (Misiuk et al., 2018, Porskamp et al., 2018).  

Two approaches were adopted for the multi-scale analysis. First, all terrain derivative variables were modelled 

simultaneously by canonical Redundancy Analysis (RDA) (Supplementary materials Figure 4.6) with 

Hellinger transformed species data, using forward selection and variance inflation factor (VIF) scores, with 

the highest ranking variables that were <0.7 correlated retained (Supplementary materials Figures 4.6 and 

Supplementary materials Tables 4.1- 4.4). Second, Random forests (RF) and Boosted Regression Trees (BRT) 

were used to model cluster membership, following cluster analysis of the species data (detailed in chapter 4 

of this thesis section 4.3.6). RF and BRT were used to account for any non-linear relationships among 

environmental variables. The terrain derivatives were modelled separately but at all resolutions in order to 

rank the contribution of each variable at the different resolutions (Supplementary materials Figure 4.7 and 4.8 

following the protocol in Misiuk et al., (2018). Additionally, all the terrain variables were assessed 

simultaneously to account for potential interactions or correlation between the variables (Supplementary 

materials Figure 4.9).  Terrain variables that contributed > 10 % to overall variance explained by the model 

and were < 0.7 correlated were retained (Supplementary materials Figures 4.7-4.9 and Supplementary 

materials Table 4.1). Results show high collinearity present among many of the terrain derivatives 

(Supplementary materials Table 4.1. and Supplementary materials Figure 4.5). The terrain derivatives BPI and 

ruggedness were collinear, as were measures of curvature. In each correlated group the terrain derivative that 

explained the greatest variance was retained (Supplementary materials Figure 4. 9).  

Following the multi scale analysis the terrain derivatives depth, slope, Northness, Eastness, ruggedness created 

from neighbourhoods of 17 and three were retained.
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Supplementary material Figure 4.5 (Page 182) Pairs plot for environmental variables used in model selection of terrain variables, FBPI = Fine Bathymetric 

position index, BPI = Bathymetric position index created at neighbourhoods of 3, 5, 9, 17 and 33, R = Ruggedness created at neighbourhoods of 3, 5, 9, 17 and 

33, Curv = Curvature and Plan = Planar Curvature.  

 

Supplementary materials Table 4.1 Pearson’s correlation between terrain derivatives. Abbreviations: FBPI = Fine bathymetric position index, 

BBPI = Broad bathymetric position index, created at neighbourhoods of 3, 5, 9, 17 and 33, Rug = Ruggedness created at neighbourhoods of 3, 

5, 9, 17 and 33, North= Northness, East = Eastness, Curv= Curvature.  

  Depth Slope Curv 

Planar 

Curv 

Profile  

Curv North East 

FBPI 

1 3 

FBPI 

1 5 

BBPI 

1 17 

BBPI 

1 9 

BPI 

1 33 

Rug 

3 

Rug 

5 

Rug 

9 

Rug 

17 

Rug 

33 

Depth 1                 

Slope -0.11 1.00                

Curv 0.01 0.12 1.00               
Planar 

Curv 0.04 0.14 0.84 1.00              
Profile 

Curv 0.00 -0.08 -0.92 -0.55 1.00             

North -0.55 0.47 0.06 0.06 -0.04 1.00            

East 0.25 -0.15 -0.12 -0.19 0.05 -0.23 1.00           

FBPI 1 3 0.10 0.03 0.69 0.68 -0.55 0.08 -0.14 1.00          

FBPI 1 5 0.10 0.01 0.78 0.70 -0.69 -0.01 0.04 0.71 1.00         

BBPI 1 17 -0.12 0.29 0.39 0.21 -0.44 0.27 0.13 0.17 0.37 1.00        

BBPI 1 9 -0.01 0.16 0.62 0.40 -0.65 0.15 0.18 0.37 0.64 0.79 1.00       

BPI 1 33 -0.18 0.45 0.19 0.04 -0.26 0.40 0.15 0.02 0.14 0.87 0.57 1.00      

Rug 3 0.12 -0.01 0.14 0.40 0.07 0.04 -0.13 0.54 0.29 -0.18 -0.12 -0.20 1.00     

Rug 5 0.05 0.07 -0.01 0.26 0.20 0.02 -0.07 0.34 0.12 -0.30 -0.25 -0.28 0.91 1.00    

Rug 9 0.06 0.12 -0.05 0.20 0.21 0.00 0.03 0.22 0.11 -0.30 -0.23 -0.27 0.77 0.94 1.00   

Rug 17 0.17 0.25 0.08 0.17 0.00 0.04 0.25 0.25 0.22 0.11 0.11 0.14 0.60 0.71 0.81 1.00  

Rug 33 0.19 0.39 0.05 0.11 0.00 0.25 0.24 0.18 0.11 0.34 0.17 0.52 0.41 0.45 0.51 0.81 1.00 



Appendix C 

182 



Appendix C 

183 

    

     

Supplementary materials Figure 4.6 (A) Triplot showing results from a canonical redundancy analysis (RDA) 

of species data and all the derived terrain variables. Terrain variables codes: BPI = Bathymetric position index 

created at neighbourhoods of 3, 5, 9, 17 and 33, R = Ruggedness created at neighbourhoods of 3, 5, 9, 17 and 

33, Curv = Curvature and Plan = Planar Curvature. (B) Triplot showing results from a RDA of species data 

and all the derived terrain variables. Terrain variables codes: R = Ruggedness created at neighbourhoods of 3 

and 17. The blue vector arrowheads represent high, the origin averages, and the tail (when extended through 

the origin) low values of the selected continuous derived terrain variables. The red vector arrowheads represent 

high, the origin averages, and the tail (when extended through the origin) low values of the species data. Circles 

represent sites. Sites close to one another tend to have similar faunal structure than those further apart.

A A 

B 
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Supplementary materials Table 4.2 Results from RDA performed on Hellinger transformed species data and final terrain derivatives, after 

forward selection of all terrain derivatives. Significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ●p ≤ 0.1 

Model Environmental Variables - Significance of individual 

terms by ANOVA 

Adjusted R2 Significance of RDA Plot by ANOVA  

F-value p- value   

Terrain 

Derivatives 

Depth***, Slope ***, Northness ***, Eastness***, 

Ruggedness 17nh ***, Ruggedness 3nh ** 
    22 9.39, df= 6,171 0.001   

 

Supplementary materials Table 4.3 Pearson’s correlation for terrain derivatives included in final RDA  

  Depth Slope Northness Eastness Ruggedness 17nh Ruggedness 3nh 

Depth 1.00      

Slope -0.11 1.00     

Northness -0.55 0.47 1.00    

Eastness 0.25 -0.15 -0.23 1.00   

Ruggedness 17nh 0.17 0.25 0.04 0.25 1.00  

Ruggedness 3nh 0.12 -0.01 0.04 -0.13 0.60 1.00 

 

Supplementary materials Table 4.4 Covariance inflation scores for terrain derivatives included in final RDA  

Terrain derivatives Covariance inflation factor score 

Depth 1.6 

Slope 1.6 

Northness 1.9 

Eastness 1.4 

Ruggedness 17nh 2.3 

Ruggednes 3nh 2.0 
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Supplementary materials Figure 4.7  Variable importance (percentage increase in mean squared errors) of 

derivatives of BPI (created at neighbourhoods of 3, 5, 9, 17 and 33 for (A) random forest  and (B) Boosted 

Regression Trees of the eight faunal clusters identified from cluster analysis.  

 

Supplementary materials Figure 4.8  Variable importance (percentage increase in mean squared errors) of 

derivatives of ruggedness (R) (created at neighbourhoods of 3, 5, 9, 17 and 33 for (A) random forest  and (B) 

Boosted Regression Trees of the eight faunal assemblages identified from cluster analysis.  
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Supplementary materials Figure 4.9 Variable importance (percentage increase in mean squared errors) for (A) random forest and (B) Boosted Regression Trees of 

the eight faunal assemblages identified from cluster analysis.  Symbols denote groups of correlated terrain derivative (Pearson’s correlation > 0.7). In each correlated 

group the terrain derivative that explained > 10 % variance was retained = Depth, slope, Northness, Eastness, ruggedness 17nh and ruggedness 3nb. 
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4.1.3 Multiscale analysis of textural indices 

To capture the different resolutions of textural variation across the sidesacn sonar (SSS) and to further 

our understanding of the resolution at which seafloor complexity influences faunal assemblages, 

derivatives of texture (entropy, homogeneity, contrast and correlation ) were calculated  from GLCM 

calculated at range of pixel distances (5 up to half of the window size) and window sizes (11, 21 and 

51) across all directions (Supplementary materials Table 4.5 and Supplementary materials Figure 4.10)  

and a multi scale analysis performed to identify which resolution explains most variation  (Misiuk et 

al., 2018, Porskamp et al., 2018). 

Two approaches were adopted for the multi-scale analysis. First, all textural variables were modelled 

with Hellinger transformed species data by RDA, using forward selection and VIF scores, with the 

highest ranking textural variables that had Pearson’s correlation coefficient <0.7 retained 

(Supplementary materials Figure 4. 11and Supplementary materials Table 4.6). 

Second, Random forests (RF) and Boosted Regression Trees (BRT) were used to model cluster 

membership, following cluster analysis of the species data (detailed in chapter 4 of this thesis section 

4.3.6). RF and BRT were used to account for any non-linear relationships among environmental 

variables. The textural indices were modelled separately but at all resolutions in order to rank the 

contribution of each variable at the different resolutions (Supplementary materials Figure 4.12 and 4.16 

following the protocol in Misiuk et al., (2018). Additionally, all the textural variables were assessed 

simultaneously to account for potential interactions or correlation between the variables 

(Supplementary materials Figure 4.17).  Textural variables that contributed > 10 % to overall variance 

explained by the model and were < 0.7 correlated were retained (Supplementary materials Figures 4.17). 

Results show high collinearity present among many of the textural derivatives (Supplementary. and 

Supplementary materials Figure 4.17). In each correlated group the terrain derivative that explained the 

greatest variance was retained (Supplementary materials Figure 4. 17). 

Following the multi scale analysis the textural indices correlation (window size 51 inter-pixel distance 

20) and homogeneity (window size 51 inter-pixel distance 25) were retained.  
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Supplementary materials Table 4.5 Window sizes and inter-pixel distances over which GLCMs for each 

textural indices were calculated. GLCMs were calculated from sidescan sonar at 0.5 m pixel resolution, 

resulting in inter-pixel distances (m) of 5 = 2.5, 10 = 5, 15 = 7.5, 20 = 10 and 25 = 12.5. 

Window size (ws) Area (m2) Inter-pixel distances calculated ( ipd) 

1 5.5 5 

21 10.5 5,10 

51 25.5 5, 10, 15, 20, 25 

Textural indices calculated from GLCMs with window sizes of 11 capture variation between 

approximately 5 m2  patches and those calculated from window sizes capture variation at 10 m2  

comparable with variation captured in the video still data that was sub sampled at > 7 m intervals. While 

the Textural indices calculated from GLCMs with window sizes of 51 capture variation between 

approximately 25 m2  patches comparable with variation captured by the terrain derivatives. 

 

Supplementary materials Figure 4.10 Example of different windows sizes and inter-pixel distances used 

in GLCM to derive correlation. 
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Supplementary materials Figure 4.11 (A) Triplot showing results from a canonical Redundancy 

Analysis (RDA) of species data and all the derived textual indices. The textural indices homogeneity, 

correlation, entropy and contrast were derived from GLCM matrices calculated at window seizes of 11, 

21 and 51 with inter pixel distances of five up to half the window size increasing by increments of five. 

(B) Triplot showing results from a RDA of species data and all the final textual indices. The textural 

indices homogeneity and correlation were derived from GLCM matrices calculated at window seizes 

of 51 with inter pixel distances of 20 and 25. The blue vector arrowheads represent high, the origin 

averages, and the tail (when extended through the origin) low values of the selected continuous derived 

terrain variables. The red vector arrowheads represent high, the origin averages, and the tail (when 

extended through the origin) low values of the species data. Circles represent sites. Sites close to one 

another tend to have similar faunal structure than those further apart.

A 

B 
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Supplementary materials Table 4.6 Model selection for canonical Redundancy Analysis (RDA) of the textural indices. Textural indices were modelled 

simultaneously at all resolutions with species data using with forward selection and variance inflation factor (VIF) scores to identify the most informative 

textural variables. To determine which correlated textural variables to retain, from those identified as being most informative, each textural index was modelled 

separately but at all resolutions with species data and the resolution for each textual index that explained the greatest variation was retained. Collinearity between 

indices was checked with VIF scores and Pearson’s correlation coefficient and uncorrelated indices retained in the final parsimonious model. w denotes window 

size and ipd denotes inter pixel distance. 

RDA by textural index RDA with forward selection all textural indices Parsimonious RDA (correlated variables removed) 

Correlation 51w20ipd Correlation 51w20ipd, 11w5ipd Correlation 51w20ipd 

Contrast 51w5ipd* Contrast 21w10ipd* Removed as explained least variance 

Dissimilarity 51w5ipd* Dissimilarity 51w5ipd, 51w15ipd* Removed as had highest correlation inflation factor value 

Homogeneity 51w25ipd* Homogeneity 51w5ipd, 51w10idp,51w25ipd* Homogeneity 51w25ipd 

Entropy 51w10ipd*     

 

Supplementary materials Table 4.7 Results from RDA performed on Hellinger transformed species data and final textural derivatives, after 

forward selection of all textural indices. Significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ●p ≤ 0.1 

Model Environmental Variables - Significance of individual 

terms by ANOVA 

Adjusted R2 Significance of RDA Plot by ANOVA  

F-value p- value   

Textural 

indices 
Homogeneity 51w25ipd **, Correlation 51 w20ipd  **     2 3.26, df= 2,167 0.003   
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Supplementary materials Table 4.8 Pearson’s correlation for textural derivatives 

included in final RDA  

  Correlation 51w20ipd Homogeneity 51w25ipd 

Correlation 51w20ipd 1 
 

Homogeneity 51w25ipd -0.21 1 

 

Supplementary materials Table 4.9 Covariance inflation scores for textural derivatives 

included in final RDA  

Terrain derivatives 

Covariance inflation factor 

score 

Correlation 51w20ipd 1.04 

Homogeneity 51w25ipd 1.04 

 

The RF and BRT identified correlation at window size of 51 and inter pixel distance of 10 

(Supplementary materials Figure 4.13 and 4.17) but as this is highly correlated with correlation 

calculated with a window size of 51 and inter pixel distance of 20 (Pearson’s correlation 0.8), which 

was identified as more informative by RDA (Supplementary materials Table 4.6), the latter was 

retained. Contrast was also identified as a significant explanatory variable in the RF and BRT 

(Supplementary materials Figure 4.17). However, the RDA showed that contrast explained less variance 

in the species data than the other textural indices with which it was > 70 % correlated (Supplementary 

materials Table 4.6) and so it was not retained. 
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Supplementary materials Figure 4.12  Variable importance (percentage increase in mean squared errors) of textural index contrast (created at window sizes of 

11, 21 and 51 with inter pixel distances of five up to half the window size in increments of five) for (A) random forest  and (B) Boosted Regression Trees of 

the eight faunal assemblages identified from cluster analysis.  
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Supplementary materials Figure 4.13  Variable importance (percentage increase in mean squared errors) of textural index correlation (created at window sizes 

of 11, 21 and 51 with inter pixel distances of five up to half the window size in increments of five) for (A) random forest  and (B) Boosted Regression Trees of 

the eight faunal assemblages identified from cluster analysis. 
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Supplementary materials Figure 4.14  Variable importance (percentage increase in mean squared errors) of textural index dissimilarity (created at window sizes 

of 11, 21 and 51 with inter pixel distances of five up to half the window size in increments of five) for (A) random forest  and (B) Boosted Regression Trees of 

the eight faunal assemblages identified from cluster analysis.  
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Supplementary materials Figure 4.15  Variable importance (percentage increase in mean squared errors) of textural index entropy (created at window sizes of 

11, 21 and 51 with inter pixel distances of five up to half the window size in increments of five) for (A) random forest  and (B) Boosted Regression Trees of 

the eight faunal assemblages identified from cluster analysis.  
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Supplementary materials Figure 4.16   Variable importance (percentage increase in mean squared errors) of textural index homogeneity (created at window 

sizes of 11, 21 and 51 with inter pixel distances of five up to half the window size in increments of five) for (A) random forest  and (B) Boosted Regression 

Trees of the eight faunal assemblages identified from cluster analysis.  
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Supplementary materials Figure 4.17 Variable importance (percentage increase in mean squared errors) for (A) random forest and (B) Boosted Regression 

Trees of the eight faunal assemblages identified from cluster analysis.  Symbols denote groups of correlated terrain derivative (Pearson’s correlation > 0.7). In 

each correlated group the terrain derivative that explained > 10 % variance was retained = Correlation at a window size of 51 and inter-pixel distance of 10 and 

homogeneity window size of 51 and inter-pixel distance of 25. Homogeneity was retained over contrast because it is more ecologically intuitive to interoperate. 
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4.1.4 Imagery data 

4.1.4.1 Calculation of image area 

Video stills data were acquired during the CEND0917 and JC166 cruises.  

The approximate field of view of each image, and therefore the area sampled, was calculated in 

accordance with a JNCC procedure implemented in the annotation of the CEND0917 still images 

(Turner et al., 2006). 

Field of view approximate width in mm = (measured total width in pixels/measured laser width in 

pixels)* actual laser width mm 

Field of view approximate height in mm = (measured total height in pixels/measured laser height in 

pixels)* actual laser width mm 

Approximate field of view m2 = (Field of view approximate width/1000)*(Field of view approximate 

height/1000) 

4.1.4.2 Compilation of image data 

To ensure consistency between the datasets an analysis of similarity (ANOSIM) with cruise as a factor 

was performed on the data matrix (Supplementary materials Table 4.10). Consistency was also assessed 

visually via a non-metric multidimensional scaling plot (Supplementary materials Figure 4.19). The 

results from these analysis show that the image samples do not differentiate according to cruise 

(ANOSIM R value of 0.25) justifying the complication of the two datasets. 

Supplementary materials Table 4.10 Results of analysis of similarity (ANOSIM) calculated between 

groups based upon cruise on a Helligner transformed distance species matrices. Each pairwise 

comparion of two groups was performed using 999 permutations. R values >0.75 are generally 

interpreted as clesrly seperated, R >0.5 as seperaed and R <0.25 as groups that are hardly seperated. 

Factor R P 

Cruise 0.25 0.01 
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Supplementary materials Figure 4.19 – A non-metric multidimensional scaling (NMDS) plot with 

image samples coloured by the factor ‘cruise’. Samples positioned closer to one another on the plot are 

more similar. Image samples from each cruise overlap in the central and left hand side of the plot.  

4.2 Results supplementary materials 

4.2.1 Fauna results 

 

Supplementary materials Figure 4.20 Histogram of species occurrences across samples from all the 

dives. 
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Supplementary materials Table 4.11 SIMPER results: Average abundance, their contribution (%) to 

within group similarity, cumulative total (%) of contributions (90 % cut off). 

Group 1       

Average similarity: 34.95       

Species Av.Abund Contrib% Cum.% 

OTU499 Actinauge richardi 1.71 80.32 80.32 

OTU500 Caryophyllia smithii 0.43 7.11 87.44 

OTU2 Cerianthidae sp. 1 0.39 5.21 92.65 

Group 2 
   

Average similarity: 42.54       

Species Av.Abund Contrib% Cum.% 

OTU246 Ophiactis 

balli/Ophiuroidea  

4.57 56.63 56.63 

OTU499 Actinauge richardi 1.5 21.9 78.53 

OTU228 Serpulidae sp. 2 1.06 9.13 87.65 

OTU200 Munida sp.  0.71 5.19 92.85 

Group 3 
   

Average similarity: 47.88       

Species Av.Abund Contrib% Cum.% 

OTU6 Caryophyllia sp. 2 2.45 56.93 56.93 

OTU499 Actinauge richardi 1.08 32.09 89.02 

OTU228 Serpulidae sp. 2 0.58 9.29 98.31 

Group 4 
   

Average similarity: 26.68       

Species Av.Abund Contrib%  Cum.% 

OTU605 Actiniaria sp. 20 2.55 100 100 

Group 5 
   

Average similarity: 32.13       

Species Av.Abund Contrib% Cum.% 

Unidentified Actiniaria sp. 1.98 80.87 80.87 

OTU1219 Bivalvia sp. 3 0.77 8 88.87 

OTU499 Actinauge richardi 0.65 6.25 95.12 

Group 6 
   

Less than 2 samples in group   

 

 

 

    

Group 7 
   

Average similarity: 47.36       

Species Av.Abund Contrib% Cum.% 

OTU1255 Actiniaria sp. 32 1.85 41.06 41.06 

OTU510 Actiniaria sp. 17 1.39 35.79 76.85 

Unidentified Actiniaria sp. 0.94 20.87 97.72 
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Group 8 
   

Less than 2 samples in group       

 

 

Supplementary materials Table 4.12 SIMPER results: Distances between cluster classes  

Class comparison Average dissimilarity % 

1 and 2 79.26 

1 and 3 75.14 

1 and 4 96.11 

1 and 5 87.61 

1 and 6 92.2 

1 and 7 92.03 

1 and 8 96.58 

2 and 3 82.55 

2 and 4 96.44 

2 and 5 86.48 

2 and 6 94.95 

2 and 7 86.72 

2 and 8 95.54 

3 and 4 99.69 

3 and 5 90.22 

3 and 6 99.65 

3 and 7 94.67 

3 and 8 98.57 

4 and 5 87.74 

4 and 6 94.25 

4 and 7 89.51 

4 and 8 100 

5 and 6 92.22 

5 and 7 78.16 

5 and 8 92.86 

6 and 7 81.05 

6 and 8  71.69 

7 and 8  96.77 
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4.2.3 Modelling results 
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Supplementary materials Table 4.13 Results from RDA performed on Hellinger transformed species data and spatial coordinates reveal that there is a spatial 

trend in the species data. Significance ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, ●p ≤ 0.1 

Model Environmental Variables - Significance of individual 

terms by ANOVA 

Adjusted R2 Significance of RDA Plot by ANOVA  

F-value p- value   

RDA Latitude ***, Longtitude *** 22 25.01, df= 1,167 0.001   

 

Supplementary materials Figure 4.22 Mantel correlogram of detrended species data from samples taken across the canyon interfluves with Holm correction for 

multiple testing. The Mantel correlogram of the detrended species data shows significant positive spatial correlation in the first three distance classes (i.e. < 14 

m) and negative significant spatial correlation in the firth distances classes (i.e. > 2.7 km).
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Supplementary materials Figure 23 Variable importance from Random Forests. 

4.2.4  

Relationship between broad-scale structural complexity captured by ruggedness 17nh (350 m resolution) 

and that captured by the textual index correlation 51w 20ipd (25 m resolution) in relation to the 

distribution of mounds on the Dangaard interfluve. 
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Supplementary materials Figure 4.24   Map of  the mini-mounds surveyd on the Dangaard interfluve. 

(A) Ruggedness 17nh is overlain on to side-scan sonar. (B) Ruggedness 17nh is overlain on to correlation 

51w 20ipd. 
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Appendix D Whittard Canyon morphospecies catalogue 

Morphospecies catalogue developed for image analysis within Whittard Canyon, North-East Atlantic 

based upon the CATAMI classification and cross referenced against the Howell and Davies (2010) 

morphospecies catalogue. 

The catalogue name is given followed by any other cross referenced name from the morphospecies 

guides developed by Howell and Davies (2010) https://deepseacru.org/2016/12/16/deep-sea-species-

image-catalogue/, Davies (2017) for the annotation of  CEND0917 image data and Robert (2014) for 

PhD Thesis, Evaluation of local- and medium-scale habitat heterogeneity as proxy for biodiversity in 

deep-sea habitats. 
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Appendix E Research papers co-authored during the 

course of this PhD 

This appendix consists of two additional peer-reviewed papers that were co-authored during the 

course of the PhD. They are included in chronological order. 

HOWELL, K. L., DAVIES, J. S., ALLCOCK, A. L., BRAGA-HENRIQUES, A., BUHL-

MORTENSEN, P., CARREIRO-SILVA, M., DOMINGUEZ-CARRIO, C., DURDEN, J. M., 

FOSTER, N. L., GAME, C. A., HITCHIN, B., HORTON, T., HOSKING, B., JONES, D. O. B., MAH, 

C., LAGUIONIE MARCHAIS, C., MENOT, L., MORATO, T., PEARMAN, T. R. R., PIECHAUD, 

N., ROSS, R. E., RUHL, H. A., SAEEDI, H., STEFANOUDIS, P. V., TARANTO, G. H., 

THOMPSON, M. B., TAYLOR, J. R., TYLER, P., VAD, J., VICTORERO, L., VIEIRA, R. P., 

WOODALL, L. C., XAVIER, J. R. & WAGNER, D. 2019. A framework for the development of a 

global standardised marine taxon reference image database (SMarTaR-ID) to support image-based 

analyses. PLoS One, 14, e0218904. 

ROWDEN, A. A., PEARMAN, T. R. R., BOWDEN, D. A., ANDERSON, O. F. & CLARK, M. R. 

2020. Determining Coral Density Thresholds for Identifying Structurally Complex Vulnerable Marine 

Ecosystems in the Deep Sea. Frontiers in Marine Science, 7. 
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