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ABSTRACT 

 Detailed mapping and characterization of deep-sea coral habitats provide information on 

the distributions of structure-forming corals and their associated fauna and help elucidate the 

underlying factors controlling these distributions. Data for deep-sea communities are limited due 

to difficulty and expense in observing these habitats in situ. Multibeam sonar data in conjunction 

with photo and video data from remotely operated vehicles and submersibles have proven 

effective for mapping and characterizing fauna-habitat relationships in deep-sea coral 

ecosystems. In this study, relationships between sessile benthic invertebrate presence and 

patterns of Lophelia pertusa structure were analyzed with respect to terrain variables such as 

bathymetric position index, terrain complexity, slope, and aspect on selected deep-sea coral 

mounds off the southeastern United States. Habitat factors described for Lophelia pertusa, such 

as percent live cover and profile, were then used to determine if abundance of dominant 

associated sessile invertebrates varied significantly across the factors. Coral banks from off Cape 

Lookout, North Carolina, and off Cape Canaveral, Florida, were analyzed to compare 

community structure of L. pertusa bioherms on two different scales (30x30 m and 170x170 m). 

Sessile invertebrate community composition was not the same for the two sites; although much 

of the observed fauna had similar distributions in relation to benthic terrain. Faunal distributions 

at both sites were correlated with areas of high rugosity and high slopes. Lophelia pertusa also 

exhibited variation in growth and structure factors between the two study sites, but the influence 

of benthic terrain variables on patterns of growth and structure was consistent between sites. 

High profile and high percentages of living coral were associated with the peaks of the mounds 

and steeper slopes. Abundance of sessile benthic fauna from the two sites varied significantly 

across factors of underlying L. pertusa structure. Fauna at Cape Lookout was not found in areas 
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of living L. pertusa but was in areas of medium to high profile coral, while fauna at Triceratops 

was much more abundant in areas of high profile, living L. pertusa. Benchmark data on variables 

influencing structure and distribution of fauna on deep-sea coral ecosystems are important for 

current and future conservation measures because they can help to expand understanding of these 

habitats, which provide a native environment for valuable species, and are threatened by a 

variety of human activities.  
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INTRODUCTION 

Background 

Distribution of sessile benthic invertebrates found in the deep sea (>200 m) and factors 

affecting their survival are not well understood. Depth, strong currents, and rough topography 

have restricted exploration of some areas of the deep sea. However, modern technologies have 

helped reveal dynamic ecosystems, such as deep-sea coral reefs. Even though deep-sea corals 

have been recognized since the mid 1800s off the United States, the boom in research during the 

last decade has revealed the complexity and importance of deep-sea corals as creators of habitat 

for a variety of benthic fauna. By analyzing variables that may influence distribution and 

survival of deep-sea sessile benthic invertebrates, a better understanding of how deep-sea coral 

habitats function can be attained.  

Of all the deep-sea corals, Lophelia pertusa and the communities it supports are the most 

thoroughly studied. Although there are six known scleractinian coral species that form complex 

structures, or reefs, at depths between 200 – 1000 m worldwide (Friewald et al., 2004), most of 

the studies of deep-sea reefs in the past twenty years have involved L. pertusa (e.g., Mortensen et 

al., 1995; Fosså et al., 2002; Roberts et al., 2003, 2006; Jonsson et al., 2004; Gass and Roberts, 

2006; Henry and Roberts, 2007; Ross and Quattrini, 2007; Cordes et al., 2008; Davies et al., 

2008). Lophelia pertusa is the major deep-sea, structure-forming scleractinian found throughout 

the world on the southeastern U.S. slope, in the Gulf of Mexico, northeastern Atlantic, south 

Atlantic, off Nova Scotia, the Mediterranean, the Indian Ocean and parts of the Pacific Ocean. It 

can either form large thickets and mounds, or exist as individual colonies attached to other hard 

substrata (Wilson, 1979; Ross and Nizinski, 2007). 
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Distribution and growth of L. pertusa are thought to be influenced by numerous factors 

(Davies et al., 2008) that are not completely understood. Lophelia pertusa is found at depths as 

shallow as 39 m in Norwegian fjords (Fosså et al., 2002) and as deep as 2775 m off Morocco 

(Zibrowius, 1980). Strong currents, cold waters, and hard attachment substrata are necessary for 

L. pertusa colonization and survival (Dons, 1944; Wilson, 1979; Friewald et al., 2002). Factors 

influencing growth have been explored in studies of L. pertusa in situ, in aquaria, and from 

skeletal analysis. Growth rate studies suggest that the growth of colonies is highly variable and 

may be influenced by a number of environmental factors, such as current velocity, nutrient 

availability, seasonal temperature variations, and ocean chemistry (Mortensen et al., 2001; Gass 

and Roberts, 2006, 2011; Brooke and Young, 2009). Some matrices of L. pertusa have been 

reported to reach a few meters in diameter (Friewald et al., 2004). However, areas with suitable 

environmental conditions for growth and development of individual L. pertusa colonies are not 

always conducive to reef or bioherm development (Howell et al., 2011).  

Potential development of a reef begins when coral larvae settle on hard substrata in a 

location with favorable conditions and begin to grow. Strong currents usually deliver food, as 

well as aid in the removal of sediment that may smother polyps (Duineveld et al., 2004; 

Kiriakoulakis et al., 2005). However, as a L. pertusa colony grows, decreased water flow inside 

the coral framework leads to sediment entrapment and the death of interior corals. The exterior 

of the colony continues to grow while the dead coral interior provides habitat for bioeroders that 

weaken the framework. Weakened coral may collapse, resulting in coral rubble on which coral 

larvae can further colonize. The cycle of larval colonization, colony growth, sediment 

entrapment, colony collapse, and further growth occurs over at least hundreds to thousands of 

years, leading to a structure of unconsolidated sediment and coral debris topped with live coral. 



3 
 

This coral built structure is called a bioherm (Wilson, 1979; Mortensen et al., 1995; Reed et al., 

2006).  Some reefs consist of a cemented or lithified layer instead of unconsolidated sediments, 

in which case the structure is called a lithoherm (Reed et al., 2006). Reefs formed by L. pertusa 

are most commonly reported in the North Atlantic Ocean at depths between 200 and 400 m 

(Dons, 1944; Davies et al., 2008) and may measure from 40 to over 150 m in height and several 

kilometers across (Roberts et al., 2006; Ross and Nizinski, 2007). The largest deep-sea coral 

mounds are thought to be ones that form over millions of years through repeated deep-sea coral 

reef development cycles. In the northeast Atlantic, the base of a L. pertusa mound over 100 m 

tall and topped with rubble has been dated at 2.6 million years of age (Williams et al., 2006; 

Kano et al., 2007). Although the underlying construction of some deep-sea reefs is millions of 

years old, the age of the ecosystem currently living is unknown.  Growth estimates of L. pertusa 

and ages of associated species suggest that the ecosystems in place now could be thousands of 

years old (Wilson, 1979; Mortensen et al., 1995; Williams et al., 2007).  

Throughout the life of a deep-sea coral ecosystem, various habitat factors influence its 

structure and the distribution of associated fauna. Patches of live coral, dead coral, sheltered 

areas, and non-sheltered areas exhibit distinct faunal zonation patterns of species’ richness and 

composition (Roberts et al., 2009). For example, dead coral framework often supports more 

species than living framework (Jensen and Frederiksen, 1992). Overall reef formation eventually 

creates slopes, increases surface roughness, and generates peaks and troughs. These changes in 

benthic terrain result in the development of mound specific hydrodynamics, or changes in water 

flow due to current obstructions (Wheeler et al., 2005; White et al., 2005; Wheeler, 2007). In a 

shallow-water artificial reef environment, areas of increased current velocity and decreased 

sedimentation had higher sessile benthic invertebrate cover and richness when compared to areas 
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of decreased flow on the same reef (Bayne and Szmant; 1989). Likewise, distribution of sessile 

benthic fauna in the deep sea can be influenced by local-scale factors, such as mound-scale 

hydrodynamics, structure of the underlying coral, or terrain variables (Jonsson et al., 2004; 

Henry and Roberts, 2007; Dolan et al., 2008), but the extent to which these factors influence 

distribution remains unclear.  

The ability to collect and analyze terrain variables and habitat factors that influence the 

distribution and structure of deep-sea sessile fauna is becoming more feasible with advances in 

collection of multibeam sonar bathymetry data and the use of submersibles and remotely 

operated vehicles (ROVs). Multibeam data can be used to create Digital Terrain Models (DTM) 

which are analyzed within a Geographic Information System (GIS) to create maps of terrain 

variables, such as slope, aspect, and terrain complexity, that may influence the distribution of 

sessile invertebrates (Kendall et al., 2005; Wilson et al., 2007; Davies, 2008; Dolan et al., 2008; 

Guinan et al., 2009; Kendall and Miller, 2010; Quattrini et al., 2012). Furthermore, the use of 

submersibles or ROVs to obtain video data provides a means to view and analyze factors that are 

not detectable in the multibeam sonar data or from other ship based data. Such factors available 

from video include percent of living coral, profile, morphology, and coverage patterns of L. 

pertusa and other structure forming entities. Video data can also be used to record presence and 

distribution of sessile macrofauna invertebrates other than L. pertusa (SMIOLP) associated with 

these habitats. Combining terrain variables derived from multibeam sonar, and invertebrate 

species data from georeferenced video, provides a means to analyze distributions of sessile 

invertebrates on deep-sea coral mounds and evaluate what factors, or combination of factors, 

have the most influence on distributions.  
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An increased awareness of the value of deep-sea coral communities has led to concern 

over anthropogenic impacts on these ecosystems. Deep-sea coral bioherms are biodiversity 

hotspots, and provide habitat for many associated species that contribute to the deep-sea coral 

ecosystem. Some species associated with these coral habitats, especially sponges, possess 

biomedical value (Isbrucher et al., 2003; Newman and Cragg, 2004). Others, such as black and 

gold corals, are the oldest known animals on Earth (Love et al., 2007; Ross and Nizinski, 2007; 

Williams et al., 2007; Parrish and Roark, 2009; Roark et al., 2009). Chemical signatures within 

the skeletons of certain long-lived, deep-sea coral species provide valuable insights on Earth’s 

climate and oceanographic changes and make these habitats important stores for long-term 

environmental data (Wilson, 1979; Mikkelsen et al., 1982; Druffel, 1995; Mangini et al., 1998; 

Williams et al., 2007; Roark et al., 2009; Prouty et al., 2011). Unfortunately, the same slow 

growth and longevity of deep-sea corals that make them important reservoirs of data also impede 

their ability to recover from damaging events (Koslow, 2000; Roberts, 2002; Prouty et al., 2011). 

Bottom trawling and the threat of hydrocarbon exploration are two impacts with considerable 

potential to damage deep-sea coral habitats (Hall-Spencer et al., 2002; Davies et al., 2007). 

Threats such as these may be alleviated with protected areas like the one established off the 

southeastern United States (SEUS) in July 2010. Five areas encompassing over 23,000 square 

miles of deep-sea coral habitat were designated by the Department of Commerce as Coral 

Habitat Areas of Particular Concern (CHAPC) based on recommendation by the South Atlantic 

Fisheries Management Council (SAFMC). Beyond the reach of protected areas, anthropogenic 

threats, such as the rapid rise in atmospheric carbon dioxide, are predicted to cause extensive 

changes in ocean chemistry (Caldeira and Wickett, 2005; Guinotte et al., 2006; Fabry et al., 

2008). The rise of atmospheric carbon dioxide is also predicted to affect the ocean in other ways, 
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such as changes in circulation (Schmittner et al., 2008). Changes in either ocean chemistry or 

ocean circulation patterns may interfere with suitable habitat range and survival of deep-sea coral 

ecosystems. 

Current regulations are an important conservation step, but as anthropogenic impacts 

increase it is imperative to study deep-sea communities to understand what factors affect their 

distribution and growth on local and regional scales. Much of the information used to develop 

predictive models of suitable habitat and distribution for corals comes from the northeast 

Atlantic, and does not account for regional variability. Since environmental conditions can vary 

between regions, or even individual coral mounds, existing habitat suitability models may not be 

effective in world-wide applications (Davies et al., 2010; Davies and Guinotte, 2011). With 

better predictive powers on how various factors influence these communities, researchers and 

managers can gain a better understanding of how potential changes in the environment impact 

growth and survival of deep-sea coral communities, and also ensure that future regulations are 

based on the most comprehensive information possible. 

The SEUS continental slope is an important region for large and productive deep-sea 

coral communities. In the last decade, new coral mounds have been discovered, and new species 

associated with deep-sea corals have been described on the SEUS slope (e.g., McCosker and 

Ross, 2007; Fernholm and Quattrini, 2008). Within the SEUS offshore region, Lophelia pertusa 

is the dominant deep-sea coral, forming prominent reefs from approximately 370 to 800 m depth 

(Ross and Nizinski, 2007). The scleractinian coral, Enallopsammia profunda, has also been 

known to contribute to the structure on L. pertusa reefs. Other coral taxa, sponges, and non-

living habitat (e.g., rocks, rubble) also contribute to the overall reef structure. It appears that deep 

reefs, especially off the SEUS, behave much like shallow, tropical reefs in terms of community 



7 
 

structure and complexity, attracting and supporting a different fauna at the reef site when 

compared to the surrounding non-reef habitat (Mortensen et al., 1995; Jonsson et al., 2004; Ross 

and Quattrini, 2007; Henry and Roberts, 2007; Roberts et al., 2008; Quattrini et al., 2012). 

Sessile suspension feeders comprise the majority of the rich macroinvertebrate fauna 

found on L. pertusa reefs (Jensen and Frederiksen, 1992).  Bioherms off the SEUS provide 

habitat for sessile macrofauna, including scleractinian corals (families Dendrophyllia, 

Oculinidae, and Caryophylliidae), octocorals (families Primnoidae, Plexauridae, Alcyoniidae, 

Isididae, Anthothelidae), black corals (families Leiopathidae, Anthipathidae), sponges (classes 

Hexactinellida, Demospongiae), and anemones (Families Actinoscyphia, Actinostolidae). Recent 

studies indicate that sessile invertebrates exhibit habitat specificity with regard to terrain 

variables; however, these studies only analyzed a few species (e.g., L. pertusa, Madrepora 

oculata, Actinoscyphia saginata, and Actinostolid anemones) (Dolan et al, 2008; Quattrini et al., 

2012).  

Along the SEUS slope, a large western boundary current system (Florida Current/Gulf 

Stream) overlays deep-sea coral habitats and may facilitate the long range dispersal of sessile 

invertebrate larvae. It is likely that similar faunal compositions would be found on most mounds 

on the SEUS slope, with inhabitants coming from the same regional species pool to colonize 

suitable areas. In support of this, a genetic study indicated that L. pertusa shows a similar genetic 

structure throughout the SEUS offshore region when compared to other regions of the Atlantic 

Ocean, suggesting such a regional population (Morrison et al., 2011). Although reproductive data 

in deep-sea ecosystems is lacking, shallow-water taxa display a wide range of dispersal periods 

and dispersal distances (Shanks, 2009). Various taxa on deep-sea reefs may display a range of 

dispersal times and distances for larvae. However, given the long range of currents, potential age 
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of these systems, lack of reported zoogeographic boundaries on the SEUS continental slope, and 

regional populations reported in other areas such as the northeast Atlantic (Jensen and 

Fredricksen, 1992; Henry and Roberts, 2007), a similar sessile invertebrate species composition 

could be expected on each deep-sea coral mound in the SEUS offshore region. 

Objectives 

The major objective of this study was to examine local (mound scale) and regional 

(SEUS) differences in sessile invertebrate composition and distribution among deep coral 

bioherms off the SEUS.  First, the underlying L. pertusa structure and distribution were 

evaluated with respect to terrain variables. Then, the influence of terrain variables on SMIOLP 

was analyzed. Finally, factors obtained from the evaluation of L. pertusa were used to analyze 

the influence on the distribution of SMIOLP.  

To better understand the factors that influence the distribution and structure of L. pertusa, 

video analysis was used to characterize vertical profile and percentage cover of live and dead L. 

pertusa colonies. This study went beyond using only presence data for L. pertusa by assigning 

structure factors to its presence locations. Structure factors (profile, percentage live cover) 

described for L. pertusa were related to terrain variables (slope, aspect, terrain complexity, 

bathymetric position index) and were analyzed to determine which one of these variables has the 

greatest influence on L. pertusa structure and distribution. This may help determine where L. 

pertusa is persisting or thriving, not just where it is present. Then selected dominant SMIOLP 

were enumerated in video counts, and their presence was correlated with benthic terrain variables 

to determine which benthic terrain variables had the greatest influence on distributions. Finally, 

abundance of SMIOLP was related to the factors obtained from L. pertusa structure to determine 

how the local reef structure influenced distribution of SMIOLP. This study attempted to explain 
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which local and regional habitat and terrain variables have the greatest influence on the 

distribution of deep-sea sessile invertebrates by analyzing differences in the distributions of 

sessile invertebrates with respect to terrain variables and local scale L. pertusa habitat factors.  A 

better understanding of how the distribution of dominant sessile invertebrates relates to habitat 

and terrain variables on various spatial scales will contribute to predictive habitat models used in 

the identification of suitable habitat and in potential scenarios of large-scale ocean change. 

Hypotheses 

Hypotheses tested in this study are: 

I. Lophelia pertusa is not randomly distributed on bioherms, but is correlated with 

factors that may enhance its survival and growth. 

II. Sessile macrofauna invertebrates other than L. pertusa (SMIOLP), are not 

randomly distributed on coral bioherms, but are correlated with factors (e.g., 

terrain variables and L. pertusa factors) that may enhance their survival and 

growth. 

III. The dominant sessile invertebrate fauna in deep-sea coral ecosystems in the 

SEUS offshore region do not express zoogeographic variability. Faunal 

variability, if present, is more controlled by local scale factors.  

Study Sites 

The study areas included two sites on the continental slope (>300 m) off the SEUS: Cape 

Lookout, North Carolina, and Triceratops, Florida (Figure 1). Both sites appear to be comprised 

of bioherm mounds formed from growth of L. pertusa. The Cape Lookout consists of numerous 

peaks; some larger mounds appear to have current scours around the bases extending to the 

northeast. The  
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Figure 1. Southeastern United States with study sites: Cape Lookout A & B and Triceratops. 
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Cape Lookout bioherms consist of two sections: A and B, located approximately 75 km off Cape 

Lookout, North Carolina, in waters 360-450 m deep. Cape Lookout A bioherms are thought to be 

the northernmost L. pertusa reef ecosystem on the SEUS slope (Ross and Nizinski, 2007). Cape 

Lookout B bioherms are located approximately 15 km southwest of the Cape Lookout A site.  

The second study site consists of three mounds, which were discovered in 2005, and are 

known as “Triceratops.” Triceratops mounds are surrounded on all sides by flat seafloor with 

visible current scours around the bases extending to the north of each mound. They are located 

approximately 80 km off Cape Canaveral, Florida, in depths ranging from 430-480 m. Total 

distance from the Cape Lookout mound system is approximately 750 km.  

METHODS 

Ship-based surveys 

High quality multibeam sonar data were collected at both sites using a Kongsberg-Simrad 

EM1002 by the NOAA vessel Nancy Foster during 2006 and 2009 for Cape Lookout and 

Triceratops, respectively. Designed for high-resolution seabed mapping, the Kongsberg-Simrad 

EM1002 echo sounder has angular coverage adjustable up to 150°, an operating frequency of 95 

kHz, and provides 111 individual beam measurements per ping (Kongsberg Maritime, 2004). 

Data obtained from the Kongsberg-Simrad were utilized in the creation of raw multibeam maps 

of the seabed terrain. Gridded bathymetric maps, acceptable for use in ArcGIS and Landserf, 

were converted from raw data using CARIS HIPS and SIPS (v 6.1). The maps have a 10 m 

horizontal resolution and a vertical resolution of 0.2% of the depth, which is approximately 0.9 

m for this study.  

The Johnson-Sea-Link (JSL) submersible was used to collect data on mounds. Either a 

Sea-Bird SBE25 or 19+ conductivity-temp-depth (CTD) logger was attached to the JSL to record 
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depth, temperature, salinity, dissolved oxygen, date and time at  <1 scan sec-1  intervals. Data at 

the Cape Lookout mounds were collected during 26 dives between 2000 and 2005. In order to 

equalize sampling effort for each area, five dives were selected for detailed analysis from Cape 

Lookout A, and four were selected from Cape Lookout B. The range of average depths during 

the Cape Lookout A dives was 367-470 m and the range of average depths for Cape Lookout B 

dives was 387-450 m.  Triceratops mounds were surveyed and sampled by the submersible 

during 2 dives in 2005 and 5 dives in 2009. Four dives were selected for analysis. Dive depths 

ranged from 390-464 m over the two western mounds. 

Submersible video surveys 

To obtain a different view of deep-sea habitats at a finer resolution than multibeam 

bathymetry, the JSL submersible was utilized to obtain video and location data (these data are 

considered video-scale). Video data were obtained using an external, digital color video camera 

attached to the JSL’s bow; the Sony 3-chip CCD camera with Canon 6–48 mm zoom lens 

recorded video throughout the dives while scientists made observations from both bow and stern 

compartments of the JSL. Video data are the source of local habitat data, such as hard coral 

coverage and profile, as well as data on sessile species presence and distribution. For video data 

without a time stamp, times recorded from scientists’ audio recorded observations were used to 

reference real time to video time. Video data that were too dark, not focused, too far from the 

bottom, or moving too fast were not used in analysis and were coded as described in the “Video 

Analysis” section. Tracking data on the submersible position were taken every 4 seconds to 10 

minutes with a Trackpoint II Ultrashort Baseline Sonar (USBL) system. The Trackpoint II USBL 

system hydrophone is calibrated 0.3 to 0.5% of the slant range error. However, with pitch, roll, 

and noise effects, the error is likely close to 1% of the slant range (D. Fraser, personal 
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communication, November 11, 2011). Although the submersible can measure current speed, it 

was irregularly recorded. 

Dive track processing  

Submersible tracking and positioning data collected by the support ship to create dive 

tracks has inaccuracies for various reasons. Before dive tracks were imported into ArcGIS for 

mapping, inaccuracies had to be removed. A modification of the procedure described by Partyka 

et al. (2007) was used to clean the dive tracks for this study; however certain standards set by 

Partyka et al. (2007) were retained. For example, the maximum accepted speed the submersible 

can travel was obtained using a maximum forward speed of 0.55 m sec-1 and a possible current 

from the stern of 0.55 m sec-1 to yield the maximum total JSL speed of 1.1 m sec-1. Also, to be 

conservative, this speed was doubled to yield the maximum theoretical speed of 2.2 m sec-1 

(0.00002 decimal degrees sec-1), and all data points indicating the submersible moved faster than 

this were removed.  

Past methodology (Partyka et al., 2007) required some refinements because it often 

produced dive tracks with erroneous points remaining and valid points removed. To obtain 

vehicle speed, latitude and longitude were converted to decimal degrees and then multiplied by 

the change in time between adjacent points to yield the distance between the two adjacent points. 

The actual logged distance for each pair was then calculated and compared to the theoretical 

distance (see above). For pairs with a distance greater than the theoretical distance, the latter 

point was removed (Partyka et al., 2007). If a common spreadsheet program is used to run an 

algorithm of the procedure described above, the data are analyzed once to designate points 

indicating the submersible moved too fast. Erroneous points are deleted, the file is saved, and the 

track is considered clean. Problems with this method arise if two or more erroneous points exist 
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close together (i.e., a cluster of erroneous points). Even though the first erroneous point is 

recognized and removed after the algorithm is run, adjacent erroneous points in the cluster do not 

violate the speed requirement. This is because when the speed is calculated, it is based on 

another erroneous point in the cluster. Furthermore, the next point that would be valid (on track, 

away from the erroneous cluster) is also removed because it violates the speed requirement. This 

is because the speed is calculated between an erroneous point and a good point.   

A more robust and more accurate method was developed using MatLab (student v. 6.5) in 

conjunction with Dr. Mark C. Lammers (UNCW-Department of Mathematics). Raw dive tracks 

were cleaned using the MatLab filter, which considered direction and speed of the travelling 

submersible in order to remove location points that are impossible for the JSL to achieve. The 

MatLab filter operates by first analyzing a dive track in Excel, with columns for “Time,” 

“Change in Time,” “Latitude,” “Longitude,” “Distance,” and “Speed.” Distance is calculated 

between points from latitude and longitude. The speed is obtained from the distance and the 

change in time between two adjacent points. The filter scans the speed column and removes any 

data points that indicate the submersible moved faster than 2.2 m sec-1. When such a point is 

encountered, it is removed and not considered in the analysis for the subsequent points. The 

analysis starts back at the beginning of the column and scans until it finds another point that 

exceeds the standard (2.2 m sec-1), removes that point, and restarts. This continues until all 

erroneous points are removed from the dive track. The dive track with erroneous points removed 

was imported into ArcGIS (v 9.31, ESRI) for visualization and processing as described in the 

“Creation of Maps” section.  
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Video Analysis 

Dive tracks were time referenced by aligning times from the dive track data with the 

video time. Video was then analyzed for coral morphology, coverage, bottom substrate, and 

selected associated sessile invertebrates. To aid in visualization, IFREMER’s ADELIE Video 

Analysis software (ver. 2.17) was utilized to track the position of the submersible over the 

multibeam map in ArcGIS. All data for analysis were collected while the JSL was moving and 

the camera was on a wide angle setting. When the submersible stopped, moved too quickly, or 

had poor quality video, that section of footage was eliminated from analysis. The remaining 

usable dive track was divided into 5 m segments using ArcGIS editor. Factors of L. pertusa 

structure and associated fauna data were collected every 5 m to standardize data collection. Five 

meter segments were selected for four primary reasons: they are more accurate than time 

segments due to the drastic differences in submersible speeds, they produce a minimal amount of 

error in ground distance compared to longer segments, they include a variety of fauna, and they 

are short enough that they frequently contain only one habitat type.  

Hard coral habitat was the most frequently encountered habitat in the video data because 

sampling this habitat was a priority. This habitat type is defined by greater than 50 % coverage of 

intact branches, thickets, or bushes of L. pertusa (Partyka et al., 2007, Quattrini et al., 2012). 

Measurements of hard coral habitat are morphology, vertical profile, percent live coral, and 

percent bottom coverage.  

The qualitative measure of L. pertusa morphology was based on observation. Lophelia 

pertusa has been described as having two different morphologies (Cairns, 1979; Brooke and 

Schroeder, 2007): gracilis and brachycephala. Gracilis has widely spaced corallites separated by 

4-5 times their own circular diameters, and brachycephala has a closer branching pattern with 
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stout vertically compressed corallites and thick walls. Due to difficulty in identifying features on 

such a small scale and the variability within each morphotype, morphology of L. pertusa was 

more generally classified as either robust or fragile. This measure was relative and qualitative. 

Large, thick, calcified branches and matrices were classified as robust, while very thin, delicate 

appearing branches and matrices were classified as fragile (Figure 2). Although both types 

sometimes occurred in the same location, the dominant morphology was coded within the 

corresponding 5 m segment.  

Vertical profile is a video-scale measure for height of coral colonies off the adjacent 

relative bottom. This measure was applied to all standing bushes and matrices of L. pertusa. It 

was estimated using the two lasers mounted on the JSL video camera (25 cm apart) which 

allowed for measurements. Profile is defined as in Quattrini et al. (2012) as low = < 0.5 m, 

moderate = 0.5 - 1 m, or high = > 1 m. 

To determine the percentage of L. pertusa that was living and how much L. pertusa was 

covering the sea floor, measurements were taken using the freeware program Vidana (v. 

1.0.1beta, MSEL) within each 5 m segment. This software was used to obtain the percentage of 

live coral coverage and bottom coverage by coloring in the factor of interest within a user-

defined frame in the video. The classes of percent live coral coverage and percent bottom 

coverage were also defined as in Quattrini et al. (2012). Percent live has four classes: low = 0 - 

10 %, low - moderate =10 - 50 %, moderate - high = 50 - 75 %, and high = > 75 %. Bottom 

coverage has three classes: low = < 50 %, moderate = 50 – 75 %, and high = > 75 %.  

Sessile macrofauna invertebrates other than L. pertusa (SMIOLP) targeted for analyses 

included anemones, sponges, and other dominant corals. These observed fauna were counted 

within each 5 m segment. Identifiable SMIOLP in video analysis included Madrepora oculata,  



17 
 

 

Figure 2. Two morphology types assigned to L. pertusa. In situ examples of robust (A) and 
fragile (B) L. pertusa. Robust (C) and fragile (D) examples from on deck photos. (Deck photos 
by C. Morrison) 

 

  

D C 

A B 
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Enallopsammia profunda, solitary scleractinians Bathypsammia spp. and Thecopsammia spp. 

(hereafter referred to as cup corals), Paramuricea spp., Primnoidae (Callogorgia spp. and 

Plumarella spp.), Anthothela sp., Actinoscyphia saginata, Aphrocallistes spp., Euplectellidae, 

Rossellidae, and Demospongiae. Due to constraints in video resolution and lighting, even when 

the video was otherwise considered usable, some taxa could not be distinguished and thus were 

not counted. At Triceratops, primnoids and the solitary cup corals were too abundant to be 

counted within the majority of the 5 m segments. These two taxa were assigned approximate 

counts so that they could still be utilized in analyses. Classifications were: rare (1 individual), 

common (5 individuals), abundant (25 individuals), or extremely abundant (50 individuals) 

within a 5 m segment. In all analyses, fauna counts were square root transformed (see Statistical 

Analysis section) to down-weight abundant taxa. 

 Although the majority of the dives occurred over hard coral habitat, numerous sections 

of video did not. Sessile invertebrate fauna were rarely present in these areas and were recorded 

along with the bottom substrate. Bottom substrates were defined as in Quattrini et al. as soft 

substrate with < 10 % rubble coverage, soft substrate with 10 - 50 % rubble coverage, and rubble 

with > 50% coverage.  For statistical analysis, habitat types and hard coral sub-habitat types 

described above were assigned numerical codes (i.e., ‘1-4’).  

Creation of Maps 

 After the habitats were coded, the databases were imported into ArcGIS. Using 

ADELIE, the simple moving average of every three location points was calculated to create a 

smoothed dive track. To visualize the dive track in the map, ADELIE’s point to line function was 

applied to the smoothed dive track. The properties of the line were modified in ArcGIS to code 

usable dive video in black and unusable video in white dashes; this is the line shapefile. Also 
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from the smoothed dive track, all data points with unusable video quality were removed. The 

resulting dataset with only usable data was saved as a separate point shapefile. From the line 

shapefile, a buffer of 10 m on each side of the track was created around the usable dive track 

line. A 10 m buffer was selected due to its visibility in habitat maps when extrapolating data, but 

it is possible that there was some habitat change within the 10 m buffer. Inverse distance 

weighting analysis from the selection of usable data (point shapefile) was performed with a 

power of 2 and a variable radius of 1 to extrapolate the habitat data within the buffer. To avoid 

the clustering error associated with Inverse Distance Weighted (IDW) analysis, a variable radius 

was utilized, which acquires the data only from the known point, and does not consider adjacent 

points. Resulting IDW range values were reclassified to singular values and a polygon was 

created from the resulting raster. Polygons were simplified by ArcGIS through removal of 

erroneous fluctuations and bends in the border while maintaining fundamental shape. The 

resulting habitat polygons were classified by habitat code. Areas for each polygon were derived 

using ArcGIS’s Geometry Calculator and percentages of each habitat type observed at each site 

were reported.  

Benthic Terrain Analysis 

Terrain variables that may be significant in affecting deep-coral invertebrate distributions 

(Wilson et al., 2007; Dolan et al., 2008; Quattrini et al., 2012) selected for the analysis were 

slope, aspect, bathymetric position index (BPI), and terrain complexity (as measured by rugosity 

and fractal dimension). Aspect, the horizontal direction a mound slope faces, is important as it 

relates to long-term currents and which direction fauna face on the mound. The slope of a mound 

face can also influence exposure to currents and food availability, impacting the community 

distribution. Bathymetric position index measures where a data point with a known elevation is 
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relative to the overall terrain, BPI values designate how high (i.e., peaks have a positive BPI) or 

how low (i.e., troughs have a negative BPI) features are relative to the surrounding seafloor. 

More extreme numbers signify more extreme terrain features, while flat seafloor equates to a BPI 

of near zero. Bathymetric position index has been useful in habitat suitability models revealing 

fauna associated with mound peaks, which may also relate to currents and food availability. 

Rugosity is a measure of the roughness of a surface and was used to assess terrain complexity at 

the macroscale. Fractal dimension is a measure of structural complexity and was used to assess 

terrain complexity at the mesoscale. Both fractal dimension and rugosity were used to assess 

terrain complexity on different scales due to constraints in software packages.  

Output bathymetric grids of 10 m resolution from CARIS software were imported into 

the terrain analysis software packages. Landserf 2.2 (Woods, 2005) was used to create gridded 

maps representing slope, aspect, and fractal dimension. For BPI and rugosity, NOAA’s Benthic 

Terrain Modeler extension for ArcGIS (NOAA, Oregon State University) was used to create 

maps. Terrain variables were output at two spatial scales, 30 x 30 m and 170 x 170 m, (as in 

Quattrini et al., 2012) because small scale windows have the potential to be heavily influenced 

by errors in the digital elevation model, and large scale windows can over-generalize the 

topographic surface (Albani et al., 2004). For the 10 m resolution data available in this study, 

macroscale (30 x 30 m) and mesoscale (170 x 170 m) grid sizes were selected because a 30 x 30 

m retains detail while avoiding errors associated with smaller window sizes, and 170 x 170 m 

retains larger features of the terrain without overgeneralizing surface features. Two spatial scales 

are  important in analysis because physical and biological processes, such as circulation, food 

particle delivery, and species interactions, operate on various spatial scales (Albani et al., 2004; 

Wilson et al., 2007; Dolan et al., 2008; Guinan et al., 2009; Quattrini et al., 2012). Although data 
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on variables, such as circulation and food availability, are not part of this study, the distribution 

of sessile fauna may be linked to these variables that are directly influenced by benthic terrain. 

Statistical Analysis 

Several statistical methods were employed to determine which habitat factors, or 

combination of factors, influence the distribution of deep-sea invertebrates. First, to determine if 

similarities exist between species composition at various sites, an analysis of similarities 

(ANOSIM) was conducted using abundance data of SMIOLP in Primer (v. 6). Faunal 

abundances were square root transformed to down-weight abundant species and ensure proper 

consideration of rare species. Transformed data were then used to form a Bray-Curtis similarity 

matrix. A Bray-Curtis matrix was selected instead of other similarity matrix options because of 

its ability to designate two samples as similar when included taxa are mutually absent from the 

two samples (Clarke and Warwick, 2001). The ANOSIM test was performed on the Bray-Curtis 

similarity matrix to determine if differences in faunal composition were significant between 

Cape Lookout A, Cape Lookout B, and Triceratops. Differences in faunal composition prompted 

use of the SIMPER routine to reveal which taxa were driving the differences between sites. 

Finally, to visualize dissimilarities between faunal compositions at all sites, a Multi-Dimensional 

Scaling (MDS) ordination, relating Bray-Curtis matrix values, was then utilized. To determine if 

underlying L. pertusa structure factors influenced the distribution of SMIOLP, each taxa was 

analyzed with respect to L. pertusa factors using a non-parametric Kruskal-Wallis analysis of 

variance based on ranks in SigmaPlot (v. 12.0). A Kruskal-Wallis was selected because the fauna 

abundance data were not normally distributed. Observed taxa were analyzed with respect to 

profile and percent live L. pertusa. Although percent bottom coverage was recorded for each 5 m 

segment, taxa were not analyzed with respect to percent bottom cover in the final analyses 
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because there was  a correlation between the L. pertusa factors; areas of high profile and high 

percentages of living coral also had high coverage. 

Finally, to assess how terrain variables impacted the distribution and structure of L. 

pertusa and the distribution of SMIOLP, a regression model was developed in Maxent (v. 3.3.3e) 

to correlate locations of taxa with suitable habitats. Previous studies suggested that Maxent more 

accurately classifies suitable habitat locations relative to background locations than ecological 

niche factor analysis (Tittensor et al., 2009). Structure of L. pertusa and presence of SMIOLP 

were input into Maxent using the default model parameters because they have been shown to 

achieve good performance (Phillips & Dudik, 2008). The jackknifing option was selected to 

examine the importance of each variable by comparing the model with the variable absent versus 

the model with the variable present. The regression was run using all presence locations, which 

ensures the best estimate of potential distribution and provides the best visualization (Phillips 

2006). Additionally, to test performance of the models, 25% of samples in each run of the 

Maxent routine were used as test samples and 75% were used as training samples. Training 

samples are presence locations used in the regression to create the model, while the percentage of 

test samples are locations set aside and later used to evaluate the model created.  

Models were created for each structure factor of L. pertusa and for each SMIOLP with 

enough individuals observed. Maps of habitat suitability consist of cells that are assigned 

probabilities, ranging from 0 (completely unsuitable) to 1 (perfectly suitable). Model accuracy 

for each L. pertusa factor and for each SMIOLP was determined by the resulting area under the 

receiver operating characteristic curve (ROC). The ROC plots specificity (fraction of false 

positives) vs. sensitivity (fraction of true positives) of data points and gives area under the curve 

(AUC) values that indicate how well the model predicts presence of fauna relative to habitat 
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variables. If fauna presence was randomly distributed with no relation to habitat variables, then 

AUC values would equate to 0.5 (random performance), but models that indicate an accurate,  

better fit of data points to habitat variables will achieve AUC values closer to 1. Models 

performing better than a random model perform around 0.8-0.9 for a “good” model, and from 

0.9-1 for an “excellent” model (Phillips et al., 2006; Howell et al., 2011). Some models with 

excellent AUC values returned low p-values, indicating that there may not have been enough 

data to create an accurate model for those taxa. For each factor of L. pertusa and for each taxon, 

the effects of terrain variables were assigned a permutation importance, which indicates the 

contribution of that variable to the distribution of the taxa. Permutation importance may be more 

indicative of what variables influence the distribution of taxa than the percent contribution when 

there is a possibility that the variables are interacting (Phillips, 2011). Lastly, plots of habitat 

suitability for values of each terrain variable were created to help visualize how each terrain 

variable influenced the distribution. 

RESULTS 

Cape Lookout 

The Cape Lookout mound system is situated on a 2.6   southeastern face of the 

continental slope with depths ranging from 370 m to the northwest of the mounds to 500 m to the 

southeast (Figure 3). The mean depth surrounding the Cape Lookout mounds is 439 m. The site 

consists of numerous mounds and ridges, with some peaks rising to 80 m above the surrounding 

sea floor. Slopes determined from 30 x 30 m macroscale analysis ranged from 0 to 57 , while 

slopes from the 170 x 170 m mesoscale analysis only reached 30  (Figure 4).  Terrain 

complexity, as measured by rugosity and fractal dimension, was high on the slopes of the 

mounds. Rugosity was more closely associated with the mounds, while fractal dimension also  
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Figure 3. Shaded bathymetry map from multibeam sonar data of the Cape Lookout deep coral 
system. Cape Lookout A and B mounds are distinguished. Boxes indicate areas used to show 
further detail for habitat maps and terrain variables. The data are 10 meter spatial resolution. 
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had high values related to broad seafloor changes (Figure 4). Bathymetric position index derived 

in macroscale analysis revealed much smaller scale highs and lows across the terrain, while the 

mesoscale analysis identified larger mound features and apparent current scours surrounding 

them (Figure 4). Temperature and salinity averaged 8.5 C and 35.1, respectively. ANOSIM 

analysis of SMIOLP at Cape Lookout A and B revealed no significant differences in faunal 

composition between sites (R=0.104, p=0.0001); therefore, all further analysis treated Cape 

Lookout A and B as one site.  

Lophelia pertusa was the dominant reef-forming hard coral at Cape Lookout; 

Enallopsammia profunda was not observed in useable video data. Low-profile hard coral habitat, 

with 0-10% live L. pertusa, and >75% bottom coverage was the dominant habitat type on the 

mounds observed (Figure 5). Only approximately 5% of the area mapped consisted of >50% live 

L. pertusa. All models of L. pertusa created by maximum entropy modeling achieved values far 

better than random (AUC > 0.9) indicating that structure factors of L. pertusa were confidently 

mapped with respect to terrain variables (Table 1).  

Across the Cape Lookout region, maximum entropy modeling at the mesoscale revealed 

that the highest percentages of live L. pertusa were associated with moderate to high slopes and 

high BPI (tops of mounds). Lophelia pertusa with robust morphology was associated with high 

BPIs and steep slopes in the mesoscale analysis (Table 2, Figure 6). Slope was important in the 

mesoscale analysis for many structure factors of L. pertusa, but the importance of slope 

decreased and importance of BPI increased with the shift from a low percentage of live coral to a 

high percentage of live coral. The same pattern of slope importance giving way to BPI 

importance was observed with a shift from low profile to high profile and fragile morphology to 

robust morphology.  
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Figure 5: Habitat polygons at Cape Lookout. The three panels above are from Cape Lookout A. 
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Figure 5 (contd.): Habitat polygons at Cape Lookout. The three panels above are from Cape 
Lookout B. 
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30 x 30 Analysis 
Factor AUC p 
0-10% Live hard coral 0.949 7.92E-12 
10-50% Live Hard Coral 0.973 2.91E-25 
50-75% Live Hard Coral 0.969 2.16E-05 
>75% Live Hard Coral 0.969 2.67E-03 
Low Profile 0.954 5.17E-15 
Medium Profile 0.969 3.46E-23 
High Profile 0.978 3.04E-15 
Low Coverage n/d n/d 
Medium Coverage 0.944 5.19E-08 
High Coverage 0.963 2.67E-31 
Fragile Morph 0.964 3.54E-29 
Robust Morph 0.967 2.73E-26 

 

170 x 170 m Analysis 
Factor AUC p 
0-10% Live hard coral 0.976 9.03E-51 
10-50% Live Hard Coral 0.988 1.85E-31 
50-75% Live Hard Coral 0.99 7.60E-08 
>75% Live Hard Coral 0.998 1.29E-05 
Low Profile 0.974 4.21E-16 
Medium Profile 0.989 3.24E-51 
High Profile 0.993 6.02E-24 
Low Coverage n/d n/d 
Medium Coverage 0.99 7.27E-27 
High Coverage 0.977 3.43E-29 
Fragile Morph 0.979 1.62E-28 
Robust Morph 0.986 8.39E-41 

 

Table 1: Area under the curve and p-values for maximum entropy model performance for each 
factor of L. pertusa at Cape Lookout. Macroscale and mesoscale values shown. 
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30x30 m Permutation Importance 
Factor Aspect BPI Slope Rugosity 
0-10% Live hard coral 15.9 6.4 53.2 24.5 
10-50% Live Hard Coral 31 12.2 22.6 34.2 
50-75% Live Hard Coral 16.6 2.2 0 81.2 
>75% Live Hard Coral 88.8 0 8.3 2.9 
Low Profile 12 5 77.9 5.1 
Medium Profile 9.8 6.2 8.4 75.6 
High Profile 4.8 5.3 1.3 88.6 
Low Coverage n/d n/d n/d n/d 
Medium Coverage 6.8 7.2 39 47.1 
High Coverage 21.4 8.6 28.7 41.3 
Fragile Morph 4.9 3.4 16 75.7 
Robust Morph 14.9 24.1 57.8 3.2 

 

170 x 170 m Permutation Importance 

Factor Aspect BPI Slope 
Fractal 

Dimension 
0-10% Live hard coral 1.1 13.5 83.4 2 
10-50% Live Hard Coral 1.9 24.8 72.7 0.5 
50-75% Live Hard Coral 1.6 37.5 60.9 0 
>75% Live Hard Coral 0 99.9 0 0.1 
Low Profile 1.5 15.8 81.8 0.8 
Medium Profile 3.2 31.3 66.7 0.2 
High Profile 1.2 35.1 63.6 0.1 
Low Coverage n/d n/d n/d n/d 
Medium Coverage 3.8 7.8 88.1 0.3 
High Coverage 2.9 42.9 54.2 0 
Fragile Morph 2.1 19.5 77.5 0.9 
Robust Morph 2.5 89.6 4.5 3.5 

 

Table 2: Permutation importance of each terrain variable for L. pertusa factors at Cape Lookout. 
Macroscale and mesoscale values shown. 
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Figure 6: Cape Lookout mesoscale response curves for suitability of L. pertusa growth factors. 
Growth factors are displayed on the y-axis, and the corresponding terrain variable on the x-axis. 
170 x 170 m analysis window. 
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Macroscale analysis of L. pertusa structure factors at Cape Lookout revealed different 

variables influencing the percentage of live coral and the morphology compared with the 

mesoscale analysis. Suitable habitat for low percentages of live coral was more widespread and 

was associated with areas of moderate slope. Higher percentages of live coral had more restricted 

habitat suitability ranges strongly correlated to areas of high rugosity. High profile L. pertusa 

also was more restricted to areas of high rugosity. Low profile had a similar distribution to low 

percentage living L. pertusa, and had a broad range of suitable habitat related to moderate slopes. 

Morphology was influenced by other factors, and did not have a similar distribution to 

percentage live or profile. Fragile L. pertusa were associated with rough terrain, whereas robust 

L. pertusa were correlated with moderate slopes and the tops of mounds (Table 2, Figure 7).   

Maximum entropy modeling for SMIOLP revealed macroscale and mesoscale terrain 

variables that may impact distributions of selected taxa at Cape Lookout (Figures 8 and 9).  All 

models for taxa presence attained values far better than random (AUC > 0.9) (Table 3). 

However, some test sample runs revealed insignificant p-values, indicating that there were not 

enough data for some taxa to create adequate predictive models (Table 3). Mesoscale analysis 

revealed that taxa observed in this study were all associated with moderate slopes and BPIs 

greater than one.  

Macroscale analysis revealed an interaction of variables influencing distribution of fauna 

on mounds (Table 4). Actinoscyphia saginata was related to high slopes and the southwest face 

of the mound. High habitat suitability for actinostolid anemones was associated with higher 

rugosity. High habitat suitability for Aphrocallistes spp. sponges was associated with high slope 

and high rugosity. Rossellid sponge habitat suitability was correlated with areas of high 

complexity. Anthothela sp. habitat suitability was more closely associated with high BPI.  
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Figure 7: Cape Lookout macroscale response curves for suitability of L. pertusa growth factors. 
Growth factors are displayed on the y-axis, and the corresponding terrain variable on the x-axis. 
30 x 30 m analysis window.  
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Figure 8: Cape Lookout macroscale response curves for suitability of observed taxa. Suitability 
for taxa is displayed on the y-axis and the corresponding terrain variable on the x-axis. 30 x 30 m 
analysis window. 
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Figure 9: Cape Lookout mesoscale response curves for suitability of observed taxa. Suitability 
for taxa is displayed on the y-axis and the corresponding terrain variable on the x-axis. 170 x 170 
m analysis window. 
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          30 x 30 m Analysis 
Taxa AUC p 
Madrepora oculata 0.947 1.67E-03 
Enallopsammia profunda n/d n/d 
Cup Corals 0.998 1.00E+00 
Anthothela sp. 0.97 1.30E-06 
Primnoidae 0.944 1.76E-02 
Paramuricea n/d n/d 
Actinoscyphia saginata 0.963 9.23E-12 
Actinostolidae 0.976 1.13E-20 
Aphrocallistes spp. 0.959 1.91E-13 
Euplectellidae 0.987 1.00E+00 
Rossellidae 0.967 6.95E-04 
Demospongiae 0.923 1.00E+00 

 

170 170 m Analysis 
Taxa AUC p 
Madrepora oculata 0.995 9.03E-02 
Enallopsammia profunda n/d n/d 
Cup Corals 0.997 1.03E-02 
Anthothela sp. 0.993 1.79E-15 
Primnoidae 0.985 1.64E-05 
Paramuricea n/d n/d 
Actinoscyphia saginata 0.987 1.26E-54 
Actinostolidae 0.987 7.29E-39 
Aphrocallistes spp. 0.99 1.64E-11 
Euplectellidae 0.977 5.50E-02 
Rossellidae 0.987 1.35E-08 
Demospongiae 0.964 2.00E-01 

 

Table 3: Area under the curve and p-values for maximum entropy model performance for taxa 
observed at Cape Lookout. Macroscale and mesoscale values shown. 
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30 x 30 m Permutation Importance 
Taxa Aspect BPI Slope Rugosity 
Madrepora oculata 11.3 11.7 77 0 
Enallopsammia profunda n/d n/d n/d n/d 
Cup Corals 6.3 6.3 87.4 0 
Anthothela sp. 0 50.5 15.3 34.2 
Primnoidae 0 9.3 90.7 0 
Paramuricea n/d n/d n/d n/d 
Actinoscyphia saginata 12.7 8 70.5 8.8 
Actinostolidae 10.1 5.6 12.2 72 
Aphrocallistes spp. 4.5 12.1 56.9 26.5 
Euplectellidae 0 52.7 47.3 0 
Rossellidae 0.5 7.2 3.8 88.5 
Demospongiae 0 6.4 0 93.6 

 

170 x 170 m Permutation Importance 

Taxa Aspect BPI Slope 
Fractal 

Dimension 
Madrepora oculata 0 99.6 0 0.4 
Enallopsammia profunda n/d n/d n/d n/d 
Cup Corals 7.3 0.5 92.2 0 
Anthothela sp. 0.1 91.1 8.7 0.1 
Primnoidae 0 67 32.1 0.8 
Paramuricea n/d n/d n/d n/d 
Actinoscyphia saginata 1 45 51.9 2.1 
Actinostolidae 1.1 28.3 70.4 0.3 
Aphrocallistes spp. 0.4 71 25.7 2.9 
Euplectellidae 0 15.5 22.4 62 
Rossellidae 0.3 77.7 22 0 
Demospongiae 0 35.2 0 64.8 

 

Table 4: Permutation importance of each terrain variable for taxa of interest at Cape Lookout. 
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Madrepora oculata, although not commonly observed, was influenced by high slopes. There 

were insufficient data to create a statistically significant model for other taxa observed.  

Abundances of SMIOLP varied significantly across varying factors of L. pertusa habitat. 

Of the SMIOLP, actinostolid anemones and Actinoscyphia saginata were the most abundant 

fauna on mounds at Cape Lookout (Table 5). Aphrocallistes spp. were also commonly observed 

throughout the dives. Taxa at Cape Lookout with enough individuals observed to perform 

statistical testing included Actinoscyphia saginata, actinostolid anemones, Aphrocallistes spp., 

rosselid sponges, Anthothela sp., and Madrepora oculata (Figures 10 and 11).  Actinoscyphia 

saginata showed significant variation in abundance between factors of profile (p < 0.001), but 

was most commonly found on moderate-profile. Actinoscyphia saginata was also found on 

moderate percentages of live underlying L. pertusa (p < 0.001). Madrepora oculata had 

significant variation in abundance across both profile (p = 0.006) and percent live underlying 

coral (p= 0.002), and was most commonly found on moderate-profile, 10-50% live L. pertusa. 

Actinostolid anemones also had significant variation in abundance across profile classes (p < 

0.001), but was not significantly different across live coverage. Aphrocallistes spp. did not show 

significant variation in their abundance across any L. pertusa habitat factors, while rossellid 

sponge abundance was significantly different across profile types (p = 0.002), but not across 

different percentages of live L. pertusa. Anthothela sp. displayed significant variation in 

abundance across both profile and percent live L. pertusa cover (p < 0.001) and was commonly 

observed on high-profile, 10-50% live L. pertusa.  
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Observed Taxa Cape Lookout 
Average 

Abundance 

Triceratops 
Average 

Abundance 

% Contribution 

Primnoidae 0.05 3.03 29.82 
Cup Corals 0 3.55 29.81 
Actinoscyphia saginata 1.13 0 13.21 
Actinostolidae 0.66 0.01 8.03 
Aphrocallistes spp. 0.36 0.5 7.75 
Enallopsammia profunda 0 0.45 4.59 

 

Table 5: SIMPER analysis of Cape Lookout and Triceratops. Average dissimilarity = 96.51%. 
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Figure 10: Bar chart of dominant Cape Lookout fauna concentrations for varying profile type. 
Data for the chart were square root transformed to down weight dominant species. 
Concentrations were derived by dividing the number of individuals observed in a profile class by 
the number of samples in that profile class.  
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Figure 11: Bar chart of dominant Cape Lookout fauna concentrations for varying percentages of 
live underlying L. pertusa. Data for the chart were square root transformed to down weight 
dominant species. Concentrations were derived by dividing the number of individuals observed 
in a % live class by the number of samples in that % live class.  
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Triceratops 

The Triceratops mounds are positioned on a moderate continental slope of 1.8  sloping to 

the east (Figure 12). The depth changes from 430 m to the west of the mounds to 470 m to the 

east of the mounds (Figure 13). The three mounds rise 40-70 m above the surrounding seafloor. 

High slopes are evident on all sides of the mounds and range from 0 to 46  as determined from 

macroscale analysis. Mesoscale slopes reached 21  (Figure 13). Mesoscale terrain complexity 

revealed slightly elevated values at the top of the mound, but the highest values occurred in 

patches adjacent to the mounds (Figure 13). Macroscale terrain complexity was highest along 

mound slopes and into the troughs surrounding the mounds (Figure 13).  All three mound peaks 

are surrounded by suspected current scour troughs visible in the BPI maps (Figure 13). 

Temperature and salinity averaged 7.5 and 34.9 C, respectively. 

As with Cape Lookout, the dominant structure-forming hard coral was L. pertusa. 

Smaller colonies of E. profunda were encountered throughout dives, but rarely formed large 

matrices. Madrepora oculata was also common, and a few very large matrices of that species 

were encountered. Within the observed video of the two western mounds, moderate-profile hard 

coral habitat, with 50-75% live L. pertusa, and >75% bottom coverage was the dominant habitat 

type (Figure 14). Forty-nine percent of the hard coral habitat observed had >50% live L. pertusa.  

Both mesoscale and macroscale analyses of the distribution of L. pertusa in relation to 

benthic terrain in Maxent attained values far better than random (AUC > 0.9) (Table 6). 

Mesoscale analysis of L. pertusa factors revealed that all levels of factors, except one, were most 

heavily influenced by slope. Areas with a low coverage of L. pertusa were found on the western 

face of the mound. High coverage also relied considerably on BPI compared to other variables 

(Table 7, Figure 15).  
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Figure 12: Existing multibeam data of the Triceratops mounds. Boxes indicate areas used to 
show further detail for habitat maps and terrain variables. The data are 10 meter spatial 
resolution. Data is 10 meter spatial resolution.  
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  Figure 13 (contd.): B
enthic terrain variables derived from

 m
ultibeam

 bathym
etry at Triceratops. Top panels for each variable are 

the m
acroscale (3x3) analysis w

indow
. B

ottom
 panels are the 17x17 analysis w

indow
.  

B
athym

etric 
Position 
Index 

R
ugosity 

Fractal D
im

ension 

H
igh: 35 

Low
: -25 

H
igh: 2.5 

Low
: 1 

H
igh: 3 

Low
: 2 



47 
 

 

 

 

Figure 14: Habitat polygons at Triceratops.  
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30 x 30 m Analysis 
Factor AUC p 
0-10% Live hard coral 0.993 1.80E-28 
10-50% Live Hard Coral 0.995 8.51E-24 
50-75% Live Hard Coral 0.993 2.08E-24 
>75% Live Hard Coral 0.996 3.16E-04 
Low Profile 0.993 1.38E-26 
Medium Profile 0.994 1.81E-31 
High Profile 0.994 1.54E-18 
Low Coverage 0.997 1.34E-16 
Medium Coverage 0.995 1.73E-14 
High Coverage 0.993 0.00E+00 
Fragile Morph 0.991 0.00E+00 
Robust Morph 0.995 1.21E-18 

 

170 x 170 m Analysis 
Factor AUC p 
0-10% Live hard coral 0.993 4.85E-23 
10-50% Live Hard Coral 0.995 1.19E-22 
50-75% Live Hard Coral 0.996 2.09E-26 
>75% Live Hard Coral 0.997 2.04E-06 
Low Profile 0.986 3.71E-07 
Medium Profile 0.995 2.04E-28 
High Profile 0.996 2.11E-18 
Low Coverage 0.998 5.24E-19 
Medium Coverage 0.996 8.31E-18 
High Coverage 0.994 0.00E+00 
Fragile Morph 0.994 0.00E+00 
Robust Morph 0.997 1.63E-18 

 

Table 6: Area under the curve and p-values for maximum entropy model performance for each 
factor of L. pertusa at Triceratops. Macroscale and mesoscale values shown. 
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30 x 30 m Permutation Importance 
Factor Aspect BPI Slope Rugosity 
0-10% Live hard coral 2.2 0 4.8 93 
10-50% Live Hard Coral 4.7 1.8 6.5 87 
50-75% Live Hard Coral 1.6 1.4 12 85.1 
>75% Live Hard Coral 0 0 84.4 15.6 
Low Profile 1.3 0.4 3.7 94.6 
Medium Profile 0.6 2.2 2.6 92.4 
High Profile 0.4 0.1 2.9 96.6 
Low Coverage 0.3 0 94.6 5.1 
Medium Coverage 1.6 0 0.1 98.3 
High Coverage 4 1.6 6.8 87.6 
Fragile Morph 2.2 0.2 2.5 95.2 
Robust Morph 2.8 3.3 5.8 88.1 

 

170 x 170 m Permutation Importance 

Factor Aspect BPI Slope 
Fractal 

Dimension 
0-10% Live hard coral 6 3 84.8 6.2 
10-50% Live Hard Coral 0.1 1.3 92.3 6.4 
50-75% Live Hard Coral 1 0.5 96.5 2.1 
>75% Live Hard Coral 2.8 0 97 0.3 
Low Profile 5 2 86 6.9 
Medium Profile 0.4 1.3 88.3 10 
High Profile 2.9 2 93.1 2 
Low Coverage 71.7 2 26.3 0.1 
Medium Coverage 1 1.8 95.8 1.4 
High Coverage 5.9 22 70.7 1.3 
Fragile Morph 3.2 1.6 94 1.2 
Robust Morph 0.1 4.2 87.3 8.4 

 

Table 7: Permutation importance of each terrain variable for L. pertusa factors at Triceratops. 
Macroscale and mesoscale values shown. 
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Figure 15: Triceratops mesoscale response curves for suitability of L. pertusa growth factors. 
Growth factors are displayed on the y-axis, and the corresponding terrain variable on the x-axis. 
170 x 170 m analysis window.  
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Macroscale analysis indicated a relation to terrain complexity for lower percentages of 

live L. pertusa. As the percentage of live branches increased, slope became the most important 

factor for live hard coral (Table 7, Figure 16). All levels of L. pertusa profile were influenced by 

rugosity in the macroscale analysis, as were both robust and fragile morphology. Of the levels of 

bottom coverage, low coverage was the only one related to slope.  

Maximum entropy modeling on these mounds revealed mesoscale and macroscale terrain 

variables that impacted presence of SMIOLP; predictions were far better than random (AUC > 

0.90) (Tables 8 and 9). Mesoscale analysis indicated important variables driving the overall 

distribution of the majority of observed fauna. Slope was the most influential variable for all taxa 

except Paramuricea spp., which had a higher reliance on aspect than slope (Figure 17).  

Macroscale analysis revealed that M. oculata, E. profunda, solitary cup corals, and 

Aphrocallistes spp. were associated with areas of high rugosity while the model of Paramuricea 

spp. relied almost entirely on steep slopes (Figure 18). Paramuricea spp. was only observed 

around the top of the mounds. Other taxa observed were not abundant enough to create 

statistically significant models for distribution.  

The dominant SMIOLP at this site were primnoids and solitary cup corals. Both 

blanketed the mounds in varying concentrations. Differences in faunal abundance across levels 

of profile and percent live underlying L. pertusa were significant for all taxa analyzed at 

Triceratops (Kruskal-Wallis, p < 0.01), except that rossellid sponges and actinostolid anemones 

did not have enough individuals for testing. Primnoids and solitary cup corals were more 

abundant on high-profile, > 75 % live underlying L. pertusa (p < 0.001) (Figures 19 and 20). 

Madrepora oculata and E. profunda were more abundant in areas with a high percentage of 

living L. pertusa (p < 0.001), but were more abundant in areas of moderate profile (p < 0.001).  
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Figure 16: Triceratops macroscale response curves for suitability of L. pertusa growth factors. 
Growth factors are displayed on the y-axis, and the corresponding terrain variable on the x-axis. 
30 x 30 m analysis window. 
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30 x 30 m Analysis 
Taxa AUC p 
Madrepora oculata 0.995 3.46E-15 
Enallopsammia profunda 0.994 1.07E-21 
Cup Corals 0.992 7.63E-28 
Anthothela sp. n/d n/d 
Primnoidae 0.991 2.44E-10 
Paramuricea spp. 0.995 1.60E-06 
Actinoscyphia saginata n/d n/d 
Actinostolidae 0.98 1.00E+00 
Aphrocallistes spp. 0.992 1.06E-17 
Euplectellidae n/d n/d 
Rossellidae 0.989 2.04E-02 
Demospongiae n/d n/d 

 

170 x 170 m Analysis 
Taxa AUC p 
Madrepora oculata 0.997 8.36E-17 
Enallopsammia profunda 0.996 2.20E-22 
Cup Corals 0.993 1.16E-31 
Anthothela sp. n/d n/d 
Primnoidae 0.994 2.44E-10 
Paramuricea spp. 0.995 1.36E-05 
Actinoscyphia saginata n/d n/d 
Actinostolidae 0.99 1.00E+00 
Aphrocallistes spp. 0.996 1.68E-20 
Euplectellidae n/d n/d 
Rossellidae 0.999 1.00E+00 
Demospongiae n/d n/d 

  

Table 8: Area under the curve and p-values for maximum entropy model performance for taxa 
observed at Triceratops. Macroscale and mesoscale values shown. 
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30 x 30 m Permutation Importance 
Taxa Aspect BPI Slope Rugosity 
Madrepora oculata 1.6 0.5 0.7 97.2 
Enallopsammia profunda 1.5 0.4 0.4 97.8 
Cup Corals 1.8 1.6 7.5 89.1 
Anthothela sp. n/d n/d n/d n/d 
Primnoidae 1.8 0.3 5.2 92.6 
Paramuricea 0 0 99.9 0 
Actinoscyphia saginata n/d n/d n/d n/d 
Actinostolidae 26.1 0 73.9 0 
Aphrocallistes spp. 1.9 0.5 2.1 95.5 
Euplectellidae n/d n/d n/d n/d 
Rossellidae 0 0.3 99.7 0 
Demospongiae n/d n/d n/d n/d 

 

170 x 170 m Permutation importance 

Taxa Aspect BPI Slope 
Fractal 

Dimension 
Madrepora oculata 1.1 0.5 96.3 2.1 
Enallopsammia profunda 1 1 91.2 6.9 
Cup Corals 0.2 2.1 95.8 2 
Anthothela sp.  n/d n/d n/d n/d 
Primnoidae 1.9 8.1 88.5 1.5 
Paramuricea 63.9 10.3 20.3 5.5 
Actinoscyphia saginata  n/d n/d n/d n/d 
Actinostolidae 99 0 1 0 
Aphrocallistes spp. 2.2 0.5 95.6 1.8 
Euplectellidae  n/d n/d n/d n/d 
Rossellidae 6.3 2.5 90.8 0.4 
Demospongiae  n/d n/d n/d n/d 

 

Table 9: Permutation importance of each terrain variable for taxa of interest at Triceratops. 
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Figure 17: Triceratops mesoscale response curves for suitability of observed taxa. Suitability for 
taxa is displayed on the y-axis and the corresponding terrain variable on the x-axis. 170 x 170 m 
analysis window. 
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Figure 18: Triceratops macroscale response curves for suitability of observed taxa. Suitability for 
taxa is displayed on the y-axis and the corresponding terrain variable on the x-axis. 30 x 30 m 
analysis window. 
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Figure 19: Bar chart of dominant Triceratops fauna concentrations for varying profile type. Data 
for the chart were square root transformed to down weight dominant species. Concentrations 
were derived by dividing the number of individuals observed in a profile class by the number of 
samples in that profile class.  
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Figure 20: Bar chart of dominant Cape Lookout fauna concentrations for varying percentages of 
live underlying L. pertusa. Data for the chart were square root transformed to down weight 
dominant species. Concentrations were derived by dividing the number of individuals observed 
in a % live class by the number of samples in that % live class.  
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Aphrocallistes spp. displayed a similar distribution to E. profunda and M. oculata, with higher 

abundance on moderate-profile coral, and they were slightly more abundant on > 75% live coral 

(p < 0.001). Paramuricea spp. were common on moderate- and high-profile L. pertusa (p = 

0.003), but were not observed on > 75% live L. pertusa.  

 Site Comparisons 

Cape Lookout and Triceratops both occur on a moderate continental slope, but the Cape 

Lookout site occurs much closer to the continental shelf break (Maclntyre and Milliman, 1970). 

The observed current scours around the bases of coral bioherms are oriented to the northeast at 

Cape Lookout, and to the north at Triceratops. Although verbal indications from submersible 

dive recordings of bottom current data were rarely recorded, those recorded at Cape Lookout had 

an average direction from 230 . No current measurements were recorded from the dives used at 

Triceratops.   

ANOSIM revealed significant differences in the faunal composition between Cape 

Lookout and Triceratops (R=0.603, p=0.0001) (Figure 21). The two sites have an average 

dissimilarity of 96.51%. SIMPER analysis revealed that the species driving the difference 

between the two sites were the primnoids, solitary cup corals and A. saginata (Table 2). Aside 

from L. pertusa, the most abundant sessile invertebrate taxa at Triceratops were primnoids and 

solitary cup corals. These two groups controlled the majority of the difference due to their 

extreme abundance at Triceratops and absence in the video analysis at Cape Lookout. 

Enallopsammia profunda, although not observed at Cape Lookout, did not contribute as much to 

the overall dissimilarity. The common A. saginata at Cape Lookout also drove the difference, 

being absent in video data at Triceratops. Actinostolid anemones were present at both sites, but  
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Figure 21: Primer MDS plot of fauna present at three SEUS study sites: Cape Lookout A (CLA) 
Cape Lookout B (CLB) and Triceratops (TRI). CLA and CLB had similar faunal compositions 
that varied from TRI. 
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were more common at Cape Lookout. Aphrocallistes spp. sponges were slightly more abundant 

at Triceratops, but common in video data at both sites. 

The dominant structure-forming corals contributing to mound structure were different 

within the observed video between the two study sites. Triceratops had more E. profunda 

contributing to the overall structure, and also large matrices of M. oculata. Triceratops had more 

moderate- and high-profile, > 50% live L. pertusa thickets than Cape Lookout. Although L. 

pertusa displayed variation between sites, terrain variables influencing its structure exhibited 

similar patterns (Figures 22 and 23). For example, suitable mesoscale habitat for high-profile, 

>75% live, robust-morphology L. pertusa was influenced most by high slope and high BPI at 

both sites. Macroscale habitat suitability patterns for L. pertusa structure also displayed similar 

behavior between sites, with 50-75% live, high-profile L. pertusa influenced by high rugosity at 

both Triceratops and Cape Lookout. Morphology factors of L. pertusa had different distributions 

between the sites with respect to terrain variables. Robust-morphology L. pertusa was influenced 

mostly by high slope at Cape Lookout, but mostly by high rugosity at Triceratops. However, at 

Triceratops the influence of slope was higher for robust-morphology L. pertusa than for fragile 

morphology. This still indicates the potential for robust L. pertusa to rely more heavily on higher 

slopes. 

Response of SMIOLP to variables driving distributions was not the same at both sites. 

For example, in macroscale analysis M. oculata relied on slope at Cape Lookout but more on 

rugosity at Triceratops. Aphrocallistes spp. also relied more heavily on rugosity at Triceratops 

but at Cape Lookout was influenced by slope followed by rugosity (Tables 5 and 9). In video-

scale analysis, Aphrocallistes spp. was more abundant on low to moderate-profile L. pertusa at 

Cape Lookout (Figure 8), but was more abundant on moderate to high profile at Triceratops  
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Figure 22: Habitat suitability models for growth and structure factors of L. pertusa Cape 
Lookout. All data are 170 x 170 m to show general distribution on the mounds. Low percent live, 
low profile, fragile morphology L. pertusa is displayed in the top Cape Lookout A (left) and B 
(right) panels. High percent live, high profile, robust morphology L. pertusa is displayed in the 
bottom Cape Lookout A (left) and B (right) panels. 
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Figure 23: Habitat suitability models for growth and structure factors of L. pertusa at 
Triceratops. All data are 170 x 170 m to show general distribution on the mounds. Low percent 
live, low profile, fragile morphology L. pertusa is displayed in the top panel. High percent live, 
high profile, robust morphology L. pertusa is displayed in the bottom panel.  
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(Figure 17). Furthermore, video-scale analysis revealed that  many of the attached taxa at 

Triceratops were more abundant on > 75% live L. pertusa, while no attached fauna at Cape 

Lookout were found on > 75% live L. pertusa (Figures 9 and 18).  

DISCUSSION 

Numerous variables appear to influence the structure and distribution of sessile benthic 

invertebrate fauna associated with deep-sea coral ecosystems. In this study, structure and 

distribution patterns for L. pertusa were significantly influenced by benthic terrain variables. 

Likewise, presence of SMIOLP was also significantly influenced by mesoscale and macroscale 

terrain variables. On a smaller scale available with video analysis, SMIOLP displayed varied 

correlations with the habitat created by L. pertusa. Many taxa had similar patterns for 

distribution and benthic terrain variable influence, although a few had substantial differences. 

The two sites observed did not have similar faunal compositions.  

Studies involving the distribution and growth of sessile benthic invertebrates have 

revealed correlations of faunal distribution to variables that can be analyzed with respect to the 

benthic terrain. Such variables include water movement, vertical relief, and hard surfaces. Water 

movement in deep and shallow ecosystems, which is enhanced by local topographic highs, is 

related to food particle delivery and removal of sediments and has demonstrated importance in 

affecting the distribution of sessile benthic fauna on coral reefs on several temporal and spatial 

scales (Loya, 1972, 1976; Roberts et al., 1975; Jokiel, 1978; Wilson, 1979; Brown and Dunne, 

1980; Bayne and Szmant; 1989; Rogers, 1990; Frederiksen et al., 1992; Mortensen, 2001; 

Duineveld et al., 2004; Jonsson et al., 2004; Kiriakoulakis et al., 2005; White et al., 2005; 

Dorschel et al., 2007). Although sedimentation in the deep-sea drives bioherm formation, it has 

been noted to be disadvantageous to sessile invertebrate coral reef fauna by clogging pores, 
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inhibiting feeding, restricting exchange of dissolved nutrients and gases, and increasing energy 

expenditure due to sediment rejection (Loya, 1972, 1976; Brooke et al., 2009; Davies et al., 

2009; Larsson and Purser, 2011). Vertical relief is of further importance; differences in the 

percent living cover and fauna composition on steep slopes compared to flat sections have been 

attributed to the effect of low currents and sediment deposition in flat regions and higher currents 

and less sediment accumulation along steep walls (Loya, 1972; Goldberg, 1973; Loya, 1976; 

Bell and Smith, 2004). Hard surfaces such as cobbles or the skeleton of L. pertusa also provide 

suitable attachment substrate and an area of increased relief away from the impacts of 

sedimentation (Wilson, 1979; Gass and Roberts, 2006; Jonsson, 2004).   

Cape Lookout 

 At Cape Lookout, both L. pertusa and SMIOLP distributions were correlated with factors 

that have shown importance in growth and survival of sessile benthic invertebrates. Mound scale 

terrain variables that may influence the growth and survival of L. pertusa were revealed in the 

mesoscale analysis.  This scale of analysis displayed a similar zonation pattern to previous 

observations of L. pertusa. High percentages of living, high-profile coral were found near the top 

of the mounds facing into the inferred current and lower percentages of live coral and rubble 

were located on the moderate back slope (Wheeler et al., 2005; Dolan et al., 2008; Buhl-

Mortensen et al., 2010). Regional processes likely controlling the distribution of living versus 

dead corals include currents, food availability, and sedimentation. On a regional scale, robust-

morphology L. pertusa was also associated with high BPI (tops of mounds). The thickness of the 

white, living coral is determined by the coenenchyme expansion and this may relate to coral 

colony health (Roberts et al., 2009). A noticeable difference in the morphology of L. pertusa 

may be an indicator for coral health, and could relate to more food particle delivery at the top of 
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the mound. Thicker branches of L. pertusa may be an adaptation of individuals colonizing higher 

current areas because thicker branches would be able to handle higher currents. Observation of 

longer, fragile morphology L. pertusa further down-slope in low current areas in this study may 

also point to morphological differences being driven by current patterns (Bottjer, 1980; Wilson, 

1979).  

Macroscale terrain analyses revealed which mound-scale factors were correlated with 

differing structure of L. pertusa. Rugosity and aspect had more influence at the macroscale than 

the mesoscale. Lower percentages of living coral were found on moderate slopes, but 50-75% 

live, high-profile L. pertusa was influenced by areas of high rugosity. The correlation between 

high profile L. pertusa and rugosity could be due to the L. pertusa creating the rugosity. Lophelia 

pertusa was also associated with an aspect corresponding with the west and southwest faces of 

the mounds which corresponds to the inferred current face. Relation of L. pertusa to peaks in 

regional analysis may be due to enhanced overall position in the current. The local influence of 

rugosity and aspect may also relate to water movement and food availability. Past studies have 

reported a relationship between deep corals and areas of increased rugosity which may be related 

to turbulence and resuspension of food particles (Huvenne et al. 2005; Dolan et al., 2008). 

The distribution of SMIOLP was also correlated with terrain variables, indicating that 

SMIOLP colonize areas of the mounds that may enhance growth and survival. Mesoscale 

analysis revealed that moderate to steep slopes and a BPI greater than the surrounding seafloor 

were most influential to fauna distribution. These correlations indicate that SMIOLP are 

concentrated on the mounds in the region as opposed to the flat, sedimented seafloor surrounding 

the mounds, as has been observed in similar studies (Jonsson et al., 2004). Slopes and high BPI 

are most likely influencing growth and survival of SMIOLP by increasing exposure to currents 
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that are enhancing food availability and decreasing exposure to sedimentation. Macroscale 

analysis revealed factors influencing the distribution of SMIOLP on the mounds, and it appears 

that different taxa rely on different factors. Actinoscyphia saginata was found on steep slopes 

facing into the assumed current. Actinostolid anemones were associated with areas of high 

rugosity, although they also had correlations to the face of the mound into the current and, to a 

lesser extent, moderate to steep slopes. Anthothela sp. was found near the tops of mounds in 

rough areas. Madrepora oculata was found along steep slopes. Aphrocallistes spp. sponges had a 

somewhat general distribution, displaying influence from all terrain variables.  

Sessile invertebrate abundance was potentially influenced by underlying habitat created 

by L. pertusa. Although SMIOLP are influenced by terrain variables, factors influencing their 

distribution on the mound may be more complex and may include influence from local-scale 

factors such as the structure created by L. pertusa. However, it is possible that since all of the 

observed taxa are filter feeding invertebrates like L. pertusa that a correlation with high-profile, 

high-percentage live L. pertusa is an artifact of them finding the same habitat suitable. No 

SMIOLP were found on >75% live L. pertusa; this finding supports previous studies that report a 

low abundance of attached fauna on living coral (Jensen and Frederiksen, 1998). The majority of 

attached fauna was found in the 50-75% live L. pertusa, which supports the hypothesis that they 

are less likely to colonize high percentages of living coral, but may also find the same habitat 

suitable. Attached fauna were most common on high-profile L. pertusa which supports that these 

organisms tend to colonize areas that enhance their position into the current and away from 

sediment. Contrary to the major trend at this site, Aphrocallistes spp. sponges were related to 

areas with low profile.  
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Triceratops 

 At Triceratops, the major structure-forming coral, L. pertusa, was not randomly 

distributed, but was correlated with terrain variables that may enhance its survival and growth on 

both spatial scales. Mesoscale analysis of L. pertusa structure revealed that suitable habitat for all 

structure factors of L. pertusa were related to steep slopes. This regional analysis does not 

provide much insight into the distribution of L. pertusa beyond indicating that the mounds (areas 

with steeper slopes) house L. pertusa colonies. This could be due to the L. pertusa creating 

bioherms, or because L. pertusa growing along steep slopes is less susceptible to sedimentation. 

Macroscale analysis of at Triceratops revealed terrain variables that are likely influencing the 

growth and structure of L. pertusa on the mounds by improving food particle delivery and 

reducing sedimentation. Rugosity was the most influential variable in the distribution of L. 

pertusa at Triceratops, with the exception of > 75% live L. pertusa, which was correlated with 

steep slopes. This result points to L. pertusa (both living and dead) as the origin of high rugosity 

measurements, but higher percentages of living L. pertusa surviving in areas of steep slope is 

likely due to reduced sedimentation. It seems that distribution of L. pertusa at Triceratops was 

influenced by the same terrain variables regardless of percentage living, profile, or morphology. 

This contrasted the Cape Lookout site where different percentages of living coral, different 

profiles, and varied morphology displayed various distributions in relation to terrain.  

The distribution of SMIOLP in relation to mesoscale terrain variables indicated an 

association with moderate to high slopes. The only taxon with a different influence from terrain 

was Paramuricea spp., which was associated with the westward face of the mound. Paramuricea 

spp. was rare, and due to the small number observed in video this result may not be accurate. The 

importance of slope to SMIOLP at Triceratops in Mesoscale analysis indicates that fauna were 
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concentrated on mounds as opposed to the surrounding flat, sandy seafloor. This supports the 

idea that sessile macrofauna are avoiding areas that are flat and sandy where they would be more 

susceptible to sedimentation. The majority of taxa at Triceratops had similar distributions in the 

macroscale analysis and were related to similar terrain variables, this revealed which macroscale 

terrain variables were most important for growth and distribution of fauna at this site. Moderate 

rugosity was the most important variable for the majority of observed SMIOLP. Association with 

rugosity may be related to turbulence of water movement to resuspend food particles, or, if L. 

pertusa is creating the rugosity at the macroscale, an artifact of SMIOLP colonizing a hard 

substrate (e.g. dead coral cover). Paramuricea spp. was the only taxon influenced by high slopes 

at the macroscale which may indicate this taxon relies more heavily on areas with less 

sedimentation.  

The SMIOLP observed at Triceratops appeared to be distributed in relation to the 

underlying L. pertusa structure. The primnoids and solitary cup corals were most abundant on 

high-profile, > 75% living L. pertusa. While the position of some attached fauna on high-profile 

L. pertusa follows a trend in which benthic invertebrates tend to colonize areas higher in the 

current to improve food availability and remove wastes and sediment, the result of attached 

fauna found on > 75% live L. pertusa does not agree with previous studies that found attached 

fauna were more abundant on dead coral (Jensen and Frederiksen, 1992). All fauna observed and 

enumerated at Triceratops were attached to parts of the dead framework, but since the 5m 

segment was assigned a habitat with > 75% living coral that was how it was correlated in the 

statistical analysis. Although the attached fauna were on dead sections of L. pertusa within 5 m 

segments of > 75% live L. pertusa, that detail was beyond the resolution of this study. Therefore, 

it is not likely that SMIOLP find > 75% living L. pertusa a suitable attachment site, but rather 
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that the SMIOLP and L. pertusa find the same habitat suitable. However, the position of some 

SMIOLP on high-profile L. pertusa may indicate that they are colonizing areas with more water 

movement which improves food availability and remove sediments. Other scleractinians, M. 

oculata and E. profunda, were also found in areas of > 75% living L. pertusa, but were found in 

moderate profile. The fact that M. oculata and E. profunda were found in > 75% live L. pertusa 

indicates that they find the same type of habitat suitable.  

Site Comparison 

This study provided insight into factors influencing the growth and survival of L. pertusa 

by not merely identifying presence locations, but by assigning structural factors to each presence 

location. By assigning structural factors such as percent live coral, profile, and morphology, and 

not just presence terrain variables that are more closely associated with higher percentages of 

living coral or with a more robust morphology are identified. High percentages of living L. 

pertusa colonies greater than 1 m tall were associated with steep slopes and mound peaks at both 

sites; this correlation supports previous studies that this coral is enhancing its position in the 

current for food availability and sediment removal.  Macroscale analysis revealed a higher 

importance of rugosity for high-profile, high-percent living L. pertusa. Although L. pertusa is 

likely creating the rugosity at the macroscale, it still may be related to water movement. It seems 

that high profile, robust, living L. pertusa is associated with a position near the top of a bioherm 

and with steep slopes; most likely using accelerated currents at the top and sides of the mound 

for waste and sediment removal and food particle delivery. The position of L. pertusa at the tops 

of mounds along steep slopes is consistent with other studies of deep-sea coral mounds (De Mol 

et al., 2007; Huvenne et al., 2005; Wheeler et al., 2005; Dolan et al., 2008). The occurrence of 

thicker corals near the top, and longer branching L. pertusa is in agreement with other 
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observations (Wilson, 1979), and it may be that longer branching morphology down lower in a 

colony or on the mound is an adaptation to exploit food supply. Furthermore, a stouter, robust 

morphology at the tops of mounds may be a colony’s response to tolerate higher currents without 

breaking. 

Although the mesoscale analysis of SMIOLP revealed similar patterns for distributions of 

observed fauna at sites, macroscale and video-scale analysis revealed differences in behaviors of 

the SMIOLP between sites. There are a few reasons why these taxa may behave differently 

between the two sites, and some observed differences may provide insight into how these 

ecosystems function. The sponges were not consistent in their distribution between the sites. This 

may be due, in part, to the poor grasp we have on deep-sea sponge taxonomy. For the 

Aphrocallistes spp. alone, there may be a few different species represented. However, they may 

not be discernible in video analysis and are therefore counted together. Different species with 

varying ecological niches lumped into a broader taxonomic category may be causing differences 

in distribution between the sites in this study. Madrepora oculata also displayed differences in 

macroscale influence. At Cape Lookout M. oculata was influenced by high slopes, but at 

Triceratops it was associated with areas of high rugosity. The colonies of M. oculata at 

Triceratops were much larger than those at Cape Lookout and more abundant in video analysis.  

Faunal composition was not the same at Cape Lookout, NC and Triceratops, FL. Some 

taxa have been collected at both sites even though they were not present in video analysis for this 

study; some taxa have also been collected at nearby sites. However, taxa like M. oculata, E. 

profunda and solitary cup corals are not as commonly collected off North Carolina as they are in 

Florida (Cairns, 1979). Although no E. profunda was observed at Cape Lookout, this does not 

necessarily mean that E. profunda is not present at that site; it has been observed off Cape 
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Lookout previously (Partyka et al., 2007; Ross and Nizinski, 2007). Enallopsammia profunda 

may have been present in areas outside of the video, or based on the amount of dead coral that 

was observed at Cape Lookout, it may have consisted of dead branches with a dark coloration. 

Deceased branches of hard coral, either intact or in pieces, are difficult to identify. Solitary cup 

corals may have also been present, and have been collected at adjacent sites (i.e., Cape Fear 

bioherm) (Cairns, 1979). Both rossellid and Aphrocallistes spp. sponges were commonly 

observed at both sites. Unequal sampling effort in the past could contribute to variations in 

observed fauna, but that does not explain the differences in abundances of observed fauna 

between the two sites in this study.  

Differences in faunal composition and distribution between the two sites may be due to a 

number of factors. First, a potential contributor to dissimilarities could be the age of each site. 

Secondly, based on the importance of currents in distribution of fauna in this study coupled with 

records of observed fauna throughout the region, differences in current patterns may be driving 

contrasts between the sites. The complete structure of the Cape Lookout system consists of 

numerous mound peaks in each overall mound. In the multibeam sonar data it appears as if 

individual mounds may have merged together over a longer time period, as described in Roberts 

et al. (2009). Roberts et al. (2009) suggested that closely spaced coral mounds may grow into 

one another, building a “complex cluster.” Triceratops, on the other hand, has three distinct 

mounds. The separation of these three mounds may be indicative of a younger system. 

Furthermore, successional theories in ecology suggest that higher species diversity and 

abundance are often associated with an intermediate, developing stage in succession (Connell et 

al., 1977).  Although L. pertusa has colonized both areas and facilitated growth of the ecosystem, 

it seems to fit a “tolerance” model of succession as opposed to a “facilitation” model (Connell et 
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al., 1977). In tolerance models, a species colonizes an area and can modify the habitat; other taxa 

colonize once the original species has made the habitat suitable. If the system faces limited 

resources due to competition or environmental change, the original colonizing species is often 

able to tolerate fewer resources than associated fauna and will remain as a late successional 

species (Connell et al., 1977). It is possible that Triceratops is in an earlier successional stage 

with many species colonizing the same area and competing for resources; this would also be 

supported by the similar influence of habitat variables on all taxa observed at Triceratops. Cape 

Lookout could be in a much later stage of succession where numerous species have already been 

out-competed or are less abundant from competition. Lophelia pertusa would be the tolerant 

species that remains. However, L. pertusa being a “tolerant” species does not only lend itself to 

supporting the theory that one ecosystem is older. It may also indicate that a change in the 

environment is causing the two sites to be dissimilar. 

A more likely scenario for what is driving the differences in the faunal communities 

between sites may be changes in current patterns. Considering the importance of current for deep 

and shallow sessile benthic invertebrate distributions (Loya, 1972, 1976; Roberts et al., 1975; 

Jokiel, 1978; Wilson, 1979; Brown and Dunne, 1980; Bayne and Szmant; 1989; Rogers, 1990; 

Frederiksen et al., 1992; Mortensen, 2001; Jonsson et al., 2004; White et al., 2005; Dorschel et 

al., 2007; Kiriakoulakis et al., 2007), in conjunction with data on the meandering of the Gulf 

Stream (Blanton et al., 1981; Brooks and Bane 1981; Atkinson and Targett 1983, Mathews and 

Pashuk 1986), it is reasonable to hypothesize that a change in the Gulf Stream may elicit a 

different faunal composition between sites. Currents over the Cape Lookout site may have, at 

one time, been conducive for a number of different taxa. One finding in this study to support this 

idea is that the Cape Lookout site had some sections of large coral structure with very high 
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profile, but much of this high profile coral is dead. Triceratops also has large coral matrices, but 

much more living coral. Although the temperature and salinity along the SEUS shelf edge are 

mostly stable throughout the year due to the Gulf Stream (Matthews and Pashuk 1986), lateral 

meanders in the Gulf Stream have been related to reversing currents and upwellings that may 

impact the Cape Lookout site (Blanton et al., 1981; Brooks and Bane 1981; Atkinson and Targett 

1983, Mathews and Pashuk 1986).  Findings in this study support the importance of currents in 

structuring distribution of fauna in locations that would enhance food delivery and reduce 

sedimentation (e.g., high slopes, high BPI). A change in current patterns at the Cape Lookout site 

would likely cause a change in the structure of the ecosystem and how fauna is distributed. 

Finally, given the ranges of many of the observed taxa at the Triceratops site extending to sites as 

far north as Massachusetts (Cairns, 1979) one would expect similar fauna to be present at Cape 

Lookout given suitable conditions. The abundance of fauna at Triceratops and the quantity of 

large matrices of dead L. pertusa also point to less suitable conditions present at Cape Lookout 

which may be related to a change in the large scale current patterns of the region.  

Further Considerations 

Analyzing remote data from deep-sea environments poses many challenges. Some 

common, recurring issues in deep-sea studies are resolution problems in multibeam sonar data, 

resolution and quality of video, and errors associated with vehicle tracking. Basing models on 

incomplete information or data with poor resolution may lead to a misunderstanding of what 

factors are influencing fauna distribution, and what factors are structuring the system. Caution 

should be used when interpreting the results. Not counting unidentifiable fauna results in counts 

that underestimate the abundance of fauna associated with a site. This can be due to differences 

in resolution of video or turbidity of the water. Difficulty in identifying deep-sea species from 
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video may also lead to inconsistencies in terrain influences for certain taxa. Aphrocallistes spp. 

and actinostolid anemones appear similar, although they may be different genetic species at Cape 

Lookout versus Triceratops. Furthermore, counting fauna in areas of high profile may also have 

associated problems. It is possible that increased surface area in high profile areas could have 

lead to higher counts. However, problems arose in areas with high rugosity, which made it 

difficult to see and count fauna. Fauna could have been present in certain segments, but on the 

back of the coral matrix that was not visible. The observer’s field of view was obstructed by 

coral matrices, whereas in lower profile areas there was a wider field of view.  

Other ecological factors of deep-sea ecosystems, which may be impacting distribution of 

sessile benthic invertebrates, have not been measured, but are worthy of further consideration. 

Factors that may influence the distribution of SMIOLP, which are important in shallow-water 

environments and may be important in deep-sea ecosystems, include predation on invertebrate 

larvae by fishes (McCormick, 2003), predation on larvae by scleractinian corals (Fabricius and 

Metzner, 2004), and chemoreception by larvae to determine suitable attachment sites based on 

signals from adults of the species (Pawlik, 1992).  

For further analysis of these two sites, more video data would improve the confidence in 

what taxa are present. Ideally, high-resolution video data would allow better identifications and 

more accurate counts. The inclusion of additional sites between Cape Lookout and Triceratops, 

and in a different basin, such as the Gulf of Mexico, may also help elucidate factors affecting 

distribution of sessile fauna on deep-sea coral mounds both locally and regionally.  Transects in 

straight, parallel paths across the mound would also be a vast improvement for future studies. 

This would ensure that the same area is not encountered numerous times, ensuring coverage of 

separate sections of the mound and avoiding recounting individual fauna. Full mound coverage 
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would further enable researchers to analyze differences in mound communities that may be 

present between the current face and the back of the mound. Another way to analyze differences 

in communities on each mound would be to divide the dive data into quadrats of data points. By 

assigning quadrat designations, a researcher could look at mound composition from front to 

back, or upslope versus downslope, if the sites were on an incline. Lastly, a more comprehensive 

understanding of factors controlling species distributions could be gained if all taxa encountered 

were enumerated.  

CONCLUSION 

This study was unique because it considered factors describing the structure of L. 

pertusa, not just presence, in habitat suitability modeling software. A contribution was made to 

the knowledge of variables influencing growth and survival of L. pertusa and associated sessile 

macrofauna. This study also indicated that what we thought about the distribution of living, 

growing L. pertusa may be correct. The software Maxent was used in this study to view suitable 

habitat for varying factors (i.e. profile, percent living, and morphology) of a species instead of 

just the species itself. Using tools of this sort to evaluate variables that contribute most to growth 

and survival is important, and may be more significant than just ‘suitable’ habitat models. It is 

often important in conservation, with limited resources, to identify areas with high suitability for 

healthy organisms, not just areas that are suitable to the organism regardless of its health or age. 

Further insights into the morphology of the coral may be indicative of what types of currents the 

organism was subjected to during a period of growth, providing information about changes in 

currents and how a deep-sea ecosystem may change over time. It is important to understand 

which factors or variables are influencing the growth and survival of fauna in the deep-sea, not 
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just where they are present, in order to delineate protected areas and improve knowledge of what 

factors are important in recolonization after a disturbance.  

By studying what factors influence distributions of sessile benthic fauna, one may gain 

insights into what is structuring the ecosystems, and which factors are the most important in 

growth and survival. In this study, L. pertusa was correlated with benthic terrain variables that 

improve location into current and reduce sedimentation to enhance survival and growth. Sessile 

macrofauna invertebrates other than L. pertusa were also correlated with benthic terrain variables 

that influenced their distribution into areas with assumed current amplification and decreased 

sedimentation. These SMIOLP may have further enhanced their position on the mound by 

colonizing varying structure of L. pertusa, but this is not certain. It is likely that SMIOLP are 

finding the same habitat suitable as L. pertusa, but are also trying to compete for resources or 

avoid sedimentation by colonizing higher locations on the mound. Distribution of taxa in relation 

to benthic terrain at both sites supported the hypothesis that distribution is not random, but it is 

related to variables that enhance survival and growth. Benthic terrain is important in structuring 

faunal distributions, and the overall patterns in distribution are likely related to current flow as it 

pertains to food particle delivery and sediment removal on multiple scales. Different fauna 

composition between the two sites was an interesting finding, but its connection to 

zoogeographic variability is unlikely.  A more probable hypothesis for faunal variability is 

variations in current patterns caused by meanders in the Gulf Stream, which led to a change in 

environmental conditions at the Cape Lookout site. Distribution of living L. pertusa and 

associated sessile invertebrates on deep-sea coral mounds relies on interaction between benthic 

terrain and habitat factors. However, larval dispersal, predation, changing currents, and the age 

of an ecosystem may all further influence the presence and distribution of sessile benthic fauna. 
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By contributing to our understanding of what is driving distribution and survival of fauna, a 

better idea of how these habitats live and function, as well as why they may die, can be attained. 

With further research, one may gain better protective powers over these ecosystems in the face of 

direct anthropogenic impacts and large-scale ocean change.  
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