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ABSTRACT 

Deep-sea corals are vulnerable marine ecosystems that require conservation and 

protection actions, but the extreme environment in which they grow makes it 

difficult to obtain sufficient data to understand their distribution. Species 

distribution models could be a very effective tool for investigating the occurrence 

of these benthic communities, but it is necessary to delve deeper into the factors 

that influence these distributions to obtain accurate and reliable models to be 

used for management policies. The aim of this study was to investigate the 

influence of colony morphology on coral distribution, specifically of individuals of 

the octocoral family Keratoisididae. The software MaxEnt was used to build 

species distribution models for the three morphologies (unbranched, branched 

2D, branched 3D) observed in the NE Atlantic, and then distribution maps were 

generated in ArcGIS. The models of the three morphologies showed overall a good 

performance but were not representative of reality, and this might be linked to 

sampling bias. The occurrence maps obtained from the models highlighted that 

the three groups have a different distribution pattern, probably linked to the 

different preferences for the environmental conditions in which to settle. By 

observing how environmental variables influence the occurrences of the 

morphologies, it emerged that branched 3D keratoisidids preferred different 

environmental conditions compared to branched 2D and unbranched bamboo 

corals, especially with regard to the variables linked to geomorphology 

(bathymetric position index, rugosity, slope). It has also been demonstrated that 

the genus Acanella, which is part of the branched 3D group, settles in different 

environmental conditions. Due to the limitations that generally characterize deep-

sea investigations, it was not possible to completely accept the initial hypothesis, 

but the need for further studies regarding the influence of morphology on coral 

distribution was highlighted.  
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1 INTRODUCTION 

The term “deep-sea” is generally applied loosely to describe all the habitats below 

the epipelagic zone, i.e. below 200 m (NOAA, n.d.). Extreme environmental 

conditions characterize these habitats. Below 200-500 m light is effectively absent, 

temperatures are quite constant between -1.8° and 2°C – with the exception of 

hydrothermal vents, where water can reach 450°C –, pressure increases with 

depth starting from 20 atm and reaching 1100 atm in the deepest areas, and the 

availability of food is lower compared to shallower waters (Danovaro et al., 2017). 

Nonetheless, the deep sea supports a high biodiversity, including representatives 

of almost all animal phyla (Danovaro et al., 2017; Thistle and Tyler, 2003). This 

diversity is paramount because it underpins the functions and services provided 

by the deep-sea ecosystems, including regeneration of nutrients, waste 

absorption and detoxification, availability of biological and mineral resources, and 

the scientific knowledge and technological development that accompanies 

exploration and discovery (Thurber et al., 2014).   

Since oceans cover 70% of the planet surface, and 88% of these are deeper than 

1000 m, with an average depth of 3800 m, deep marine ecosystems constitute the 

largest, yet the least explored, biome of Earth (Danovaro et al., 2017; Herring, 

2001; Ramirez-Llodra, 2020). It is estimated that only 0.0001% of the whole ocean 

floor has been investigated through video analysis or physical sampling. The first 

scientific results were obtained from the expeditions carried out over the last two 

centuries, when new methods of navigation and new tools for sampling and 

measurement allowed researches in these hostile environments (Ramirez-Llodra, 

2020). Some of these new technologies include Remotely Operated Vehicles 

(ROVs) and Autonomous Underwater Vehicles (AUVs) used for visual imaging, 

Conductivity-Temperature-Depth devices (CTDs) that measure physical properties 

of water, in addition to multibeam echosounders and sidescan sonars for seafloor 

mapping. The use of ROV systems to investigate deep waters is becoming 

increasingly popular. These vehicles are unmanned underwater submersibles 

equipped with high-definition video cameras and a series of physical sensors (e.g., 

CTDs) (Macreadie et al., 2018; Sward et al., 2019). The data collected by these 

tools can be used to assess the biodiversity of different habitats, along with 

information about environmental and geomorphological conditions  (Macreadie 

et al., 2018).  

Most deep-sea surveys have focused on benthic environment, because they are 

easier to investigate than the over 1 billion km3 volume of the three-dimensional 

pelagic environment (Ramirez-Llodra et al., 2010). What emerged from these 

explorations is the vast geomorphological and biological heterogeneity of the 

deep-sea habitats.  
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1.1 Continental margins 

Continental margins represent the most geologically diverse settings of seabed, 

and throughout the planet, they occupy an area of approximately 40 million km2 

(ca. 11-15% of seabed) (Levin and Dayton, 2009; Ramirez-Llodra et al., 2010). They 

are formed by three main zones, distinguished by the extent and depth to which 

they descend: continental shelf, continental slope and continental rise (Fig. 1).  

The continental shelf extends towards the sea with a gentle slope (on average 

0.1°), and extends from the shore to the point defined as “shelf edge” or “shelf 

break” after which the slope rapidly becomes steeper (Burk and Drake, 2013; 

Ramirez-Llodra, 2020). On average it has a width of 65-75 km, and coincides with 

shallow depths of maximum 200-250 m.  

The continental slope is that part of the margin that slopes rapidly from the shelf 

edge towards the ocean bottom (Mouton, 2013; Ramirez-Llodra, 2020). It is 

considered the margin’s steepest portion, with an average slope angle between 3° 

and 6°, and it can extend more or less in width (5-500 km). Depending on the 

process of formation of the continental margin, it can reach different depths. 

Active (endogenetic) margins have a morphology controlled by tectonic and 

magmatic processes, specifically the ocean floor is so dense that in subduction 

zones it sinks into the terrestrial crust forming trenches, and therefore reaching 

depths of 6000-10000 m (Harris and Whiteway, 2011; Hernández-Molina et al., 

Figure 1. The composition of a continental margin, with the different geological conformations 

that may be present. Edited image from Encyclopædia Britannica 

(https://www.britannica.com/science/continental-margin#/media/1/135007/147308) 

https://www.britannica.com/science/continental-margin
https://www.britannica.com/science/continental-margin
https://www.britannica.com/science/continental-margin
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2008; Ramirez-Llodra et al., 2010). Instead, passive (exogenic) margins are formed 

following an ocean rift that creates an ocean basin between two parts of the 

continent, consequently the continental slopes extend up to the abyssal plains, at 

depth around 1500-4000 m. In these margins, erosion and deposition processes 

accumulate continental material between the slope and the abyssal plain, 

generating the continental rise. 

The different geological processes that affect this portion of the ocean can lead to 

the formation of other settings, including seamounts and submarine canyons (Fig. 

1). The former are isolated peaks that rise more than 1000 m from the surrounding 

seabed, while the latter are incisions in the continental shelf and slope created by 

erosion processes by currents and events such as slumping and submarine 

landslides (Harris and Whiteway, 2011; Ramirez-Llodra et al., 2010). Both these 

geological formations are characterized by vertical walls with a more or less steep 

slope, and are associated with a high biodiversity, especially of corals (Amaro et 

al., 2016; Robert et al., 2015).     

 

1.1.1 The Irish Continental Margin 

The Irish-Scottish Continental Margin is an exogenic margin that extends in the NE 

Atlantic beyond the Irish coastline over an area of approximately 880,000 km2, 

representing one of the largest European seabed territories (Marine Institute, 

2022a). Over the last 150 years this region has been extensively investigated 

through multiple expeditions aboard various vessels (e.g., HMS Lightning, HSM 

Figure 2. The current designated Irish Continental Shelf, generally referred as the “Real Map 

of Ireland” (INFOMAR, 2022). Retrieved from https://www.marine.ie/site-area/irelands-

marine-resource/real-map-ireland-0.     

https://www.marine.ie/site-area/irelands-marine-resource/real-map-ireland-0
https://www.marine.ie/site-area/irelands-marine-resource/real-map-ireland-0
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Porcupine, RV Celtic Explorer, etc.), ROV dives, and seabed mapping campaigns 

(Morrissey et al., 2023b; Sacchetti et al., 2012). These surveys highlighted a high 

heterogeneity of benthic environments, including volcanic seamounts, rifted 

sedimentary basins, and submarine canyons. 

Within the Irish margin it is possible to distinguish different geographical areas, 

characterized by different settings (Morrissey et al., 2023b).  

In the northern part that borders the continental shelf off NW Britain, two large 

banks (Rockall Bank and Porcupine Bank) extend, separated in the middle by 

Rockall Trough. Rockall Bank is west of the shelf-contiguous Irish Margin, in the 

same area where the Fangorn Bank volcanic complex is located even further west 

(Morrissey et al., 2023b; Sacchetti et al., 2012). Rockall Trough is a bathymetric 

depression approximately 1000 km long and 200-250 km wide, which develops in 

the north at a depth of 1000-1500 m and continues opening into the Porcupine 

Abyssal Plain at 3500 m. Sea mountains rise from the seabed in this area, including 

Rosemary Bank and Anton Dohrn Seamount (Howe et al., 2006). The margin of the 

eastern Rockall Trough is rich in geological formations, such as canyon systems 

and escarpments, which characterize the entire north-western edge of Porcupine 

Bank. South of the latter, the continental margin forms a recess, where the 

Porcupine Seabight extends. Exploration of this region has highlighted the 

presence of numerous coral mounds, i.e. complex habitats composed of 

sediments and biogenic structures, mainly corals of the order Scleractinia (Conti 

et al., 2019; Morrissey et al., 2023b). Furthermore, the submarine canyon Gollum 

Channel is located within this embayment.  

The Whittard Canyon system is situated in the southernmost region of the Irish 

Continental Margin. The canyon is composed of four V-shaped branches which 

converge from the shelf edge towards the flat bottom at 4500 m which then opens 

in the Biscay Abissal Plain (Amaro et al., 2016).  

In all these regions, high biodiversity, especially of corals, has been observed 

(Morris et al., 2013; Morrissey et al., 2023b; Robert et al., 2015).    
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1.2 Cold-water corals 

The deep-sea ocean floor has always been considered a uniform and undisturbed 

environment, associated with low biodiversity. The technological progress that 

has occurred in recent decades has disproved the former ideas, revealing benthic 

communities with high species richness, especially invertebrates, and a variety of 

adaptations (Hessler and Sanders, 1967; Rex, 1981; Wolff, 1977). Among the fauna 

composing deep-sea benthic communities there are corals.  

Corals are anthozoan or hydrozoan cnidarians that either secrete calcium 

carbonate (calcite or aragonite) to build a continuous skeleton, numerous 

individual sclerites to form an axial column, or that have a black proteinaceous axis 

(Cairns, 2007). They can occur as single organisms or colonies. A polyp is the living 

individual of a coral. Polyps have a cylindrical structure where it is possible to 

identify two tissue layers, ectoderm and endoderm. A gelatinous matrix, called 

mesoglea, is enclose in the middle between the two layers, where a few 

specialized cells reside. The body contains a gastrovascular cavity (coelenteron), 

which opens outwards with a mouth located in the center of a flat oral disc. 

Tentacles depart from the edge of the oral plate, arranged in one or more rows, 

and equipped with nematocysts, specialized stinging organelles. Longitudinal 

tissue septa called mesenteries divide the coelenteron, providing support to the 

structure of the polyp; these compartments also contain digestive and 

reproductive cells (Roberts, 2009). Reproduction can be asexual through 

fragmentation or budding, or sexual with the formation of gametes in the 

mesenteries and internal or external fertilization. The zygote that is generated 

develops into a free-swimming larva (Goreau et al., 1979).  

Corals are very widespread organisms in the oceans and are found both at 

shallower depths and at abyssal depths (from 4000 to 7000 m). Below 50 m depth, 

they are defined as “cold-water corals” (CWC), as they occur in an environment 

characterized by low temperatures (4-12°C) and dark conditions (Cairns, 2007; 

Freiwald et al., 2004; Roberts, 2009). Unlike warm-water corals, they lack 

symbiotic light-dependent algae, and instead feed on particles present in the 

surrounding water. Little is known about the biology and ecology of CWCs, except 

that they are characterized by a long life, and therefore slow growth and late 

maturation, and that with their three-dimensional structure they create complex 

habitats where it is possible to find many associated species (Bourque and 

Demopoulos, 2018; Linley et al., 2017; Parimbelli, 2020; Pierrejean et al., 2020). 

Cold-water corals are hydrozoans of the Stylasteridae family, the hexacorals 

orders Scleractinia (stony corals) and Antipatharia (black corals), and the subclass 

Octocorallia (true soft corals) (Fig. 3) (Cairns, 2007; Roberts and Cairns, 2014).  
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1.2.1 Octocorallia: the family Keratoisididae 

Octocorals are anthozoans that have polyps characterized by eight mesenteries 

(8-fold symmetry) from which the same number of tentacles originate, and that 

typically form colonies where polyps are linked to each other by a tissue called 

coenenchyma (Freiwald et al., 2004; Watling et al., 2011). Most of these corals, 

approximately 67% of the total families, are found in the deep-sea, showing 

Figure 3. Biodiversity of cold-water corals found on the Irish Continental Margin in the NE 

Atlantic. Individuals belonging to Octocorallia – Keratoisididae (A, B, C, D), Clavulariidae (A, D), 

Coralliidae (D, E), Paramuriceidae (B, D, E, F) – and Hexacorallia – Actiniaria (A, C), Antipatharia 

(E, F), Scleractinia (A, B, C, D). Images taken by ROV Holland I during cruise surveys CE13008 

(A), CE14009 (B, C), CE17008 (D) and CE21010 (E, F). 

A B 

C D 

E F 
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maximum diversity at depths >200 m. With their three-dimensional structure they 

contribute to the complexity of benthic communities, and provide an important 

structural role, as they provide shelter for commensal species, harbour eggs and 

can act as a nursery for juvenile invertebrates (Buhl-Mortensen and Mortensen, 

2004; Neves et al., 2020; Parimbelli, 2020; Vecchione, 2019).   

The recent phylogenomic analysis carried out by McFadden et al. (2022) led to a 

taxonomic revision of the class Octocorallia, supporting the division of this into 

two orders: Malacalcyonacea and Scleralcyonacea. The major difference between 

these two orders lies in the composition of the skeletal axis. Malacalcyonacea are 

corals that have either a proteinaceous or no skeleton, and they are the species 

that formerly belonged to the suborders Alcyoniina and Holaxonia, and some taxa 

previously classified as Stolonifera and Scleraxonia. Instead, the order 

Scleralcyonacea includes corals with an axis made of calcium carbonate or, 

alternatively, a fusion of sclerites and calcitic material. It includes the previous 

order Pennatulacea, many members of the former suborder Calcaxonia, and some 

taxa previously considered part of Alcyoniina, Stolonifera, Scleraxonia and 

Holaxonia. Among the taxa of Scleralcyonacea that formerly were included in the 

suborder Calcaxonia, there is the family Keratoisididae, on which this study 

focuses.  

 

Keratoisididae Gray, 1870  

Keratoisididae are colonial octocorals characterized by a skeletal axis made up of 

calcareous internodes alternating with sclerite-free proteinaceous nodes, that 

give a slight flexibility to the structure (McFadden et al., 2022; Saucier et al., 2021). 

The alternation of nodes and internodes makes the skeleton resemble a bamboo 

stalk, and for this reason they are commonly called ‘bamboo corals’ (Fig. 4). The 

colonial structures rise in height with sizes ranging from a few centimetres up to 

even 3 m (Dueñas et al., 2014; McFadden et al., 2022; Saucier et al., 2021). Growth 

patterns can be very different, which leads to the observation of various types of 

morphologies, both unbranched (whip-like), and branched, planar (fan-shaped) or 

complex (bush/arbuscular) (Fig. 5). They can grow on rocky substrates by attaching 

to surfaces through a holdfast made of calcium carbonate (Fig. 4) or have a root-

like holdfast that anchors to soft sediments. Like all other octocorals, they are long 

live organisms, with late maturation and slow growth.  

Bamboo corals are made up of monomorphic orange-pinkish polyps, which can 

contract to varying degrees or only the tentacles contract towards the oral disc 

(Fig. 4). Axial skeleton and polyps are held together by a layer of coenenchyma, 

the common tissue that covers octocorals. Inside the polyp body and the 

coenenchyma there are sclerites, which can appear in different shapes (needle, 

spindle, rod or scale) and be differently oriented along the polyp.  



8 
 

 

 

The genera recognized within the Keratoisididae family are Acanella (Gray, 1870), 

Bathygorgia (Wright, 1885), Eknomisis (Watling & France, 2011), Isidella (Gray, 

1857), Jasonisis (Alderslade & McFadden, 2012), Keratoisis (Wright, 1869), 

Lepidisis (Verrill, 1883), Ortomisis (Bayer, 1990). These taxa are currently under 

review, as the branching pattern has always been used as a character to 

distinguish the various genera, but recent genetic analyses have disproved the 

congenericity of some individuals (McFadden et al., 2022; Morrissey et al., 2023a; 

Saucier et al., 2021). In addition, there are many morphologically distinct clades 

that need to be confirmed as new genera (Morrissey et al., 2022; Watling et al., 

2022).   

 

 

 

Figure 4. ROV stills showing close-ups of bamboo corals, where it is possible to observe the 

bamboo pattern of the alternating internodes and nodes on the axial skeleton (A), the holdfast 

of individuals adhering to rocky substrates (B), contracted and open polyps with their eight 

tentacles (C, D). Images taken by ROV Holland I during the FB11 event of the cruise survey 

CE21010.  

A B 

C D 
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Little is known about these corals, as they often inhabit extreme environments, 

which make it difficult to obtain information and good quality samples. 

Keratoisidids have a cosmopolitan distribution, and can be found in shallow waters 

up to 5000 m deep, although a high biodiversity of these corals has been identified 

in deep-sea environments such as continental slopes, seamounts, submarine 

canyons, and ridges (Dueñas et al., 2014; Freiwald et al., 2004; Lapointe and 

Watling, 2015; Watling et al., 2011). Here, they can aggregate to create forests or 

gardens.  

Bamboo corals constitute an important component of deep-sea benthic 

communities. Like other octocorals with three-dimensional colonial structure, 

they increase complexity of the ocean floor by modifying particle sedimentation 

and providing areas for settlement, refuge and niche space (Pierrejean et al., 

2020). Specifically, colonies of keratoisidids help to change the flow of water, 

offering maximum flow and therefore a greater food supply for many filter-feeding 

organisms, although few commensal species have been directly observed on these 

Figure 5. Highlight of the various morphologies found within Keratoisididae families, in 

particular whip-like (1 a-c), fan shape (2 a-c) and bush/arbuscular shape (3 a-c). Images taken 

by ROV Holland I during different dive events from cruise surveys CE14009 (1c, 2a), CE16006 

(2c, 3a), CE18012 (2b, 3b) and CE21010 (1a, 1b, 3c).  

3a 3b 3c 

2a 2b 2c 

1a 1b 1c 
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corals (Buhl-Mortensen and Mortensen, 2004; Parimbelli, 2020; Watling et al., 

2011). In general, the presence of bamboo corals helps to enhance faunal diversity 

and ecosystem functioning (Pierrejean et al., 2020).  

For their life history traits, their distribution in deep-sea environments and the 

ecological functions and services they provide, keratoisidid gardens fall within the 

description given by the Convention on Biological Diversity for identifying 

ecologically or biologically significant areas (EBSAs) (2008 Decision IX/20 Annex 1) 

and the description given by the Food and Agriculture Organization of the United 

Nations (FAO)) for identifying vulnerable marine ecosystems (VMEs). This means 

that it is essential to know the distribution of bamboo corals on the ocean floor, 

so as to be able to implement monitoring actions and conservation policies. 

However, the extreme environments in which these individuals usually grow are 

very difficult to investigate, and therefore it is necessary to use new methods to 

survey and define the characteristics of their distribution.  
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1.3 Species Distribution Models 

Establishing where and to what extent deep-sea species are distributed is very 

difficult. It requires a complete mapping of the areas in which these individuals are 

found, but the survey of the ocean floor is often limited by costs and logistical 

problems linked to the difficulty of reaching these environments due to the 

extreme conditions (depth, pressure, high speed of the currents, etc.) (Feng et al., 

2022). In recent decades, it has become very common to use species distribution 

models (SDMs), also called habitat suitability models (HSMs), to investigate the 

distribution of deep-sea corals (Bennecke and Metaxas, 2017; Elith and Franklin, 

2013; Howell et al., 2011; Reiss et al., 2011; Ross and Howell, 2013; Yesson et al., 

2012). This ecological modelling technique quantifies the species-environment 

relationship, and then applies it to map the distribution of the species considered 

(Elith and Franklin, 2013; Winship et al., 2020). Like all other modelling techniques, 

it is necessary to follow a series of steps, which have been described in detail by 

Guisan and Zimmermann (2000).  

Niche theory is generally the basis of SDMs. A niche is a space defined by the 

conditions, usually environmental, and resources required by a particular species 

to survive, without reference to geographic space (biotope) (Elith and Franklin, 

2013; Hutchinson, 1957). The models are therefore built starting from an 

ecological concept, from the idea of ranges of patterns and processes that limit 

the distribution of species. In this initial phase, called model conceptualization, 

there is the collection of localization data (occurrences) of the investigated 

individuals and a set of environmental, or even biotic, variables which are thought 

to influence the presence of these organisms.  

The next step is the statistical formulation, or verification, i.e. the choice of a 

mathematical algorithm to predict the behaviour of the chosen response variable 

and estimate the model coefficients (Guisan and Zimmermann, 2000). There are 

several statistical approaches based on different assumptions of species-

environment relationship that can be applied when modelling. The formulation of 

a theoretical model is fundamental, but it must also be accompanied by good input 

data, appropriate spatial resolution and a robust sampling design. To obtain 

satisfactory results, statistical approaches and modelling techniques are chosen 

depending on characteristics of biological and environmental data and the 

purpose of the study. Traditionally, generalized linear and additive models (GLMs 

and GAMs) have been used to build SDMs: the assumption behind these 

techniques is that environmental predictors (X) and the response variable (Y), i.e. 

species occurrence/abundance, are linearly dependent or linked by a more 

complex relationship (Elith and Franklin, 2013; Miller, 2010). Recent advances in 

computing power and machine learning have made a new set of modelling 

techniques available. Examples of these new methods include regression trees, 

artificial neural networks, genetic algorithms, maximum entropy methods, and 
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support vector machines. They are defined ‘data-driven’ methods, because a priori 

model specification is not required to apply them.  

The mathematical model is then applied to the dataset. Adjusting the parameters 

and constants of the model helps to improve the agreement between the output 

predictions and the data considered (Guisan and Zimmermann, 2000). This phase 

called calibration requires a sensitive analysis to identify the most significant 

parameters for the model. In the case of SDMs, the influence of different 

environmental variables on the occurrence of species is preliminarily tested, so 

that explanatory variables ecologically relevant to the hypothesis can be chosen. 

Subsequently the constants of the mathematical formulations are adjusted to 

avoid over-fitting and over-smoothing of the model results.  

Once the abundance/occurrences of the species are obtained with the modelling 

technique, it is possible to predict the potential distribution within the modelled 

area and therefore obtain a distribution map of the species. The probabilities of 

occurrence obtained from the models are transformed into presence/absence 

predictions through a threshold, which is selected trying to maximize the 

performance of the model and at the same time minimize its standard deviation 

(Liu et al., 2005). The accuracy and reliability of these predictions depends on the 

goodness of fit and performance of the model. This can be evaluated using various 

metrics, which in general require the comparison of the predictions with a 

validation set to define the number of true positive, false positive, false negative 

and true negative cases predicted by the model (confusion matrix) (Allouche et al., 

2006; Elith and Franklin, 2013). Starting from the confusion matrix it is possible to 

establish the proportion of correctly predicted sites (overall accuracy), proportion 

of true presences (sensitivity) and proportion of true absences (specificity). 

Another way to assess the goodness of a model is the receiving operating 

characteristic (ROC) curve (sensitivity vs. 1 – specificity), where the area under the 

ROC curve (AUC) indicates the ‘fit’ of the model to the data. In addition, the true 

skill statistic (TSS) test can also be calculated (sensitivity + specificity – 1), as it 

determines how good the model performance is compared to a random 

prediction.  

Model validation is necessary, so that models can be applied outside the datasets 

used to calibrate them (Winship et al., 2020). Ideally, new independent data 

should be used, however this is not always possible. When working with deep-sea 

species the prohibitive costs and logistic problems can prevent new data from 

being collected. In these cases, cross-validation is implemented: the starting 

dataset is divided into ‘training’ and ‘test’ data, and the former are used to build 

the model and the latter used to validate it.   
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1.3.1 Maximum entropy modelling 

The maximum entropy (MaxEnt) method developed by Phillips et al. (2006) is a 

modelling technique that has been widely used for species distribution modelling 

since 2006, the year it was introduced (Elith et al., 2011; Merow et al., 2013). The 

concept behind this method is to estimate distribution probabilities of 

investigated species by finding the probabilities that imply the most spread-out 

distribution, or closest to uniformity (i.e., maximum entropy) (Phillips et al., 2006; 

Phillips and Dudík, 2008). This assumption makes it possible to work with 

incomplete information, such as presence-only datasets, because the absences 

are extrapolated from the background (for this reason, they are defined ‘pseudo-

absences’).  

Like other modelling techniques, MaxEnt is based on the ecological theory that 

independent variables, generally environmental parameters, influence the 

distribution of a target species (response variable). MaxEnt provides the algorithm 

that allows this relationship to be quantified by creating a set of transformations 

for the predictors (Elith et al., 2011; Phillips et al., 2006). These mathematical 

modifications are called features, and the modelling software calculates a suitable 

set of them based on six types: linear, product, quadratic, hinge, threshold and 

automatic. For each of these feature classes, a regularization parameter governs 

the closeness of the expected distribution probability with respect to the 

observation data; this value can be modified to smooth and better fit the model. 

MaxEnt then gives three types of output, raw, cumulative and logistic, that try to 

give an estimate as close as possible to the probability that a species is present 

based on the environment (Elith et al., 2011; Phillips et al., 2006; Phillips and 

Dudík, 2008). The ‘raw’ output is the set of non-negative probabilities assigned to 

each pixel in the study area, which are extremely small. ‘Cumulative’ and ‘logistic’ 

outputs are transformation of these raw probabilities. The first one is obtained by 

cumulatively summing raw output values, that are then rescaled between 0 and 1 

to represent the estimated probability of species occurrence. Instead, the logistic 

output is the transformation of the raw values into probabilities between 0 and 1 

through the logistic function. The latter is easier to interpret and use in various 

types of analysis, so it is the most considered of the three.  

The software also carries out a whole series of statistical analyses, useful for 

evaluating the generated model. Specifically, it calculates ROC curves and analyses 

the contributions of the variables to the model by running a jackknife test of 

regularized training gain (Phillips, 2017).   

Despite the easy use of the program, and the good results that have been obtained 

using it in presence-only studies , MaxEnt requires some precautions to be used 

(Elith et al., 2011; Merow et al., 2013; Radosavljevic and Anderson, 2014; Reiss et 

al., 2011; Yesson et al., 2012). In particular, the software assumes that the data 

introduced for calibration and validation are independent and that there is no 
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sampling bias. It is therefore necessary to carefully choose the input data, 

providing a good background dataset from which to extract pseudoabsences, and 

possibly scattered occurrences in the sampling area (Phillips, 2009).  

 

1.3.2 SDMs for deep-sea marine spatial planning 

Vulnerable marine ecosystems and ecologically or biologically significant areas, 

like cold-water habitats, require monitoring, conservation and protection acts, as 

stated by the Convention on Biological Diversity and as part of the UN Sustainable 

Development Goals (UN General Assembly, 2015).   

In the case of deep-sea habitats, environmental management can be achieved 

through marine spatial planning, i.e. the imposition of marine protected areas 

(MPAs), sanctuaries, no-fishing zones, etc. This approach requires accurate and 

reliable mapping of the occurrences of marine ecosystems, and for deep-sea 

benthic communities the distribution of these habitats can only be detected 

through prediction models (Bennecke and Metaxas, 2017; Howell et al., 2022). 

Despite studies that have highlighted the potential of this tool (Reiss et al., 2011; 

Ross and Howell, 2013; Yesson et al., 2012 among many others), the use of models 

in environmental decision making has not become established yet, due to mistrust 

in the reliability and accuracy of outputs, and the lack of common modelling 

practices.   

Recent studies and workshops have highlighted the necessity of improving the 

performance of the models by adopting common good practices, using high 

resolution data, and expanding knowledge of factors influencing species 

distributions (Araújo et al., 2019; Elith and Leathwick, 2009; Howell et al., 2022; 

ICES, 2021; Winship et al., 2020).  
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1.4 Aims and objectives of the study  

The aim of this study was to verify the influence of morphology on the distribution 

of deep-sea corals, using the octocoral family Keratoisididae as representative. 

This offers further insight into the parameters that determine the presence of 

corals on the oceanic floor, which is fundamental to obtaining accurate and 

reliable species distribution models that can be used to inform and improve 

conservation and protection management of these vulnerable marine ecosystems. 

To accomplish this task, habitat suitability models were built for the three 

morphologies that keratoisidids can assume (unbranched, branched 2D and 

branched 3D), using as dataset the presence records of such specimens in the Irish 

continental margin in the NE Atlantic.  

The main objectives of this thesis were to:  

1. Prepare a data subset for each morphological coral form from records of 

presence of keratoisidids, and project these occurrence data into 200 x 200 

m grid cells to extract associated environmental variables from ArcGIS 

layers.  

2. Pre-select the combination of environmental variables that are most 

important in determining the occurrence of the different morphologies.  

3. Build species distribution models for the identified functional groups and 

map the probabilities of distribution (occurrences) obtained within the 

study area.  

4. Determine whether the three morphologies are distributed differently 

using various model evaluation metrics and analysing distribution ranges 

for environmental variables.  

5. Compare the distribution of individuals belonging to the Keratoisididae 

genus Acanella with that of other keratoisidids with branched 3D 

morphology.  
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2 MATERIALS AND METHODS 

2.1 Occurrence data 

2.1.1 Video surveys  

Video surveys were performed using the remotely operated vehicle (ROV) 

‘Holland I’ during six research cruises to the NE Atlantic between 2013 and 2021, 

aboard the Marine Institute vessel RV Celtic Explorer (Tab. 1).  

 

 

Holland I is the ROV system developed for the deployment from the RV Celtic 

Explorer, but it can also be transferred to other ships (Fig. 6). It is equipped with a 

high-definition camera system for videos and stills, supported by powerful 

Figure 6. The Marine Research Vessel (RV) Celtic Explorer (a) and Holland I Remotely Operated 

Vehicle (b). Pictures from https://www.eurofleets.eu/  

a b 

Table 1. Summary of RV Celtic Explorer surveys 

https://www.eurofleets.eu/
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lighting, and with manipulators for both biological and sediment sampling. The 

entire ROV system was designed to reach depths of 3000 m (Marine Institute, 

2022b).  

In total, 111 ROV dives were completed in several locations on the Irish Margin, 

with the majority occurring on the Porcupine Bank, Whittard Canyon system and 

Fangorn Bank (Fig. 7). During these dives, the ROV generally followed a transect 

with a constant velocity. When something interesting was glimpsed within the 

field of view or to the side, a change of trajectory, stops, and close-ups were made, 

also to allow the collection of fauna and sediment samples for future analysis.  

 

 

2.1.2 Video analysis 

The video recordings were analysed using the Video Annotation and Reference 

System (VARS) v. 8.3.1, developed by the Monterey Bay Aquarium Research 

Institute (MBARI) (Schlining and Stout, 2006). The software was used to annotate 

the occurrence of corals and other organisms in the videos, along with the time of 

observation.  

The observed specimens were annotated and identified at the lowest taxonomic 

level, based on an in-house species identification catalogue of Irish deep-water 

organisms built over the years. Due to the difficulty in identifying organisms from 

Figure 7. ArcGIS map showing the locations of ROV dives of the cruises in 2013 (yellow), 2014 

(blue), 2016 (red), 2017 (green), 2018 (pink) and 2021 (brown). Bathymetry layer from Howell 

et al. (2022) 
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video data, it was not possible to determine all organisms to species level. For this 

reason, morphospecies (i.e. individuals with similar appearance to which the 

taxonomic level shared by both is attributed) were identified and annotated 

(Howell et al., 2010).  

Since the cruise expeditions were carried out years apart, the video recordings 

were examined at different times and by different analysts. However, consistency 

was ensured by following some common guidelines: 

- During the observation of the video tapes, only organisms within the 

field of view illuminated by the ROV’s light were annotated, while those 

in dim light or on the sides were not considered until they were lit.  

- For each specimen observed, or colony as in the case of corals, a single 

annotation was made. However, when there were more than ten 

individuals of the same species in the field of view, they were described 

by a single annotation accompanied by a “+” sign in the notes. 

- If the organisms were too difficult to identify, e.g. the image was too 

blurred, the individuals were too small or had characteristics 

attributable to more than one phylum, or the ROV was moving too 

quickly, they were annotated as “Indeterminate”, adding a brief 

description in the notes to facilitate their recognition on the screen later.  

- The organisms collected by the ROV were noted only at the time the 

collection process began, and a single annotation remained even if the 

specimen broke or if the acquisition required multiple steps. A 

“collected” note was added to the identification of the acquired 

individual, with the corresponding ‘specimen number’ (distinctive 

number attributed to each sample collected) that easily connects the 

sample to the place and time of collection.  

- Along with the organisms, the substrate composition was recorded at 

the beginning of each video, and then every 30 minutes and whenever 

it visibly changed. The three main categories of substrate are mud, rock 

and coral rubble, but in some cases combinations of these types or 

special cases of them (e.g., rock walls, boulders, etc.) can be observed 

(Fig. 8).   

Following the video analysis, the observations were downloaded into CSV files 

using the VARS “Query” application, which allowed the annotation of each 

morphotype to be linked with its taxonomic information. The different datasets 

generated for each survey were then merged into a single file.  
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2.1.3 Data manipulation 

The occurrence dataset was linked to the coordinates and depth at which the 

morphotypes were annotated. Positioning data were retrieved from the USBL 

system which consisted of transponders on the ROV communicating with those on 

the drop-down keel of the ship, with the signals processed using a sound velocity 

profile generated by a CTD cast prior to ROV deployment. To obtain latitude and 

longitude for every second of each transect, USBL positioning data were smoothed 

and splined through the Ocean Floor Observational Protocol (OFOP) software 

(Huetten and Greinert, 2008). The ‘pandas’ tool in Python was then used to link 

A B 

C D 

E F 

Figure 8. Types of substrates observed in the cruise expeditions: (A) coral rubble; (B) 

mud and coral rubble; (C) mud and rocks, with coral rubble; (D) mud; (E) mud and rocks; 

(F) rock wall. Images taken by Holland I ROV during the cruise’s expeditions CE18012 

and CE21010.  
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occurrence and splined positioning data in order to assign to each annotation the 

coordinates and depth where the organisms were observed.  

Since many dive events were conducted at the same locations as others, it was 

necessary to ensure that there were no double records of the same organisms. To 

do so, a “code transect” number was attributed to each dive to distinguish the 

various transects explored. By plotting the dataset with all the annotations in 

ArcGIS, it was possible to identify through this code the dives that partially 

followed the same transect or that intersected. A second numerical code, called 

“group transect”, was attributed to the events, so that intersected dives had the 

exact same group transect number (refer to Table 1 of Appendix A).  

As this study focuses on members of the family Keratoisididae (clades illustrated 

in Appendix B), a subsample containing morphotypes belonging to this family was 

extracted and used for the modelling study. The Keratoisididae records were 

further dived into three groups depending on their morphology (Fig. 9):  

(1) Unbranched, which are characterized by a single branch, resembling a stick 

or a whip; 

(2) Branched 2D, which are the planar bamboo corals, generally called fan-

shaped; 

(3) Branched 3D, which branch in every direction, taking on a bush or tree 

shape.  

 

 

 

 

 

 

 

 

 
Figure 9. The three different morphologies occurring in the family Keratoisididae: (A) 

unbranched, (B) branched 2D, and (C) branched 3D. 

Images taken by ROV Holland I during the dive events PG1 and FB2 from the cruise CE21010 

(respectively, A, C), and event 25 from CE14009 (B).  

A B C 
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The distinction in the three different morphologies was made following the studies 

of Morrissey et al. (2022) and Dueñas et al. (2014) (Tab. 2), and comparing the 

individuals to the pictures reported in the species identification guide.  

 

 

2.2 Environmental variables 

Ten environmental variables were selected based on their biological relevance and 

availability: bathymetry, broad and fine bathymetric position indices (BBPI and 

FBPI), curvature (overall, plan and profile), rugosity, salinity, slope and 

temperature.  

Raster files for these parameters were available from previous studies (Howell et 

al., 2022; Ross and Howell, 2013). Bathymetric data were in part obtained from 

the General Bathymetric Chart of the Oceans (GEBCO) and part from additional 

high-resolution multibeam bathymetry data retrieved from sidescan sonar surveys 

(Howell et al., 2022).  The resulting layer was then resampled at a resolution of 

200 x 200 m grid cells (Fig. 10). Bathymetric position indices, curvature, rugosity 

and slope layers were generated from bathymetry using ArcGIS Benthic Terrain 

Modeler extension (Walbridge et al., 2018). Bottom temperature and salinity 

information derived from CTD data was used to build generalize additive models 

(GAMs) and create raster grids (Guinan et al., 2009; Howell et al., 2022; Ross and 

Howell, 2013). These layers were then projected in ArcGIS and trimmed to the 

same extent as the bathymetry. 

 

 

 

Table 2. Keratoisididae genera and morphotypes used for the video identification, and 

corresponding morphologies.  
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2.3 Modelling 

Six models were trained: (1) entire family, (2) unbranched morphology, (3) 

branched 2D morphology, (4) branched 3D morphology, (5) branched 3D 

morphology without Acanella, and (6) genus Acanella. In the literature the genus 

Acanella has shown a specific preference for a certain type of habitat, quite 

different from that preferred by the other bush bamboo corals (Robert et al., 

2015; Saucier et al., 2017). 

To ensure that all environmental variables were weighted evenly in the models, 

the occurrence data of each dataset considered was reduced to one point per cell 

in ArcGIS Pro v3.1. A presence (1) was assigned to each cell in which at least one 

individual belonging to the group of interest was observed, otherwise, or in the 

case of unexplored cells, a pseudoabsence (0) was assigned (Howell et al., 2022; 

Ross and Howell, 2013). In addition, a single presence point was randomly selected 

for each transect, and same for the absences in absence transects. This reduction 

to a single point per transect was undertaken to avoid a potential spatial 

autocorrelation effect within the models.  

Figure 10. Bathymetry layer at resolution 200 x 200m, derived from Howell et al. (2022). 

Visualized in ArcGIS Pro.  
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Environmental variable data were then extracted through ArcGIS ‘Extract multi 

values to points’ tool from the respective layers, so that each presence/absence 

was associated with a specific set of environmental values.  

The models were built using presence-only data, as all the absences were obtained 

from a lack of observation of the targeted morphology class. The maximum 

entropy (MaxEnt) modelling developed by Phillips et al. (2006) has been found to 

have the highest performance for this type of data (Elith et al., 2006), and was thus 

used throughout the study. MaxEnt is a software that has been widely used to 

model species distributions since it was introduced in 2006 (Elith et al., 2011). 

Through the algorithm behind this software, the target probability is estimated as 

the probability distribution of maximum entropy, i.e. as if the data are close to 

being uniform, and this is why it is possible to work with presence-only records 

(Phillips et al., 2006; Phillips and Dudík, 2008).  

Multi-model selection method was applied to ensure that the variables included 

in the model were relevant for the study (Burnham et al., 2011; Elith and 

Leathwick, 2009). Within a set of models, this method selects the model that 

minimize the loss of information in approximating reality, i.e. the closest to full 

reality. To avoid adding noise to the models, the correlated variables were first 

identified, applying the rule that |r| > 0.7 characterizes a covariance. Then, GAMs 

(gam, K = 4, gamma = 1.4; Kim and Gu, 2004) were built in R studio with the ‘mgcv’ 

library (Wood, 2017) for all the variables and combinations of non-correlated 

variables, and the corrected Akaike information criterion (AICc) was used to 

choose which permutation gave the best model (Burnham et al., 2011).  

Species presences linked to the pre-selected environmental predictors for each 

functional group were used as input and modelled in MaxEnt v.3.4.4. Following 

the protocol outlined in Ross and Howell (2013), some preliminary models were 

first tested to reduce over-fitting and over-smoothing (Phillips and Dudík, 2008). 

Specifically, different combinations of parameters were trialled, including the 

feature classes (linear, quadratic, product, hinge and threshold) and the 

regularisation parameter. For the probability functions, linear, quadratic and 

product features were maintained in all models, while several arrays of automatic, 

hinge and threshold features were tested to find which of those gave the highest 

performance to the models. In particular, for the family Keratoisididae, branched 

3D morphology and genus Acanella, all the three features were deselected; for 

unbranched and branched 3D without Acanella morphologies, autofeatures and 

hinge features were not selected; for branched 2D hinge and threshold features 

were not selected. As regards regularisation parameters, a series of values (0.001, 

0.01, 0.1, 0.5 and 3) were initially tested and then the value (to 3 decimal places) 

that most minimized the AICc value of the models was found with an iterative 

procedure (Burnham and Anderson, 1998; Howell et al., 2022) (see Table 1 of 

Appendix C).   
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2.4 Model evaluation 

For the evaluation of the models, the procedure already implemented by Ross and 

Howell (2013) and Howell et al. (2022) was followed. Therefore, data were 

manually partitioned (70/30 split) in R v. 4.3.1, but checking that the transects felt 

into either a training or testing data set to avoid validation of the same transect 

with a within-transect testing point (Howell et al., 2011). Data were split ten times, 

obtaining ten sets of training and test for each functional group considered. New 

random partitions were made until the training and test data set had prevalence 

within a range of <±1% compared to that of the full data set.  

Ten new models were built for each functional group, and then they were 

evaluated using the ‘PresenceAbsence’ package in R (Freeman and Moisen, 2008). 

The area under the receiver operating curve (AUC) was calculated for the full 

models and each partition, and also thresholding techniques were employed to 

assess model performance (Howell et al., 2022; Ross and Howell, 2013). As 

suggested by Liu et al. (2005), three thresholding techniques were used: (1) 

maximization of Cohen’s Kappa (MaxKappa) to measure the overall performances, 

(2) sensitivity-specificity sum maximization (MaxSens+Spec) to find the true skill 

of the models, and (3) predicted prevalence and observation equality 

(PredPrev=obs) to estimate prevalence. The thresholds for each model were 

selected looking at the average of three widely used indices (sensitivity, specificity 

and PCC), and depending on which technique maximized the model performance 

but at the same time minimized the standard deviation.  

In addition, using the code developed by Karlsson  (2019), true skill statistic (TSS) 

was calculated for each trained (TSStrain) and tested (TSStest) model to assess their 

transferability outside the dataset. The averages of the TSStest/ TSStrain ratios were 

used to determine the degree of overfitting of the models. The closer this mean is 

to 1, the less overfitted the model is, i.e., the greater its transferability (Allouche 

et al., 2006; Parimbelli, 2023)  

MaxEnt program can also run Jackknife tests of variable importance, to determine 

the variables that contributes most to the model. By selecting this option, several 

models are generated: one with all the pre-selected variables, one excluding each 

variable in turn and running a model with the remaining variables, and one using 

each variable individually (Phillips, 2017). The results are then plotted in a bar 

chart.  
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2.5 Differences in predicted distributions  

The probabilities of presence calculated in MaxEnt for each functional group were 

uploaded in ArcGIS as raster grids. The data were transformed to predicted 

presence/absence by designing a binary layer with only values above the threshold 

(Liu et al., 2005). The relative probability data produced from the maps from the 

ten training and test partition data sets were used to create a standard deviation 

layer (Howell et al., 2022; Ross and Howell, 2013). In addition, the results of the 

multivariate environmental similarity surface (MESS) analysis performed by 

MaxEnt were output as a layer used to create a mask to keep only the reliable 

predictions (Elith et al., 2011).  

To better understand the maps obtained, the distributions by the pre-selected 

environmental predictor were compared among the six functional groups, first 

visually generating boxplots with the R package ‘ggplot2’ v 1.0.0 (Whickam and 

Winston, 2016), then statistically applying a comparison test. To decide which type 

of comparison test to use, the condition of normality was assessed by generating 

Q-Q plots for each variable for all six functional groups. Since the distributions 

were not normal (results in Appendix D), it was decided to use the Kruskal-Wallis 

test (Kruskal and Wallis, 1952), a non-parametric test that determine whether 

there are significant differences between the multiple groups (McKight and Najab, 

2010). Multiple comparisons increase the probability of incurring a Type I error 

(false positive), so it is necessary to accompany them with a correction method. In 

this case a Bonferroni correction was applied, which makes the level of significance 

for each individual test more rigorous, maintaining an overall acceptable Type I 

error rate across all comparisons (Weisstein, 2004).  

The null hypothesis tested by Kruskal-Wallis test is that all the medians of all 

groups are equal; consequently, if the p-values are lower than 0.05 – the 

commonly chosen level of significance – rejection of the hypothesis implies that 

there are significant differences between the compared distributions. P-values 

were therefore calculated using the ‘PMCMRplus’ package v 4.3 in R (Pohlert, 

2018). Since the annotations for the three morphologies were extracted from the 

Keratoisididae dataset, and branched 3D without Acanella and genus Acanella 

were subset from branched 3D dataset, these two broader groups were excluded 

from the analysis, because the requirement of independent data necessary to 

perform the statistical test was not met.  

With the Kruskal-Wallis test it is only possible to establish whether there are 

significant differences in the distributions between the multiple groups 

considered; a post hoc test is necessary to identify the pair of groups that are 

differently distributed (Dinno, 2015). A pairwise comparison was therefore 

performed; specifically Dunn’s test  (Dunn, 1964) was applied using the R package 

‘dunn.test’ v 1.3.5 (Dinno, 2017). With this test, significant differences are 

identified by p-values < 0.05, as it is necessary to reject the null hypothesis that 
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there are no differences between the two compared groups (Dinno, 2015). Again, 

since Dunn’s test is also a multiple comparison test, the Bonferroni correction 

method was applied to it within the R code.  
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3 RESULTS 

There were 60 sampling locations explored through transects during the diving 

events, which covered an area of the NE Atlantic Ocean enclosed in 486 200x200m 

grid cells. The data considered to build the models for the different morphologies 

of the family Keratoisididae were a small portion of the dataset composed of 

134870 organisms annotated from the ROV videos (Tab. 3).   

 

 

 

3.1 Variable pre-selection 

Pairs of variables with absolute values higher than 0.7 in the correlation matrix 

(Tab. 4) were considered correlated and excluded from the selection of variables. 

Specifically, a high correlation was found between depth and temperature, BBPI 

and FBPI, curvature and plan curvature, curvature and profile curvature, FBPI and 

profile curvature, rugosity and slope, salinity and temperature.  

Table 4. Correlation matrix for the environmental variables.  
The cells highlighted in red show absolute values higher than 0.7, and so the correlation 

between the two variables.  

Table 3. Number of annotations, cells with at least 1 presence and transects with at least 1 

presence for each functional group considered.  
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The combination of variables with the lowest corrected AICc value was selected 

for each functional group considered. Except for branched 3D Keratoisididae 

without genus Acanella, the variables selected for the final models were quite 

similar (Tab. 5 – for AICc values see Table 2 of Appendix C). The combination for 

unbranched and branched 2D Keratoisididae was the same, whereas for the entire 

family of bamboo corals, FBPI was selected instead of BBPI. For branched 3D 

Keratoisididae and the genus Acanella, BBPI and temperature were still selected 

as important, but together with rugosity instead of slope. The variables selected 

for the morphology branched 3D without Acanella were bathymetry, rugosity and 

salinity. 

 

 

3.2 Model performance and transferability  

For all the functional groups, the preferred thresholding method was MaxKappa 

and the values ranged from 0.44 found for the family Keratoisididae to 0.76 of the 

branched 2D bamboo corals (Tab. 6).  

Table 5. Relevant variables selected through GAMs for each of the modelled functional group.   

Table 6. Thresholding methods and threshold values selected for the six functional 

group.  
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Considering the AUC values, the predictions were better than random (Tab. 7) 

(AUC > 0.5). The models with the best performance, which can be defined as 

“good”, were for morphologies unbranched (AUC = 0.892) and branched 3D 

without Acanella (AUC = 0.882) (Fig. 11b, 11e). Branched 2D and genus Acanella 

models gave AUC scores moderately good (respectively, AUC = 0.732 and AUC = 

0.706) (Fig. 11c, 11f). Models for the family (AUC = 0.642) and branched 3D 

Keratoisididae (0.663) showed poor performance (Fig. 11a, 11d).  

Looking at the averages of TSStest/ TSStrain ratios (Tab. 7), the models with the worst 

performance were actually those that better represent reality, while the ‘good’ 

models showed overfitting. The highest accuracy was found for the family 

Keratoisididae (TSStest/ TSStrain = 0.890) and the morphology branched 3D (TSStest/ 

TSStrain = 0.789). The morphologies unbranched and branched 3D without Acanella 

displayed low transferability (respectively, TSStest/ TSStrain was 0.207 and 0.231); 

for the branched 2D Keratoisididae it was slightly better (TSStest/ TSStrain = 0.478). 

Differently, the model for the genus Acanella could be considered the best one, 

because it showed both a pretty good performance and a high accuracy (TSStest/ 

TSStrain = 0.971).  

  

 

3.3 Importance of environmental variables within each model 

Jackknife tests of variable importance revealed the six models generated relied 

heavily on temperature and bathymetric variables, either BBPI/FBPI, slope or 

depth (Fig. 12). The only exceptions are represented by the models for the 

morphology branched 3D, where rugosity was the second major contributor when 

all genera were included, and salinity was the most important variable for the 

model when Acanella species were excluded.  

Table 7. Area under the receiver operating characteristic curve (AUC) scores and TSStest/ 

TSStrain ratio values of the six functional group, with percentage of presence in the study 

area.  
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Jackknife of regularized training gain for Keratoisididae  

Jackknife of regularized training gain for branched 2D Keratoisididae  

Jackknife of regularized training gain for branched 3D Keratoisididae without Acanella  

Jackknife of regularized training gain for unbranched Keratoisididae  

Jackknife of regularized training gain for branched 3D Keratoisididae  

Jackknife of regularized training gain for Acanella 

Figure 12. Jackknife of regularized training gain for (a) family Keratoisididae, (b) unbranched Keratoisididae, 

(c) branched 2D Keratoisididae, (d) branched 3D Keratoisididae, (e) branched 3D Keratoisididae without 

Acanella, (f) Acanella. The variables on the y-axis are those pre-selected with multi-model selection method, 

broad and fine bathymetric position indices (BBPI and FBPI), slope (Slo), temperature (Temp), rugosity (Rug) 

and salinity (Sal).  

“Without variable” – each variable is excluded in turn and a model created with the remaining variables; 

“With only variable” – model built using only one variable; “With all variables” – full model.   

 a) 

b) 

c) 

d) 

e) 

f) 
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3.4 Predicted distributions 

The predicted distributions derived with MaxEnt extended along the Irish 

continental shelf (Fig. 13, 14, 15).  

Figure 13. Distribution maps (probability of occurrence) of family Keratoisididae (a) and 

morphology unbranched (b). The probabilities showed in the maps go from the threshold value 

(purple) found for each group – see Table 4 for the values – to 1 (yellow). The standard deviation 

(grey layers) derives from the 10 training-test partitions.  

a) 

b) 
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Figure 14.  Distribution maps (probability of occurrence) of morphologies branched 2D (a) and 

branched 3D (b). The probabilities showed in the maps go from the threshold value (purple) found 

for each group – see Table 4 for the values – to 1 (yellow). The standard deviation (grey layers) 

derives from the 10 training-test partitions. 

  

a) 

b) 
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a) 

b) 

Figure 15. Distribution maps (probability of occurrence) of morphology branched 3D without 

Acanella (a) and genus Acanella (b). The probabilities showed in the maps go from the threshold 

value (purple) found for each group – see Table 4 for the values – to 1 (yellow). The standard 

deviation (grey layers) derives from the 10 training-test partitions. 
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Overall, the probabilities of occurrence were higher in the Whittard Canyon area 

and were more or less spread on the margin of Porcupine and Rockall banks, and 

on the sides of Anton Dohrn Seamount.  The entire family Keratoisididae, as 

expected, had a widespread predicted distribution, but a high probability of 

occurrence confined in determined areas, such as Whittard Canyon (Fig. 13a).  

The map for unbranched bamboo corals showed a high probability to find this 

morphology near vertical walls, such as along canyons and on the edge of the 

continental shelf, while branched 2D were the least spread, with only a hotspot of 

presences in the area preceding Whittard canyon (Fig. 13b, 14a). Instead, 

branched 3D Keratoisididae demonstrated a greater covered area, specifically in 

zones right before vertical walls, with also some occurrences in Fangorn Bank (Fig. 

14b). Excluding the Acanella species from this morphology, the distribution 

changed, showing a high probability of occurrence in the Whittard canyon area, 

but also in the Gollum channel system (Fig. 15a). The map for the Acanella was 

very similar to that for the bush/arbuscular morphology (Fig. 15b), underlining the 

different preferences of habitat of this genus compared to the other bush 

Keratoisididae. 

 

 

3.5 Ecological species niche comparison 

From the boxplots of the distribution by the singular variables selected for the 

models (BBPI, rugosity, salinity, slope and temperature), it emerged that the three 

morphologies of Keratoisididae and the genus Acanella were found within the 

same ranges of temperature, slope and rugosity (Fig. 16). 

Regardless of their morphology, Keratoisididae were mainly observed at 5-6°C, 

and within a moderately positive slope degree range (10-20°), and an even 

narrower range of rugosity (1.02-1.07). As for the distribution by salinity, the 

boxplots showed a difference in the width based on the morphology of 

Keratoisididae: unbranched and branched 3D tolerated a wider range of salinity, 

while the range for branched 2D and branched 3D without Acanella is narrower 

(Fig. 17a). However, the mean values of salinity are almost the same, between 

35.4 and 35.5. For the BBPI values a difference between branched 3D and the 

other morphologies was found (Fig. 17b). Unbranched and branched 2D 

Keratoisididae showed a preference for positive BBPI values, which represent cliff 

edges or ridges. Branched 3D bamboo corals, both with and without Acanella, 

were distributed within a negative range of BBPI, that is linked to depressions or 

valley bottoms. The mean value close to 0 for the genus Acanella indicated the 

preference of these corals for plains.  
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Figure 16. Distribution of the six functional group by temperature (a), slope (b) and rugosity (c).   

 

b) 

 a) 

c) 
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The results of Kruskal-Wallis test highlighted significant differences between the 

distributions of the three morphologies for all the considered environmental 

variables (Tab. 8). Dunn’s test for post hoc pairwise comparisons pointed out that 

the ranges of temperature within which the four functional groups distribute were 

significantly different (p-values < 0.05) (Tab. 8a); for salinity, only branched 3D and 

unbranched morphologies were not significantly different (Tab. 8d); distributions 

by slope, rugosity and BBPI were significantly different between the morphologies 

and the genus Acanella, with the exception of branched 2D and unbranched 

bamboo corals, for which a p-value greater than 0.05 was calculated (Tab. 8b, c, 

e).  

 

 

Figure 17. Distribution of the six functional group by salinity (a) and BBPI (b).   

 

 a) 

b) 
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Table 8 (In this page and continued in the next). Results of Kruskal-Wallis test and Dunn’s test 

for the comparisons of the distribution of the functional groups by the different environmental 

variables: (A) temperature, (B) slope, (C) rugosity, (D) salinity, (E) broad bathymetric position 

index (BBPI).  
For each pair of functional groups, it is reported first the p-value obtained with the Kruskal-

Wallis test, and then the Bonferroni-corrected p-values from the Dunn’s test. Differences in the 

distributions by the different environmental variables are significant if p-values < 0.05 (chosen 

alpha level).  

Kruskal-Wallis rank sum test 

## data: Temperature by Functional group 

## Kruskal-Wallis chi-squared = 566.36, df = 3, p-value < 2.2∙10-16 

Kruskal-Wallis rank sum test 

## data: Slope by Functional group 

## Kruskal-Wallis chi-squared = 481.63, df = 3, p-value < 2.2∙10-16 

Kruskal-Wallis rank sum test 

## data: Rugosity by Functional group 

## Kruskal-Wallis chi-squared = 507.76, df = 3, p-value < 2.2∙10-16 
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Kruskal-Wallis rank sum test 

## data: Salinity by Functional group 

## Kruskal-Wallis chi-squared =500.21, df = 3, p-value < 2.2∙10-16 

Table 8. (continued) Results of Kruskal-Wallis test and Dunn’s test.  

Kruskal-Wallis rank sum test 

## data: BBPI by Group 

## Kruskal-Wallis chi-squared = 2299.5, df = 3, p-value < 2.2∙10-16 



40 
 

4 DISCUSSION 

In this thesis, predictive models were built for the coral family Keratoisididae, 

distinguishing between three main colony morphologies (unbranched, branched 

2D and branched 3D) to verify the influence of this aspect on coral distribution.  

 

4.1 Keratoisididae distribution within the Irish Continental Margin   

Bamboo corals showed a widespread distribution within the study area, with high 

probability of occurrence along the edge of the continental shelf, along canyons, 

and on seamounts flanks (Fig. 13a). This result is supported by data reported in 

previous studies, which consolidated the presence of keratoisidids on the channels 

of the Whittard canyon system, and on the Anton Dohrn seamount (Amaro et al., 

2016; Morris et al., 2013; Morrissey et al., 2023b, 2022; Robert et al., 2015). The 

high presence of corals on canyons and seamounts predicted in these models 

highlights how areas close to vertical walls in the deep-sea are important 

biodiversity hotspots. (Bostock et al., 2015; Robert et al., 2015).  

Differences in the distributions of the morphology classes were observed, both in 

terms of extension and of location of hotspot areas. Models for unbranched 

Keratoisididae indicated a high probability of occurrence in the  canyons and 

channels Morrissey et al. (2023) described along the shelf edge of Porcupine Bank, 

in the Gollum channel system and Whittard canyon system, and also on the flanks 

of the Anton Dohrn and Rosmary Bank seamounts (Fig. 13b).  Branched bamboo 

corals seemed to have a less extensive distribution, and are confined to areas 

preceding vertical walls. The models for branched 2D bamboo corals highlighted 

presences at the head of the branches of the Whittard Canyon, near the edge of 

the continental shelf, in some sparse cell grids of the map in Porcupine Bank and 

Fangorn Bank, and on the seamounts (Fig. 14a). For the 3D morphology (without 

Acanella genus) the models predicted a scattered presence of individuals in 

Whittard Canyon, in an area even closer to the continental shelf, but probability 

of occurrence was found also on the sides of Anton Dohrn and Rosemary Bank 

seamounts, in the branches of Gollum channel system, and in areas dominated by 

coral mounds in Porcupine Bank, Porcupine Seabight and Rockall Bank (Fig. 15a) 

(Morrissey et al., 2023b). Morris et al. (2013) observed the three morphologies of 

bamboo corals in different areas of Whittard Canyon, with whip corals extending 

more internally and deeper into the different ramifications of the canyon, while 

fan or bush shaped corals were observed closed to the continental shelf at 

shallower depths. This different location within canyons and channels could be 

linked to the different type of attachment to the substrate of the different 

morphologies. In general, bamboo corals have a holdfast that allows them to 

attach to rocky substrates such as those of vertical walls, but branching individuals 



41 
 

(both fan and bush shaped) often have a root-like system usually associated with 

mud substrates, such as those that characterize the upper slope of canyons, or 

with coral mounds (Altuna and Ríos, 2014; Amaro et al., 2016; Baker et al., 2012; 

Dueñas et al., 2014; Saucier et al., 2021). Further analyses are necessary to verify 

this distinction between the morphologies.  

The results for the branched 3D morphology considered above were obtained by 

excluding the annotations of Acanella, since this genus is known to have a 

widespread distribution (Robert et al., 2015; Saucier et al., 2017). The model that 

considered all bamboo corals with a bush shape indicated a much more 

widespread distribution, and always in areas preceding vertical walls (Fig. 14b). 

Looking at the probability of occurrence obtained for the Acanella spp. (Fig. 15b), 

it is evident that the described distribution was influenced by the annotations 

relating to this genus, which constituted a conspicuous portion of the branching 

3D dataset (Tab. 3).  The distinctive appearance of the Acanella colonies makes it 

easy to identify these individuals during video annotation, and for this reason they 

are among the corals with relatively more records in the literature (Hughes and 

Gage, 2004; Morris et al., 2013; Morrissey et al., 2022; Robert et al., 2015; Saucier 

et al., 2021; Sayago-Gil et al., 2012). In addition, these bamboo corals are known 

to be broadcast spawners, which explains their predicted wide distribution on the 

maps and the high number of occurrences (Buhl-Mortensen et al., 2015). The 

predicted occurrences on the continental shelf confirm the preference of Acanella 

spp. for soft sediments, where they can settle thanks to their root-like system 

(Altuna and Ríos, 2014; Morris et al., 2013).  

The high probabilities of occurrence at canyon level, especially near Whittard 

canyon, could be linked to fact that most of the ROV dives were carried out in that 

area. There is clearly a sampling bias, which was also highlighted by the results 

obtained in the evaluation of the models. The models with higher AUC scores were 

those based on fewer observations, and compared to much larger datasets, there 

is greater risk of incurring a potential geographical influence (Baker et al., 2022; 

Elith and Franklin, 2013; ICES, 2021; Syfert et al., 2013). Sampling locations close 

to each other, and in places with probably similar environmental conditions (i.e., 

canyons and channels), might have delineated the specific niches of the three 

morphologies, but actually the real niches occupied by the different corals were 

not explored in their entirety (Stolar and Nielsen, 2015). This is why, despite the 

good performance, the models built for these functional groups were more 

overfitted than the models that considered annotations of individuals more 

scattered within the study area. The low values of the TSStest/TSStrain ratio indicated 

that these models lack validation, i.e. they lack generality and cannot be used 

outside the dataset considered (Allouche et al., 2006; Parimbelli, 2023; 

Radosavljevic and Anderson, 2014).  
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From AUC scores and TSStest/TSStrain ratios it is also evident that individuals within 

a coral family can occupy very different niches. For the entire family Keratoisididae 

the model output provided predictions not better than random, which however 

represented reality better. Indeed, corals belonging to this family were observed 

in various locations within the study area, characterized by different 

environmental conditions (Bostock et al., 2015; Morris et al., 2013; Morrissey et 

al., 2023b, 2022). Instead, model evaluation for the genus Acanella showed a good 

performance and a great transferability, despite the large number of observations 

widely distributed within the Irish Margin. This highlights that a lower taxonomic 

level, such as a genus, includes specimens that occupy the same ecological niche, 

and it is therefore preferable when building species distribution models.  

 

 

4.2 Environmental parameters influencing morphologies distributions 

The models presented in this thesis were built after selecting the most influential 

combination of environmental parameters, which turned out to be very similar 

among the six groups of bamboo corals considered. With the exception of 

branched 3D without Acanella morphology, temperature and BBPI (FBPI in the 

case of the family Keratoisididae) were selected for all functional groups; slope, 

rugosity and salinity were the other variables chosen as important in the various 

combinations. This finding is not so surprising, because other studies have already 

identified these parameters as those that mostly restrict deep-sea octocorals 

distribution (Dullo et al., 2008; Edinger et al., 2011; Howell et al., 2011; Lapointe 

et al., 2020; Yesson et al., 2012). Temperature is the factor generally thought to 

most limit the presence of bamboo corals, and this was confirmed by the results 

of Jackknife tests, which identified temperature as the variable with highest gain 

for the models (Baker et al., 2012; Fabri et al., 2017; Roberts, 2009).  The only 

exception was represented by branched 3D morphology without Acanella spp., for 

which it was found that the model was based more on salinity information, and 

indeed, looking at the distributions by salinity, this group was characterized by a 

narrower tolerance range than the others (Fig. 12d). However, comparison tests 

highlighted equal distributions by salinity for branched 3D and unbranched 

morphologies (p-values > 0.05), and significant differences for other functional 

groups.  

The influence of such variables on the predictive models indicates that the 

distribution of bamboo corals is largely driven by bathymetry, since the 

thermohaline properties of water depend on the structure of water masses 

(Castro et al., 1998). Depending on the depth considered, waters with different 

origins flow, and they are characterized by specific temperature and salinity 

ranges. In the specific case of the NE Atlantic Margin, upper layers (100-600 m) are 
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dominated by the Eastern North Atlantic Central Water (ENACW), characterized 

by a range of temperature from 12 to 4.3°C; in the intermediate waters, which 

extend down to 1200-1300 m, maximum salinity of the order of 36 is found, 

associated with a relatively high temperature (7-10°C), that corresponds to the 

flow of Mediterranean Outflow Water (MOW); below, at great depths (< 1500), 

the Labrador Sea Water mass marks the salinity minimum (34.96), and together 

with the underlying North Atlantic Deep Water (NADW) it constitutes the deep 

waters with a considerably homogeneous temperature from 4.3 to 1°C (Castro et 

al., 1998; Howell et al., 2010; Morris et al., 2013; Morrissey et al., 2023b). The 

depths at which the ROV dives were conducted, and therefore corals used in this 

study were observed, fall within the vertical extent where the ENACW and the 

MOW flow. this could explain the distribution of the six functional groups within 

similar temperature and salinity ranges shown by the boxplots (Fig. 12a, d). 

Despite the similarities of the ranges at a visual level, statistical comparison tests 

indicated the presence of significant differences. Kruskal-Wallis test and post hoc 

Dunn’s test highlighted differences in the temperature range of distributions 

within which the three morphologies are distributed, since the p-values of all 

pairwise comparisons were < 0.05. Indeed, from previous studies, it emerged that 

genera associated with a branched 3D morphology are mostly found in different 

temperature ranges from those found for typically unbranched genera (Bostock et 

al., 2015; Brooke et al., 2017).  

In general, unbranched bamboo corals would be expected to occupy a specific 

ecological niche, different from that occupied by the other morphologies. 

Branching Keratoisididae are characterized by an increased surface area, which 

may suggest similar needs in terms of hydrodynamics and geomorphological 

conditions. During surveys conducted in the NE Atlantic, whip keratoisidids were 

generally found at greater depths, on the flanks of seamounts and of canyons, but 

also on the muddy bottoms of the latter (Morris et al., 2013; Morrissey et al., 

2022). Branched morphologies, instead were mainly observed on gentle slopes 

(Baker et al., 2012; Morrissey et al., 2022).  

From the results presented in this thesis it emerged that unbranched and 

branched 2D morphologies grow in similar locations characterized by the same 

terrain. Pairwise comparison tests highlighted that, for the available dataset, these 

functional groups share the preference for the same slope, roughness and BBPI 

values. From the boxplots for rugosity and slope it is not possible to determine 

how the distribution of the two shapes differ from that of branched 3D, because 

the ranges shown are very similar to each other. Instead, the plots for BBPI 

highlighted a clear difference. Specifically, unbranched and branched 2D 

keratoisidids were observed in benthic zones characterized by very positive 

bathymetric position indices, generally associated with upper slopes, cliff edge and 

ridges (Fig. 18) (Lucatelli et al., 2020; Wright et al., 2006). Bush bamboo corals, on 

the contrary, seemed to prefer places characterized by negative BBPI values, 
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which are associated with depressions, valley bottoms and cliff bases. This finding 

confirms the presence of unbranched and branched 2D morphologies on upper 

slopes, close to vertical walls, that was predicted by the models, but it contradicts 

the probability of occurrence of branched 3D morphology in continental shelf 

areas preceding canyons and vertical walls. Nevertheless, these ranges for BBPI 

values make sense when the relationship between slope and hydrodynamic 

movements is considered. Geomorphology of seabed reflects hydrodynamic 

conditions (Howell et al., 2011; Ross et al., 2015). Considering the Irish continental 

shelf, the upper slopes are dominated by either moderate or strong tidal currents, 

while at greater depths in the canyons and deep-sea channels, these currents are 

very weak (Amaro et al., 2016; Morrissey et al., 2023b). It is therefore expected 

that massive coral colonies developed three-dimensionally grow preferentially in 

valleys and depressions below vertical walls, as they are likely not to tolerate high 

velocity currents which can cause breakage. On the other hand, whip-like 

structures adapt better to these conditions. A single branch can also move freely 

following the current, increasing in this way the possibility of capturing particles 

and thus nutrient uptake.  

 

 

In addition, by comparing the ranges within which the functional groups were 

distributed, it was further confirmed that the genus Acanella is distinct from the 

other branched 3D bamboo corals. Pairwise comparison tests highlighted 

significant differences for all the variables considered, which in the boxplots were 

visible above all for salinity and BBPI. Acanella spp. showed a wider range of 

tolerance for salinity compared to that of branched 3D morphology, which can be 

explained by the varied span of areas such individuals can occupy (Robert et al., 

2016). The distribution of annotations of this genus around values close to 0 for 

BBPI underlined the preference of these specimens for flat seabed, such as plains 

or saddles (Wright et al., 2006).  

Figure 18. Correspondence between BBPI values and terrain geomorphology. The figure is based 

on topographic position index by Weiss (2001). Image taken from Weiss (2001).       
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It is necessary to take into account that multiple comparison procedures, as the 

Kruskal-Wallis and Dunn tests applied in this study, increase the possibility of a 

Type I error (false positive), i.e. rejecting a null hypothesis when the null 

hypothesis is true (Sato, 1996). The Bonferroni correction is most used to adjust 

multiple comparisons, due to its simplicity. It reduces the p-value dividing it by the 

number of comparisons, keeping the chance of making a Type I error at 5%. In this 

way it is possible to prevent false positive results, but caution is necessary in 

relying only on p-values in making decisions, because this method could be too 

conservative and inappropriately strict (Barnett et al., 2022; Rice et al., 2008).  

 

 

4.3 Limitations of the study 

Species distribution models have been widely used to predict the distribution of 

deep-sea species (Downie et al., 2021; Reiss et al., 2011; Sundahl et al., 2020; 

Yesson et al., 2012), however there are still limitations to the approach, mainly 

related to sampling bias, bathymetric data resolution, lack of knowledge for the 

species studied, and difficulties in marine imaging.  

High costs and logistical difficulties due to the lack of equipment to collect high-

quality samples extremely limit the possibility of deep-sea surveys (Barbosa et al., 

2020; Howell et al., 2021). This leads to a limitation of the available data on which 

to carry out research, and generally the collection of thess data is concentrated in 

certain areas (e.g., Whittard canyon in the case of this study), often close to each 

other. This is in contrast to the assumption of no bias in presence locations 

adopted when modelling species distributions in MaxEnt using presence-only data 

(Araújo and Guisan, 2006). Failure to meet this assumption can result in a bias in 

the environmental spaces in which probability of occurrence are modelled, i.e. in 

a possible sampling bias (Baker et al., 2022; Stolar and Nielsen, 2015). As 

previously mentioned, sampling bias, together with small sample size, can lead to 

an inaccurate identification of suitable areas (Elith and Franklin, 2013; ICES, 2021; 

Syfert et al., 2013). Although these consequences on model performance have 

been demonstrated, so far only a few studies have attempted to address the 

problem (Araújo and Guisan, 2006; Bystriakova et al., 2012; Kramer-Schadt et al., 

2013; Stolar and Nielsen, 2015; Syfert et al., 2013). The probability of incurring a 

sampling bias could be reduced by using regularly spaced data collection and at a 

higher resolution, so that there is a complete observation of environmental 

conditions (Barbosa et al., 2020; Dolan et al., 2008; Howell et al., 2022; 

Shelmerdine and Shucksmith, 2015). This could make the identification of niches 

occupied by species more accurate.   

The probability of occurrence reported in this thesis are based exclusively on the 

environmental data used to build models. This means that a different resolution 
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of the data considered, and a different combination of parameters that influence 

the distribution of keratoisidids could lead to different results. For example, in this 

study the composition of the substrate and the speed of the currents were not 

considered, and these two factors are those that probably most influence the 

distribution of bamboo corals (Baker et al., 2012; Howell et al., 2011; Lapointe et 

al., 2020; Morris et al., 2013). Data regarding the composition of substrates is 

either collected from backscatter, but such information is not always available for 

the full extent of the study, or it is manually annotated during ROV video 

observation (Bennecke and Metaxas, 2017; Howell et al., 2011). However, 

depending on the authors and the aim of the study, various categories of substrate 

can be identified, and so data from various cruise’s surveys in different years are 

often non-homogeneous and not comparable. For the currents, data for the study 

area are available in the ICES (International Council for the Exploration of the Sea) 

archive and were collected during hydrological cruises (van Aken, 2000). However, 

the ArcGIS layers of this parameter available for the Irish continental slope did not 

extend to the Fangorn Bank sampling location, so it was not possible to consider 

the influence of this factor on keratoisidids distribution for the dataset used.  

Other limitations come with marine images. Change of field of view, missed 

observations, misidentification of species, misspelling and subsequent taxonomic 

revisions represent problems related to video annotation. To minimize the impact 

of such possible errors, the studies should focus on family level (Etnoyer and 

Morgan, 2005). However, when modelling species distributions, this taxonomic 

level may not be the best to consider, because within families there can be 

individuals that occupy very different ecological niches. The predicted occurrences 

of these models are therefore no better than random predictions, as was found 

for the family Keratoisididae in this study. The model for the genus Acanella 

highlighted that a taxonomic level would be preferable in this type of study 

because it lumps together individuals that share the preference for similar 

environmental conditions. For bamboo corals, however, it is not possible to 

consider a lower taxonomic level, because the taxonomy of this group has been 

under constant revision. The continuous revision of keratoisidids genera is due to 

the extreme environments in which these corals are found, which makes it difficult 

to collect samples for genetic analysis; furthermore, the phenotypic plasticity 

within this group impedes finding characters useful for taxonomic identification 

(Dueñas and Sánchez, 2009; McFadden et al., 2022; Morrissey et al., 2022; Watling 

et al., 2022). To determine whether morphology is a factor that influences the 

distribution of corals, it would be preferable to choose a coral family that includes 

easily distinguishable genera. 
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5 CONCLUSIONS 

To improve the accuracy of species distribution models to be used for 

management policies, it is necessary to make sure to input environmental data 

that influence the distribution of the species considered. For deep-sea species, not 

all these parameters are known yet: the difficulties encountered in carrying out 

studies in such extreme environments do not allow an in-depth study of the 

ecology and biology of these species.  

The aim of this thesis was to verify whether morphology is a factor that influences 

the distribution of deep-sea corals. The results show that, on the Irish Continental 

Margin, unbranched and 2D branching Keratoisididae colonies showed similar 

preferences in environmental conditions, while 3D branching colonies occupied a 

completely different ecological niche. It was confirmed that the genus Acanella 

prefers to grow on open plains, differently from the other branched 3D 

keratoisidids that tend to prefer gently slopes or depressions. In addition, the 

probabilities of distribution found with MaxEnt, when projected within the study 

area, highlighted a different distribution pattern for each of the functional groups 

considered.  

An issue with this study was the use of a dataset with a strong environmental bias. 

Like many other studies conducted on deep-sea species, the concentration of 

resources in certain areas and the interest in investigating particular habitats 

meant that the sampling locations were concentrated in the same region of the 

Irish margin, and very close to each other. This, combined with the low number of 

annotations, could have identified specific ecological niches for the target species, 

when in reality all the possible environmental conditions for them have not been 

explored.  

The results of this project provide a better understating of how bamboo corals are 

distributed in the NE Atlantic. Although the hypothesis that colony morphology 

influences the coral distribution was not fully accepted, these results highlighted 

the need of investigating the question further, perhaps with corals that show a 

reduced morphological plasticity.  
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APPENDIX A  

Table 1. Code and Group transect values attributed to each event of each cruise’s 

surveys from 2013 to 2021.  
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APPENDIX B  

Highlights of genera, species and morphological clades present in the local species 

identification guide. The taxonomy is based on the classification given by 

Morrissey et al. (2022); the genera previously attributed to the morphotypes are 

also reported. The images are stills taken by ROV Holland I during the expeditions 

conducted from 2013 to 2021.  

 

Acanella arbuscula 

Yellowish/orange/light pink – Light and delicate in appearance, 

with a main branch bamboo like and more or less dense branching. 

Acanella indet spp.  

Yellowish/orange/light pink – Bushy with dense polyps, with a main 

branch bamboo like.  

Isidella indet spp.  

Light orange to light pink – Many branches, more or less in a 2D 

plan with a candelabrum-like shape.   
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Keratoisididae Clade B1 m1 

Pink/white – Few branches with zig-zag shape; polyps are quite 

long and spaced with each other.  

Previously Lepidisis morphotype.   

Keratoisididae Clade B1 m2 

Light orange to light pink – Unbranched, quite straight and thick 

with the polyps.  

Previously Keratoisis morphotype.  

 

Keratoisididae Clade B1 m3 

Pink/white – Unbranched, with zig-zag whip shape; polyps are 

quite long and spaced with each other 

Previously Keratoisis morphotype.  
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Keratoisididae Clade D1 m1 

Pink – Overall V shape, with branches rising vertically from a small 

segment of naked skeleton; fat polyps close to each other.  

 

Keratoisididae Clade C1 m1 

Light orange to light pink, polyps with red mouth – Unbranched, 

not a straight branch but not curled either; quite thick with the 

polyps. 

Previously Lepidisis morphotype.  

 

Keratoisididae Clade B1 m4 

Light orange to light pink – Few branches, quite thick with the 

polyps. 

Previously Keratoisis morphotype.  
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Keratoisididae Clade D2 m1 

Light orange to light pink – Few branches, quite thick with the 

polyps.  

Previously Keratoisis morphotype.  

 

Keratoisididae Clade F1 m1 

Light pink – Unbranched and slender; polyps long and quite spaced 

with each other.   

Previously Lepidisis morphotype.  

 

Keratoisididae Clade I1 m1 

Pink – Many branches pointed towards all directions; it can be 

covered by yellow zoanthids.  
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Keratoisididae Clade I1 m3 

Pale – Multiple branches emerging from a central hub at the base; 

densely packed polyps.  

 

Keratoisididae Clade I1 m4 

Pale – Bushy from the base, with thin and quite dense branches.  

 

Keratoisididae Clade I1 m2 

Pale – Multiple branches emerging from a central hub at the base, 

similar to the previous clade but bigger; densely packed polyps.  

Likely Eknomisis indet spp.  
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Keratoisididae Clade I1 m5 

Light pink – Unbranched; long polyps quite spaced with each other. 

Previously Lepidisis morphotype.  

Keratoisididae Clade J3 m1 

Light orange to light pink – Many branches, more or less in a 2D 

plan.  

Previously Jasonisi morphotype.   

Keratoisididae Clade J3 m2 

Light orange to light pink – Many branches, more or less in a 2D 

plan; polyps look more delicate than m1.  

Previously Keratoisis morphotype.   
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APPENDIX C  

Table 1. Features deselected and regularization parameters chosen to train the final 

models for the six functional groups considered, with the corrected Akaike information 

criterion (AICc) of the resultant model.  

 

 

Table 2. Corrected Akaike information criterion (AICc) of the pre-selected 

combination of environmental variables for each of the six functional groups.  
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APPENDIX D 

Figure 1. QQ-plots for BBPI across the different functional group.  

 

 

Figure 2. QQ-plots for Rugosity across the different functional group.  
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Figure 3. QQ-plots for Salinity across the different functional group.  

 

 

 

Figure 4. QQ-plots for Slope across the different functional group.  
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Figure 5. QQ-plots for Temperature across the different functional group. 
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