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ABSTRACT 

Cold-water corals act as critical foundation species in the deep sea by creating 

extensive three-dimensional habitat structures that support biodiversity hotspots. There is 

currently a paucity of data concerning the environmental requirements and physiology of 

cold-water corals, severely limiting our ability to predict how resilient they will be to 

future environmental change. Cold-water corals are expected to be particularly vulnerable 

to the effects of ocean acidification, the reduction in seawater pH and associated changes 

to the carbonate system caused by anthropogenic CO2 emissions. Here, the ecological 

niche and physiology of the cold-water coral Lophelia pertusa is explored to predict its 

sensitivity to ocean acidification. Species distribution models were generated in order to 

quantify L. pertusa’s niche in the Gulf of Mexico with regard to parameters including 

seafloor topography, the carbonate system, and the availability of hard substrate. A robust 

oceanographic assessment of the Gulf of Mexico was conducted in order to characterize 

the current environmental conditions at benthic sites, with a focus on establishing the 

baseline carbonate system in L. pertusa habitats. Finally, an experimental approach was 

used to test the physiological response of biogeographically separated L. pertusa 

populations from the Gulf of Mexico and the Norwegian coast to ocean acidification. 

Based on my findings, it appears that L. pertusa already persists near the edge of its 

viable niche space in some locations, and therefore may be highly vulnerable to 

environmental change. However, experimental results suggest that some populations may 

be surprisingly resilient to ocean acidification, yielding broad implications for the 

continued persistence of cold-water corals in future oceans.   



iv 

 

DEDICATION 

 

To my mother for taking me to read at the library,  

and my father for taking me to play in streams. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGEMENTS 

 Completing my dissertation would not have been possible without the amazing 

outpouring of support from a large number of people. I am deeply indebted to all of them.  

  I am profoundly thankful for my advisor, Erik Cordes, who has been an 

incredible mentor, collaborator, and friend throughout my graduate career. If I become 

half the scientist he is, I will consider myself lucky. I am also very thankful for my 

dissertation committee, who have been a consistent source of support and advice. Bob 

Sanders has been a very supportive mentor and a great person to sail with. I thank Amy 

Freestone for sharing her passion and expertise in all things ecological. And special 

thanks goes to Ann Larsson, for her very timely support when I was out on my own in 

Sweden.  

 Graduate school is a stressful time, and I am therefore both thankful and 

apologetic to all of the family members who have stood by me. I am particularly grateful 

for my father, who instilled in me a deep love for our natural world, and for my mother, 

who taught me to love learning from an early age. I am incredibly thankful for my 

amazing wife Lauren, who supports me always and constantly reminds me how important 

life is outside of graduate school. I am thankful for all my siblings, Beth, Mike, and Sarah 

who have supported me for my entire life. 

I am extremely thankful for having had the opportunity to work alongside many 

incredible graduate students in the Cordes lab. Words cannot express my gratitude for Jay 

Lunden, who took me under his wing when I first started graduate school, and has 

continued to support me every step along the way. I thank Andrea Quattrini for being 



vi 

 

both an amazing role model and friend over the years. I thank Danielle DeLeo for her 

friendship, and for keeping me sane when the going got tough.  

I am thankful as always for the friends who have encouraged me since high 

school, especially Greg Cotton, Matt DiRisio, and Eric Johnston. I am so grateful that I 

met Bethany Bashaw, who was largely responsible for my on-time graduation from 

college. And I am thankful for all the amazing friends I have met at Temple, including 

Sarah DeVaul Princiotta, Carlos Gomez, Craig Stanley Jr., Janne Pfeiffenberger, Kyle 

Mara, Elizabeth Reilly, Kim Reuter, and Nichole and Graham Rigby.  

 My research would not have been successfully completed without the diligent 

efforts of several undergraduate students at Temple University. I am especially grateful to 

Melissa Kurman, Conall McNicholl, Veronica Radice, Dana Russell, and Adam Butler 

for their help over the years. I look forward to seeing them all succeed in their own 

careers.  

I am thankful for the teachers who simultaneously guided, inspired, and tolerated 

me over the years, particularly Nan Crystal Arens, Susan Cushman, Mark Deutschlander, 

Dan Freeman, John Halfman, John Hall, David Kendrick, Patricia Mowery, and Kathy 

Price. 

I am thankful for a number of collaborators who have shared their knowledge, 

resources, and passion for science, including Amanda Demopoulos, Samuel Dupont, 

Chuck Fisher, Kody Kramer, Cheryl Morrison, and Bill Shedd. A number of people have 

been helpful at sea, including Caleb King, Fanny Girard, and Kaitlin Kovacs.    



vii 

 

 All of my graduate research was dependent on technical support from a number of 

people. I am especially grateful for the ship crews of the R/V Hugh R. Sharp, R/V 

Atlantis, E/V Nautilus, R/V Brooks McCall, and R/V Ronald H. Brown, and for the 

vehicle crews of the HOV Alvin, ROV Kraken II, ROV Hercules, and ROV Jason II for 

some truly amazing cruises. In addition, I would like to thank the faculty and staff who 

have supported me during my time at Temple, including Rob Kulathinal, Brent Sewall, 

Jacqueline Tanaka, Richard Waring, Evelyn Vleck, Allen Nicholson, Toni Matthews, 

Demaris Watford, Regee Neely, Derrick Love, Brenda Mims, and Tania Stephens.   

Finally, I am grateful for numerous sources of funding that greatly enhanced my 

research capabilities at Temple. The National Science Foundation provided a three-year 

fellowship through the NSF Graduate Research Fellowship Program, and also provided 

travel and research funding to complete a research tenure at the Kristineberg Marine 

Station in Sweden through the NSF Graduate Opportunities Worldwide program. Temple 

University has funded me through several avenues, including teaching assistantships, 

research assistantships, numerous travel grants, and a dissertation completion grant. I 

would also like to thank the funding agencies that provided research funding for my 

work, including TDI-Brooks Intl., the Bureau of Ocean Energy Management, the 

National Oceanic and Atmospheric Association, the NSF Ocean Acidification program, 

and the Gulf of Mexico Research Initiative.  

 

 

 



viii 

 

TABLE OF CONTENTS 

Page 

ABSTRACT ................................................................................................................... iii 

DEDICATION ............................................................................................................... iv 

ACKNOWLEDGEMENTS .............................................................................................v 

LIST OF TABLES ....................................................................................................... xiii 

LIST OF FIGURES ...................................................................................................... xiv 

 

CHAPTER 

1. INTRODUCTION ........................................................................................................1 

1.1 The deep sea .......................................................................................................1 

1.2 Cold-water corals ...............................................................................................2 

1.3 Known environmental constraints on cold-water corals ....................................3 

1.4 Lophelia pertusa ................................................................................................4 

1.5 Anthropogenic threats to cold-water corals .......................................................6 

1.6 Climate change ...................................................................................................7 

1.6.1 Warming .............................................................................................8 

1.6.2 Deoxygenation ....................................................................................9 

1.6.3 Ocean acidification .............................................................................9 

1.6.4 Effects of ocean acidification on marine systems .............................10 

1.6.5 Ocean acidification in the deep sea ...................................................11 

1.7 Current carbonate conditions in cold-water coral habitats ..............................15 



ix 

 

1.8 Known response of cold-water corals to ocean acidification ..........................20 

1.8.1 Calcification ......................................................................................20 

1.8.2 Respiration ........................................................................................26 

1.8.3 Tissue and skeleton ...........................................................................28 

1.8.4. Gene expression ...............................................................................30 

1.9 Objectives ........................................................................................................34 

2. ECOLOGICAL NICHE MODELLING OF LOPHELIA PERTUSA IN THE GULF 

OF MEXICO ..................................................................................................................35 

2.1 Abstract ............................................................................................................35 

2.2 Introduction ......................................................................................................36 

2.3 Methods............................................................................................................38 

2.3.1 Occurrence data ................................................................................38 

2.3.2 Analysis scale....................................................................................39 

2.3.3 Environmental data - broad scale model ...........................................40 

2.3.4 Environmental data - fine scale models ............................................44 

2.3.5 Model generation ..............................................................................45 

2.3.6 Model verification and validation .....................................................49 

2.3.7 Sampling bias ....................................................................................50 

2.3.8 Model tuning .....................................................................................50 

2.4 Results ..............................................................................................................55 

2.4.1 Broad-scale model ............................................................................55 



x 

 

2.4.2 Fine-scale models..............................................................................61 

2.4.3 Model validation ...............................................................................65 

2.4.4 Sampling bias ....................................................................................66 

2.5 Discussion ........................................................................................................68 

3. CARBONATE CONDITIONS IN THE VICINITY OF COLD-WATER CORAL 

REEFS IN THE GULF OF MEXICO: IMPLICATIONS FOR RESILIENCE IN 

ACIDIFIED OCEANS ...................................................................................................75 

3.1 Abstract ............................................................................................................75 

3.2 Introduction ......................................................................................................76 

3.3 Materials and Methods .....................................................................................79 

3.3.1. Sample collection .............................................................................79 

3.3.2. Carbonate chemistry ........................................................................81 

3.3.3. Bottom-water TA analysis ...............................................................82 

3.3.4. Statistical analysis ............................................................................83 

3.4 Results ..............................................................................................................84 

3.4.1. Surface waters ..................................................................................84 

3.4.2 Water column ....................................................................................85 

3.4.3 Benthic sites ......................................................................................94 

3.4.4 Total alkalinity and dissolved inorganic carbon anomalies ..............99 

3.5 Discussion ......................................................................................................102 



xi 

 

4. BIOGEOGRAPHIC VARIABILITY IN THE PHYSIOLOGICAL RESPONSE OF 

THE COLD-WATER CORAL LOPHELIA PERTUSA TO OCEAN 

ACIDIFICATION ........................................................................................................116 

4.1 Abstract ..........................................................................................................116 

4.2 Introduction ....................................................................................................117 

4.3 Materials and Methods ...................................................................................120 

4.3.1 Site description and sample collections - Gulf of Mexico ..............120 

4.3.2 Experimental design - Gulf of Mexico ...........................................122 

4.3.3 Physiology measurements - Gulf of Mexico ..................................124 

4.3.7 Site description and sample collections - Tisler Reef .....................126 

4.3.9 Physiological measurements - Tisler Reef ......................................129 

4.3.10 Statistical Analysis ........................................................................130 

4.4 Results ............................................................................................................131 

4.4.1 Tissue and behavior ........................................................................131 

4.4.2 Net calcification ..............................................................................131 

4.4.3 Respiration ......................................................................................134 

4.4.4 Capture rate .....................................................................................136 

4.5 Discussion ......................................................................................................139 

5. CONCLUSION ........................................................................................................148 

5.1 Summary of findings......................................................................................148 

5.2 Management of cold-water coral habitats ......................................................150 



xii 

 

5.3 Future research directions ..............................................................................151 

BIBLIOGRAPHY ........................................................................................................153 

NOTES .........................................................................................................................202 

APPENDICES 

A. PERMISSION FOR INCLUSION OF COPYRIGHTED MATERIAL .................203 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

LIST OF TABLES 

Table Page 

1.1. Current carbonate conditions measured in cold-water coral habitats .........................18 

1.2. The known physiological responses of cold-water corals to ocean acidification .......32 

2.1. Spearman’s rank correlations (ρ) among environmental variables .............................48 

2.2. Input data and evaluation for broad and fine scale L. pertusa models .......................63 

2.3. Evaluation of fine-scale L. pertusa models projected onto the VK826 site ...............66 

3.1. Water sampling locations and mean (±SD) seawater parameters ...............................87 

3.2. Environmental conditions at L. pertusa benthic sites .................................................88 

3.3. Total alkalinity and dissolved inorganic carbon anomalies ......................................100 

4.1. In situ and experimental seawater carbonate parameters ..........................................124 

4.2. Linear regression results comparing physiological measurements ...........................138 

4.3. ANCOVA results comparing physiological measurements .....................................138 

 

 

 

 

 

 

 

 

 

file:///C:/Users/Samuel/Desktop/Research/Dissertation/Georgian_dissertation.docx%23_Toc436427940


xiv 

 

LIST OF FIGURES 

Figure Page 

1.1 Images of the cold-water coral Lophelia pertusa ..........................................................6 

1.2 Number of climate change publications per year ........................................................15 

2.1. Model tuning results ...................................................................................................52 

2.2. Model performance at default and optimized complexity ..........................................53 

2.3. Model performance as the TPI scale is increased .......................................................55 

2.4. Broad-scale habitat suitability model ..........................................................................57 

2.5. The effect of the availability of hard substrata on modelled habitat suitability ..........58 

2.6. Response of the predicted habitat suitability to changes in depth  .............................59 

2.7. Response of habitat suitability to changes in topographic position index ..................60 

2.8. Fine-scale habitat suitability models for L. pertusa in the Gulf of Mexico ................64 

2.9. Habitat suitability maps projected onto the VK826 site .............................................67 

3.1. Map of water sampling locations ................................................................................80 

3.2. Water column profiles of carbonate parameters .........................................................89 

3.3. Cross-sectional profiles of pHT, nTA (µmol kg-1), ΩARAG, and [CO3
2-] (µmol kg-1) in 

the northern Gulf of Mexico ..............................................................................................90 

3.4. Spatial distribution of ΩARAG, nTA (µmol kg-1), pHT, and [CO3
2-] (µmol kg-1) .........91 

3.5. Measured surface-water TA values against modelled TA values ...............................92 

3.6. Relationship of measured ΩARAG in the water column to modelled ΩARAG values ....93 

3.7. Depth profile showing the relationship of measured ΩARAG in the water column to 

modelled ΩARAG .................................................................................................................94 

file:///C:/Users/Samuel/Desktop/Research/Dissertation/Georgian_dissertation.docx%23_Toc436426956
file:///C:/Users/Samuel/Desktop/Research/Dissertation/Georgian_dissertation.docx%23_Toc436426956
file:///C:/Users/Samuel/Desktop/Research/Dissertation/Georgian_dissertation.docx%23_Toc436426961


xv 

 

3.8. Annual temperature (°C) variability at L. pertusa benthic sites .................................96 

3.9. Dissolved oxygen (µmol kg-1) depth profiles .............................................................97 

3.10. Temperature versus salinity plots  ............................................................................98 

3.11.  Total alkalinity (top) and DIC (bottom) anomalies ...............................................101 

3.12. Total alkalinity anomaly at the VK826 and V906 sites ..........................................102 

3.13. Mean sea surface temperature (°C) in the Gulf of Mexico .....................................105 

4.1. Map of study sites and sample collections ................................................................105 

4.2. Net calcification (% day-1) of coral colonies ............................................................133 

4.3. Respiration rate (µmol O2 gTW-1 h-1) of coral colonies ...........................................135 

4.4. Capture rate (prey polyp-1 h-1) of coral colonies .......................................................137 

 

 

 

 

 

 

 

 

 



1 

 

CHAPTER 1 

INTRODUCTION 

1.1 The deep sea 

The deep sea comprises the largest environment on the planet, but its expansive 

ecosystems remain poorly explored. Deep-sea habitats, defined here as ocean 

environments deeper than 200 m (Gage and Tyler 1991), account for 90% of the world’s 

oceans by both volume and area (Armstrong et al. 2012), and cover approximately 65% 

of the earth’s surface (Danovaro et al. 2010). Despite early assumptions of low 

abundance and diversity in the deep sea, investigations over the past several decades have 

revealed a wide variety of unique ecosystems that house an incredible abundance and 

diversity of marine fauna (Koslow 2007), including hydrothermal vents (Lonsdale 1977), 

cold seeps (Paull et al. 1984), whale falls (Smith et al. 1989), and cold-water coral 

mounds (Milliman et al. 1967; Wilson 1979). Over 75% of the estimated biomass of 

benthic marine life is found in the deep sea (Wei et al. 2010), occurring in an extreme 

range of environments ranging from -2°C to 150°C and depths of over 10,000 m 

(Danovaro et al. 2014). 

While linkages between the deep sea and human activities are not always as 

obvious as those with shallow-water marine, aquatic, or terrestrial habitats, the deep sea 

provides a number of direct and indirect ecosystem services including the provisioning of 

oil and gas, minerals, and living resources (eg. fishery species and biochemical 

compounds), waste disposal, climate regulation, and cultural services including 

education, scientific research, public interest, and tourism (reviewed in Armstrong et al. 
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2012). With anthropogenic disturbances to the deep sea increasing over recent years 

(Glover and Smith 2003), it is becoming increasingly urgent to characterize the current 

status of these ecosystems before they are irrevocably damaged.  

 

1.2 Cold-water corals 

The discovery of cold-water corals occurred in the mid-1700s (Pontoppidan 

1755), with the further exploration of cold-water coral ecosystems largely limited to 

dredging efforts (see Cairns 2001) until the development of more sophisticated surveying 

and sampling capabilities in the 1960s and 1970s (Milliman et al. 1967; Wilson 1979). 

Over the past several decades, research capabilities in the deep sea have advanced rapidly 

with the development of remotely operated vehicles (ROVs), human occupied vehicles 

(HOVs), and automated underwater vehicles (AUVs), greatly increasing our knowledge 

of the general biology and ecosystem functioning of cold-water corals. 

Cold-water corals are critical foundation species in the deep sea, providing vital 

ecological services including the creation of complex habitat structures (Cordes et al. 

2008), the alteration of local hydrodynamic conditions (Dorschel et al. 2007; Mienis et a. 

2009), carbon sequestration (van Weering et al. 2003), and nutrient and carbon cycling 

(van Oevelen et al. 2009). Given that cold-water corals have an extremely wide 

latitudinal range, have been discovered in every ocean basin, and represent over half of 

the currently described coral species (Cairns 2007), it appears that coral ecosystems 

thriving in cold waters are the norm rather than the exception. Although cold-water corals 

are typically found in the deep sea, their upward distribution is primarily constrained by 
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temperature rather than depth (eg. Davies and Guinotte 2011), and healthy colonies have 

been discovered as shallow as 6 m in areas with the upwelling of cold, nutrient-rich water 

(eg. Primnoa pacifica; Waller et al. 2014). Many cold-water corals are extraordinarily 

long lived, including many black coral (antipatharian) species which often live to be 

1000s of years old (Roark et al. 2006, 2009). This extreme longevity, coupled with slow 

and annual growth patterns (radial expansions on the order of µm per year; Sherwood and 

Edinger 2009; Prouty et al. 2011), has made many species valuable tools for 

reconstructing paleoclimate archives of climate change (Smith et al.1997; 2000), water 

mass history (Mangini et al. 1998; Cao et al. 2007), pollution (Williams et al. 2006), and 

nutrient concentrations (Montagna et al. 2006). However, these factors also make it 

difficult or even impossible for these communities to fully recover from significant 

disturbances (Prouty et al. 2011; Van Dover et al. 2014).  

 

1.3 Known environmental constraints on cold-water corals 

Previous work has shown that cold-water corals typically occur on elevated and 

irregular  seafloor features where the current regime and topography combine to 

generate locally accelerated, turbulent flows that increase food availability, larval 

delivery, and sediment and waste removal (Thiem et al. 2006; Dorschel et al. 2007; 

White et al. 2007; Mienis et al. 2012). The availability of hard substrata is thought to be a 

requirement for larval recruitment (eg. Freiwald et al. 1999). However, settlement also 

occurs on mixed bottoms, small substrata including shells, cobbles, or boulders, and man-

made objects (Wilson 1979; Gass and Roberts 2006; Larcom et al. 2014), and the extent 
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to which substrate may structure spatial distributions remains unclear. The success of 

cold-water corals is also influenced by the aragonite saturation state (ΩARAG), with the 

majority of field observations of cold-water scleractinian corals occurring above a 

saturation state of one (Guinotte et al. 2006; Lunden et al. 2013), and experimental results 

that demonstrate an energetic cost associated with calcification at low saturation states 

(eg. Turley et al. 2007; Maier et al. 2009). Unlike their shallow-water counterparts, cold-

water corals do not contain symbiotic zooxanthellae and obtain all of their energy via the 

heterotrophic capture of plankton and detritus ultimately originating from the surface 

(Mortensen 2001; Dodds et al. 2009; Naumann et al. 2011). As a result, the known 

distributions of both octocoral and scleractinian cold-water corals are clustered on the 

continental shelf in regions with high surface primary productivity (Tittensor et al. 2009; 

Yesson et al. 2012).   

 

1.4 Lophelia pertusa 

Lophelia pertusa (Linnaeus 1758) is one of the most widespread scleractinian 

cold-water corals (Figure 1.1), with a near global distribution across a variety of habitats 

including deep-sea canyons, seamounts, carbonate mounds, and shallow-water fjords 

(Roberts et al. 2009). Throughout these locations, L. pertusa supports high levels of 

biodiversity by creating complex three-dimensional structures used as habitat by a large 

number of associated fauna (Henry and Roberts 2007; Cordes et al. 2008). Diversity 

within these reefs and proximal sediments has been found to be orders of magnitude 

higher than the surrounding seafloor, in some locations rivaling that of shallow-water 
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reefs (Rogers 1999; Henry and Roberts 2007; Demopoulos et al. 2014). While its typical 

depth range is 200-1000 m (Freiwald 1998), L. pertusa also grows at depths as shallow as 

39 m in areas with cold-water upwelling (Rapp and Sneli 1999). Despite having a 

relatively slow growth rate (5-34 mm yr-1; see Roberts et al. 2009) compared to shallow-

water scleractinian corals, L. pertusa forms extensive calcium carbonate skeletal 

structures, which may occur as small isolated colonies, coalescing thickets several meters 

across, or large mounds and reefs (Riding 2002). The largest reef structures cover areas 

on the order of square kilometers and tens of meters high (De Mol et al. 2002), 

supporting the concept that L. pertusa reefs represent important carbon sinks in the deep 

sea (van Weering et al. 2003). Therefore, the loss or significant reduction of cold-water 

coral populations would remove a significant carbon sink in the deep sea and result in a 

considerable decline in biodiversity along continental margins worldwide (White et al. 

2012b). 
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Figure 1.1 Images of the cold-water coral Lophelia pertusa in the northern Gulf of 

Mexico. 

 

1.5 Anthropogenic threats to cold-water corals 

The advent of improved technology to explore and study cold-water coral 

ecosystems has also exposed the substantial damages already being incurred by human 

activity in the deep sea. Some of the earliest documented impacts occurred as the result of 

fishing trawling, which causes extensive physical damage to benthic environments. Cold-

water coral reefs are often targeted for trawling due to their high abundances of 

commercially fished species (Hall-Spencer et al. 2002), in some regions severely 

damaging 30-50% of surveyed L. pertusa reefs (Fosså et al. 2002). Oil and natural gas 

extraction also has a number of significant effects on cold-water corals, ranging from 

large-scale disturbances from spills and the resulting cleanup efforts (White et al. 2012a; 
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Hsing et al. 2013; DeLeo et al. in press; Prouty et al. 2016), and smaller-scale but often 

chronic disturbances from small oil leaks, drill tailings, and associated weighting agents 

(Larsson and Purser 2011). However, it is becoming increasingly recognized that drilling 

structures also provide hard substrate that is colonized by a number of species including 

cold-water corals (Gass and Roberts 2006; Larcom et al. 2014). In future oceans, it is 

predicted that the effects of anthropogenic climate change will become the largest threat 

to cold-water corals around the world (eg. Guinotte et al. 2006).  

 

1.6 Climate change 

 Since the Industrial Revolution, anthropogenic activities have emitted over 555 

GtC of carbon dioxide into the atmosphere (IPCC 2013), raising atmospheric 

concentrations from a relatively stable 182-300 ppm over the past 800,000 years (Lüthi et 

al. 2008) to modern concentrations exceeding 400 ppm (Mauna Loa Observatory, 

NOAA). Over the past decade, atmospheric CO2 concentrations have increased at a rate 

of approximately 3.4% per year (Le Quéré et al. 2009), with projections estimating that 

concentrations will surpass 1000 ppm by the year 2100 (IPCC 2013). Approximately 

29% of anthropogenic CO2 is absorbed by terrestrial sinks, 26% by ocean sinks, and 45% 

by the atmosphere, driving strong biogeochemical, biological, and ecological changes in 

each of these biomes (Le Quéré et al. 2009). Therefore, the Industrial Revolution has 

brought about a new age, colloquially termed the Anthropocene (Steffen et al. 2007), in 

which humans are conducting the largest-scale experiment in Earth’s history (Revelle and 

Suess 1957).  
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1.6.1 Warming 

The excess CO2 accumulating in the atmosphere is one of the primary greenhouse 

gases responsible for the projected increase in atmospheric temperatures known as global 

warming. However, it is the oceans that are the final sink for the heat building up in the 

atmosphere, with an estimated 80% of atmospheric heat ultimately being stored in the 

oceans (Levitus et al. 2005). Over the last 100 years, this has caused a mean temperature 

increase of 0.7°C in surface waters (Trenberth et al. 2007), which are predicted to 

increase by a further 2-3°C by 2100 under a business-as-usual greenhouse gas emission 

scenario (Cocco et al. 2013). Associated increases in deep-sea temperatures have been 

estimated on the order of 0.2-0.3°C (Mora et al. 2013). Long equilibrium times, coupled 

with increased vertical stratification, means that water temperatures in the deep sea will 

continue to rise for centuries after atmospheric temperatures are stabilized or even 

reduced (Hansen et al. 2005; Purkey and Johnson 2010). Due in part to their relatively 

narrow temperature niche (Davies and Guinotte 2011), the few studies examining the 

effects of elevated temperatures on cold-water coral physiology have generally revealed 

negative effects on survival, respiration, and growth (eg. Dodds et al. 2007; Brooke et al. 

2013; Lunden et al. 2014a; Naumann et al. 2014), although Dimethylsulphoniopropionate 

(DMSP) levels were not affected by increased temperature in L. pertusa (Burdett et al. 

2014).   
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1.6.2 Deoxygenation 

Ocean warming will also drive ocean deoxygenation due to the lower solubility of 

O2 in warmer seawater and increases in upper ocean stratification that reduce oxygen 

transport to deeper waters (Keeling et al. 2010). Deoxygenation will be locally 

exacerbated by fertilizer runoff and the subsequent eutrophication of surface waters that 

results in the formation or expansion of ‘dead zones’ in regions with large terrestrial 

inputs (Rabouille et al. 2008). Surface waters are predicted to experience 2-4% reductions 

in dissolved oxygen by 2100, with similar decreases expected in the deep-sea (Cocco et 

al. 2013). In concert with these changes, oxygen minimum zones are expected to both 

expand spatially and exhibit lower minima in the near future (Keeling et al. 2010), with 

measurable reductions already observed in some North Pacific and tropical regions (eg. 

Ono et al. 2001; Whitney et al. 2007). Cold-water coral habitats experience very low 

dissolved oxygen concentrations in some regions (<3 ml L-1 in the Gulf of Mexico; 

Davies et al. 2010); any further reductions may move corals and other deep-sea species 

outside of their viable niche space (Dodds et al. 2007; Lunden et al. 2014a).  

 

1.6.3 Ocean acidification 

 The world’s oceans absorb approximately 25-30% of anthropogenic CO2 

emissions, resulting in rapid chemical changes to the carbonate system (Sabine and Feely 

2007). As the absorption of atmospheric CO2 at the air-sea interface produces hydrogen 

ions (H+), seawater pH is reduced. This phenomenon is most commonly referred to ocean 
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acidification (Broecker and Clark 2001). Since the start of the Industrial Revolution, the 

surface ocean has absorbed over 155 Pg of carbon (Khatiwala et al. 2013), resulting in 

the decline of the global surface mean pH from 8.21 to 8.1 (corresponding to a 26% 

increase in H+ concentrations; IPCC 2013). Surface water pH is decreasing 

approximately 0.0017-0.0024 units per year, and is predicted to drop below 7.8 by the 

year 2100 (Bates and Peters 2007; Santana-Casiano et al. 2007; Dore et al. 2009; 

Olafsson et al. 2009). In addition to lowering pH, the absorption of CO2 produces 

cascading effects on the entire carbonate system. As more CO2 is absorbed, the partial 

pressure of CO2 (pCO2) and the total dissolved inorganic carbon (DIC) concentrations 

both increase. Carbonate ion (CO3
2-) concentrations are reduced, which subsequently 

causes a reduction in the saturation state (Ω) of the calcium carbonate (CaCO3) minerals 

produced by marine calcifiers. At high saturation states when Ω > 1, the precipitation of 

calcium carbonate is thermodynamically favored, making calcification less energetically 

costly (Turley et al. 2007). At low saturation states when Ω < 1, the dissolution of 

existing calcium carbonate material is favored, and marine calcifiers have to exert 

increasing amounts of energy to maintain calcification rates. 

 

1.6.4 Effects of ocean acidification on marine systems 

A large number of biogeochemical processes will be affected by ocean 

acidification, including carbonate chemistry dynamics (see Zeebe and Wolf-Gladrow 

2001), acid-base regulation (Miles et al. 2007), metal toxicity (Millero et al. 2009), 
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nutrient availability (Millero et al. 2009), photosynthesis ((Anthony et al. 2008; Crawley 

et al. 2010), nitrogen fixation (Levitan et al. 2007), behavior (Dixon et al. 2010), and 

calcification (Orr et al. 2005). One of the largest concerns is the predicted decline in the 

calcification rates of a wide variety of marine calcifiers (see Ries et al. 2009; Kroeker et 

al. 2010) including coccolithophores (Riebesell et al. 2000), calcareous algae (Kuffner et 

al. 2008), mollusks (Gazeau et al. 2013), Foraminifera (Spero et al. 1997), and corals 

(Kleypas et al. 2006; Chan and Connolly 2013). Many studies have also documented 

community-level impacts stemming from ongoing ocean acidification, with documented 

reductions in abundance, diversity, and trophic complexity (Hall-Spencer et al. 2008; 

Kroeker et al. 2011).  

 

1.6.5 Ocean acidification in the deep sea 

 Ocean acidification poses a unique threat to deep-sea environments. The deep sea 

already holds approximately 37,000 Pg of carbon, making it the largest reservoir in the 

biosphere (Zeebe and Ridgwell 2011). While surface and mixed-layer waters equilibrate 

rapidly (<1 year) with atmospheric CO2 emissions, deep waters will continue to 

equilibrate for 1000s of years following the cessation of emissions, ultimately storing the 

vast majority of anthropogenic CO2 (Sabine et al. 2004). Perturbations to the carbonate 

system are expected to be particularly hazardous to deep-sea organisms because they 

already persist in relatively low pH, low saturation state conditions with a low availability 

of carbonate ions (eg. Lunden et al. 2013). In addition to the effects of decreasing pH and 
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carbonate ion concentrations, cold-water corals are expected to be vulnerable to the 

predicted shoaling of the saturation horizon, the depth below which calcium carbonate 

becomes undersaturated (Guinotte et al. 2006). As carbonate ion concentrations decrease 

with ongoing ocean acidification, calcium carbonate becomes less soluble in seawater, 

and the saturation horizon shoals. The aragonite polymorph of calcium carbonate used by 

scleractinian corals is approximately 1.5 times more soluble in seawater than the calcite 

polymorph, making reef-building corals considerably more susceptible to rapid changes 

in ΩARAG. Observed reductions in ΩARAG vary by region, with measured declines of 0.012 

units per year in the Greater Caribbean Region (Gledhill et al. 2008), 0.016 to 0.071 units 

per decade in the Weddell Sea (Hauck et al. 2010), and 0.34% per year in the Pacific 

Ocean (Feely et al. 2012). The aragonite saturation horizon (ASH) has already shoaled by 

80-150 m in the North Atlantic Ocean (Chung et al. 2003), 200 m in the Indian Ocean 

(Sabine et al. 2002), and 50-100 m in the North Pacific Ocean (Feely et al. 2008). The 

predicted extent of future shoaling may be astonishingly rapid in some regions; the 

saturation horizon is expected to rise by 1-2 km in the North Atlantic by the year 2100 

(Orr et al. 2005). As the horizon shoals, an increasing area of benthic habitat will be 

located in undersaturated waters, with detrimental and potentially lethal effects on 

organisms that rely on supersaturated conditions to efficiently precipitate skeletal 

material (Orr et al. 2005; Moy et al. 2009).  

 The shoaling of the saturation horizon has already occurred several times in 

Earth’s history as the result of natural perturbations to the global carbon cycle. One of the 

largest events occurred fifty-five million years ago in the Paleocene-Eocene thermal 
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maximum (PETM) and resulted in the extinction of a large proportion of benthic 

calcifying organisms (Zachos 2005). Fossil evidence suggests that these natural 

acidification events were likely the causal force underlying all of the observed 

scleractinian mass extinction events (Veron 1995). While scleractinian corals recovered 

from each of these events to ultimately produce the shallow and deep-water reefs 

observed today, it is estimated that this recovery took place over millions of years 

(Stanley 2003). The current rate of acidification far outpaces these natural acidification 

events, with similar changes in pH occurring on the scale of decades rather than 

thousands of years; by the year 2050 it is predicted that pH will be lower than it has been 

for the past 20 million years (Turley et al. 2006). Given the predicted magnitude and rate 

of perturbation to the deep-water carbonate system, it is critical that field, modelling, and 

experimental studies investigate the likely effects of ocean acidification on scleractinian 

corals in the deep sea.  

 Due to the heightened vulnerability of cold-water corals to ocean acidification, the 

number of studies on the effects of climate change on cold-water corals has increased 

rapidly over the past decade, but still lags considerably behind the efforts made by the 

shallow-water community (Figure 1.2). In part, this disparity is likely driven by the 

technological limitations and relative expense of deep-sea exploration and research, the 

relatively small size of the deep-sea scientific community, and historical and modern 

differences in public perception and associated funding levels (eg. Roberts et al. 2006). 

Although this body of work is relatively small, we do currently know that cold-water 

corals are often found across a large gradient of carbonate conditions (eg. Flögel et al. 
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2014; see below) and that healthy populations persist in regions with low pH and low 

saturation states (eg. Thresher et al. 2011, Lunden et al. 2013). This has led some 

researchers to hypothesize that they may be evolutionarily adapted to low pH conditions 

and have therefore developed more effective cellular and physiological responses to 

acidification than shallow-water corals (Form and Riebesel 2012; McCulloch et al. 2012). 

A confounding factor however, is the magnitude of predicted changes in the carbonate 

system in deep-water systems. While ocean acidification will reduce saturation states in 

shallow-water reef environments, they are still predicted to experience supersaturated 

conditions with the precipitation of calcium carbonate being thermodynamically favored 

(IPCC 2013). In contrast, due to the low pH and saturation states measured at cold-water 

coral reefs in modern oceans, most cold-water corals will likely experience 

undersaturated conditions by the end of the century, with the dissolution of existing 

calcium carbonates being favored (Orr et al. 2005; Guinotte et al. 2006). 
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Figure 1.2 Number of climate change publications per year on (A) cold-water corals and 

(B) shallow-water corals. Note difference in y-axis scaling. Data were obtained from 

Web of Science using the search terms: A) “climate change” AND coral NOT cold-water, 

and B) “climate change” AND “cold-water coral”. Only data from the past twenty years 

are shown. 

 

1.7 Current carbonate conditions in cold-water coral habitats 

Assessing the current biogeochemical dynamics over cold-water coral ecosystems 

is a crucial first step in predicting how resilient they will be to future climatic shifts 

(Table 1.1). The lowest aragonite saturation state measured in a cold-water coral habitat 

was 0.61 at a depth of approximately 3500 m on Tasmanian seamounts (Thresher et al. 
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2011), with evidence for both scleractinian and gorgonian coral growth below the ASH. 

The authors discovered skeletal anomalies in bamboo corals (Lepidisis spp.) growing 

below the saturation horizon, and therefore suggested an absolute limit to cold-water 

coral growth at approximately 40% undersaturation. The scleractinian cold-water coral 

Desmophyllum dianthus was also found to grow below the ASH in Chilean fjords 

subjected to the upwelling of low-pH waters, although the authors noted that the majority 

of corals grew in supersaturated areas (Jantzen et al. 2013).  

Other studies have generally found that cold-water corals are found in 

supersaturated regions relatively close to the ASH. Flögel et al. 2014 conducted a large 

biogeographic assessment of carbonate conditions in cold-water coral ecosystems 

throughout the NE Atlantic, and found that ΩARAG ranged from a low of 1.31 in 

Mauritania (606 m; pH=7.83) to 3.025 (250 m; pH=8.3) in Stjernsund (Norway). In 

addition, they were able to distinguish pristine and low quality cold-water coral sites, and 

suggested an upper DIC limit of 2170 µmol kg-1 for optimal growth. At L. pertusa sites 

throughout the northern Gulf of Mexico, pHT ranged from 7.85-8.03, total alkalinity (TA) 

from 2258-2347 µmol kg-1, and ΩARAG from 1.5-1.69 (Lunden et al. 2013). The 

Mediterranean Sea has relatively high total alkalinity (2577-2742 µmol kg-1) and warmer 

temperatures compared to other cold-water coral sites, resulting in elevated saturation 

states (Maier et al. 2012; Flögel et al. 2014; McCulloch et al. 2012). Accordingly, cold-

water coral habitats throughout the Mediterranean Sea generally have relatively high 

ΩARAG values: 2.6-2.7 (267-500 m; pH=8.07-8.08) in Lacaze-Duthiers (Maier et al. 

2012), 3.0 (200 m; pH=8.11) in the Gulf of Cassidaigne (Maier et al. 2012), 2.8 (200 m; 
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pH=8.11) off the coast of Malta (Maier et al. 2012), 2.7 (647-710 m; pH=8.08) in the 

Gondola slide (McCulloch et al. 2012), and 2.8-4.1 (315-800 m; pH=8.07-8.25) off the 

coast of Italy (Flögel et al. 2014). The carbonate mounds in Unite Kingdom waters have 

been well studied, with ΩARAG values measured between 1.52-2.09, pH values between 

7.97-8.08, and TA values between 2309-2335 µmol kg-1 (McCulloch et al. 2012; Flögel 

et al. 2014; Hennige et al. 2014).  

While an increasing number of studies have assessed the carbonate system in 

cold-water coral ecosystems over the past decade, there is still a paucity of data 

concerning the variability of the carbonate system over short and long time scales, or in 

response to seasonal patterns or episodic events (eg. internal waves, benthic storms). 

Deep-sea environments are often assumed to be extremely stable over long time periods, 

however recent evidence suggests they may be as variable as shallow-water habitats (Rex 

and Etter 2010). For example, the Mingulay Reef Complex, a relatively shallow (~100 m) 

L. pertusa reef in Scotland, experiences daily tidal downwelling that results in 

considerable variations in pH (8.04-8.12) and ΩARAG (2.1-2.3) over a 14-hour period 

(Findlay et al. 2013). Similarly, the upwelling of internal waves at the Rockall Bank was 

found to cause daily reductions in ΩARAG of 0.2 units and increases in salinity-normalized 

DIC of 40 µmol kg-1 (Findlay et al. 2014). Based on these results, it is important to 

consider both short and long term variations in the carbonate system when designing field 

surveys and experiments in order to make realistic predictions about the future of these 

ecosystems in future oceans. 
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Study Region Locality Depth 

(m) 

Temp. 

(°C) 

pH TA 

(µmol kg-1) 

pCO2 

(µatm) 

ΩARAG 

Lunden et al. 2013 USA Gulf of Mexico 300-600 6.8-12 7.85-8.03T 2258-2347 394-641 1.25-1.69  

Form and Riebesell 

2012 

Norway Oslofjord 100 7.0 7.977F 2287 533 1.39 

  Sula Reef 285 7.5 8.081F 2314 405 1.74 

Maier et al. 2009 Norway Skagerrak 100 7.5 8.06T 2313 383* 1.89 

Hennige et al. 2014 Scotland Mingulay Reef 100-120 9.3 8.074T 2313 365.5 2.09 

Maier et al. 2012 Mediterranean Lacaze-Duthiers 267-500 13 8.07-8.08T 2577 394-395 2.6-2.7 

  Gulf of Cassidaigne 200 13 8.11T 2615 368 3.0 

  Malta 690 12.75 8.11T 2623 349 2.8 

Findlay et al. 2014 NE Atlantic Multiple sites 120-1000 7.3-10.0 - 2299-2346 - 1.35-2.44 

Flögel et al. 2014 Norway Stjernsund 250 5.88 8.30T 2377 201 3.025 

  Røst Reef 307 7.05 8.15T 2357 201 2.327 

  Traenadjupet 323 7.21 8.01T 2299 379 1.723 

  Sula Reef 312 7.43 8.08T 2314 424 1.740 

 Scotland Rockall Bank 915 7.52 7.97T 2319 436 1.521 

   678 8.75 7.99T 2320 437 1.691 

   835-858 7.92 8.00T 2309 409 1.600 

  Porcupine Bank 780 8.85 7.98T 2327 443 1.654 

  Porcupine Seabight 811 9.46 7.97T 2333 468 1.666 

   740 9.61 7.99T 2331 491 1.745 

   950 8.83 7.96T 2336 462 1.564 

  Whittard Canyon 900 9.54 7.97T 2335 447 1.726 

 Bay of Biscay Guilvinec Canyon 800 10.28 7.97T 2340 455 1.701 

  St. Nazaire Canyon 750 10.45 7.99T 2333 439 1.754 

Table 1.1. Current carbonate conditions measured in cold-water coral habitats. The scale used to measure pH is denoted as 

subscript after pH values: F=free scale, T=total scale, NBS= National Bureau of Standards. Asterisk indicates that the 

measurement was derived using the author’s reported data. 
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Study Region Locality Depth 

(m) 

Temp. 

(°C) 

pH TA 

(µmol kg-1) 

pCO2 

(µatm) 
ΩARAG 

  Pagès Escarpment 760 10.58 8.01T 2357 419 1.848 

 Gulf of Cadiz Arutyunov  1322 9.17 7.92T 2342 484 1.432 

  Renard Ridge 606 10.95 7.98T 2332 457 1.821 

 Mauretania N Coral Mounds 568 9.74 7.86T 2375 583 1.368 

  Banda Mounds 415-567 10.2-11.7 7.83-7.86T 2314-2330 570-671 1.31-1.56 

 Mediterranean Urania Trough 520-800 13.97 8.07T  2607 279 2.832 

  Santa Maria de Leuca 560-750 13.66 8.25T 2742 245 4.058 

  Bari Canyon 315-650 13.49 8.18T 2689 302 3.597 

McCulloch et al. 2012 Mediterranean Malta Trough 452-607 13.82 8.10T 2613 362 2.88 

  Gondola slide 647-710 13.55 8.08T 2600 375 2.70 

 Norway Sula Reef 250-320 7.52 8.03T 2305 405 1.72 

 Scotland Darwin Mounds 950 6.31 8.06T 2323 345 1.82 

 Ireland Rockall Bank 835-858 7.92 8.00T 2309 409 1.60 

  Porcupine Seabight 729 9.6 7.98T 2333 446 1.63 

 Spain Galicia Bank 775-880 10.9 7.99T 2363 434 1.80 

 Chili Fjords 25-35 10.87 7.83T 2136 656 1.19 

 Turkey Marmara Sea 932 14.5 7.77T 2610 916 1.46 

 Australia Tasmanian Seamounts 1050 4.6 7.87T 2315 617 1.02 

Thresher et al. 2011 Australia Tasmanian Seamounts 951-3501 - - - - 0.61-1.24 

Jantzen et al. 2013 Chili Fjords 20-200 10.6-12.5 7.6-7.94NBS 2136-2235 532-1250 0.78-1.60 

Findlay et al. 2013 Scotland Mingulay Reef 100-120 9.3 8.078T 2313 362 2.09 

Table 1.1 (continued) 
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1.8 Known response of cold-water corals to ocean acidification 

Shallow-water corals, as well as numerous other marine calcifying taxa, have 

been demonstrated to be severely and negatively affected by ocean acidification (Gattuso 

et al. 1998; Langdon and Atkinson 2005; Hoegh-Guldberg et al. 2007), and therefore it 

may be expected that cold-water corals will respond in a similar fashion (Turley et al. 

2007). The lack of cold-water coral growth in undersaturated conditions (Davies and 

Guinotte 2011, with the notable exception of Thresher et al. 2011) implies that there are 

limits on their tolerance to the perturbations to the carbonate system expected with future 

ocean acidification. However, experimental studies have not documented significant 

mortality effects caused by end-of-century reductions in pH. Therefore, it is necessary to 

investigate sub-lethal physiological responses that may impair the ability of cold-water 

coral populations to create large reef structures, reproduce and disperse, and ultimately, 

to persist over long time periods in an increasingly acidified ocean. 

 

1.8.1 Calcification 

Scleractinian corals produce a hard exoskeleton comprised of the aragonite 

polymorph of the calcium carbonate (CaCO3) mineral and an organic matrix of proteins, 

carbohydrates, lipids, and chitin secreted by coral polyps (Cohen and McConnaughey 

2003). The role of the organic matrix is not well understood, but likely aids in the crystal 

formation of calcium carbonate during the calcification process. The biomineralization of 

CaCO3 occurs within ectoderm tissues comprised of calicoblastic cells containing a high 
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density of mitochondria. Therefore, the entire calcification process is separated from the 

external seawater by approximately 4-50 µm of living tissue (Allemand et al. 2004). In 

order to produce and secrete calcium carbonate as skeletal material, the ectoderm tissues 

transport both calcium ions (Ca2+) and a DIC source to the calcifying fluid to complete 

the calcification process: 

 

Ca2+ + HCO3
-            CaCO3 + H+ 

 

Experimental evidence from the shallow-water coral Stylophora pistillata showed that 

labeled 45Ca is incorporated into skeletal material within minutes, suggesting that Ca2+ is 

actively transported across calicoblastic cell membranes via carrier proteins in an ATP-

fueled process (Tambutte et al. 1996; Allemand et al. 2004). The DIC source for 

skeletogenesis can theoretically be bicarbonate (HCO3
-) or carbonate (CO3

2-) ions from 

the external seawater, or dissolved CO2 produced internally via respiration. While CO2 

can passively diffuse across cell membranes, (HCO3
-) and (CO3

2-) must be actively 

transported to the calcifying fluid. In shallow-water corals, it has been demonstrated that 

60-70% of skeletal carbon originates from respired CO2 (Furla et al. 2000). While cold-

water corals are capable of using metabolically respired CO2 as a carbon source for 

calcification, it appears to be highly species-dependent, with Desmophyllum cristagalli 

exhibiting minimal contributions from metabolic CO2, and L. pertusa incorporating a 

relatively large amount of respired carbon (Adkins et al. 2003).  
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Since the calcification process is heavily biologically mediated by ATP-fueled 

processes and occurs in tissues isolated from the external seawater, it is theoretically 

possible for corals to sustain calcification even in undersaturated conditions where the 

dissolution of skeletal material is thermodynamically favored. During the calcification 

process, it is necessary for corals to expel excess protons from their calcifying fluid via 

Ca2+-ATPase activity (Allemand et al. 2004).  Recent experimental work has shown that 

cold-water corals are able to upregulate the pH of their internal calcifying fluid through 

the active removal of protons (Anagnostou et al. 2012; McCulloch et al. 2012; Wall et al. 

2015). As a result, the saturation state of the calcifying fluid is elevated to several times 

that of the external seawater, allowing for CaCO3 precipitation even when the external 

seawater is undersaturated. However, decreasing seawater pH considerably increases the 

energy required to maintain a large pH gradient (10% energy increase per 0.1 pH unit 

decrease; McCulloch et al. 2012). Therefore, while this work provides a viable 

mechanism for calcification under acidified conditions, there are likely to be potential 

disruptions to the energy budget of the coral and associated changes to the rate of 

calcification and other key physiological processes.  

The occurrence of cold-water corals across a large range of pH and saturation 

state values (see Table 1.1), coupled with their ability to tightly regulate the pH of their 

internal calcifying fluid (McCulloch et al. 2012; Wall et al. 2015), suggests that they may 

have developed adaptive mechanisms that will render them relatively resilient to the 

effects of ocean acidification. Therefore, while the overwhelming majority of ocean 

acidification studies on shallow-water corals have documented a significant decline in 
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calcification with reduced pH (9-83% reductions in net calcification; reviewed in Kleypas 

et al. 2006), it is possible that cold-water corals may prove to be relatively resistant. 

However, there has been considerable variability in the both the magnitude and direction 

of the measured calcification response of cold-water corals to reduced pH (elevated 

pCO2; Table 1.2). 

A growing number of experiments have documented significant decreases in net 

calcification in response to acidification over short (days to weeks) time periods, 

colloquially referred to as ‘shock effects’ (Maier et al. 2013b). The first study that 

examined the physiological effects of ocean acidification on a cold-water coral species 

used Calcium-45 labelling to measure net calcification in L. pertusa from the Skagerrak 

(Norway) across a range of treatments from ambient (pHT=8.06; pCO2=386 µatm), -0.15 

pH units (pHT=7.76; pCO2=568 µatm), and -0.3 pH units (pHT=7.61; pCO2=827 µatm) 

(Maier et al. 2009). The authors found that after just a 24-hour treatment period, net 

calcification rates were reduced by approximately 30% in the -0.15 pH treatment and 

56% in the -0.30 pH treatment; however, L. pertusa still maintained positive net 

calcification very close to the ASH (ΩARAG=1.02). A 2012 study on the Norwegian coast 

found that L. pertusa significantly reduced net calcification rates in acidified treatments 

over an eight-day experimental period spanning a wide range of pCO2 conditions: 509, 

605, 856, and 981 µatm (pHF=8.029, 7.960, 7.827, 7.768) (Form and Riebesell 2012). 

Interestingly, the authors reported the net dissolution of skeletal material (-0.31 µg polyp-

1 day-1) in the 856 atm treatment which occurred in supersaturated conditions 

(ΩARAG=1.14), but found slow but measurable growth (3.41 µg polyp-1 day-1) in the 
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highest pCO2 treatment (981 µatm) occurring in undersaturated conditions 

(ΩARAG=0.997). In the Gulf of Mexico, acidification was found to severely decrease net 

calcification in L. pertusa over an experimental period of two weeks (Lunden et al. 

2014a). In the low pH treatment (pCO2=780 µatm, pHT=7.75), calcification was highly 

variable with some colonies exhibiting positive growth and others negative, with a 

combined average rate of -0.003% day-1; a considerable reduction compared to the 

average growth rate of 0.025% day-1 in the ambient treatment (pCO2=566 µatm, 

pHT=7.9). In the very low pH treatment (pCO2=1000 µatm, pHT=7.6) occurring in 

undersaturated conditions (ΩARAG=0.9), the net dissolution of CaCO3 was observed in all 

but one colony, with a combined average of -0.007% day-1. Based on these results, the 

authors hypothesized that a threshold for L. pertusa calcification exists at saturation 

values near the ASH (ΩARAG=1). In contrast to other short-term experiments, Maier et al. 

(2012) found that the net calcification rates of Madrepora oculata from the 

Mediterranean Sea were not affected by end-of-century pCO2 levels (867 µatm), but also 

observed that colonies grown in pre-industrial pCO2 levels (285 µatm) had significantly 

higher calcification rates. Based on these data, it appears that cold-water coral 

calcification has already been reduced compared to pre-industrial rates, but may be 

somewhat resilient to future acidification. Similarly, a 21-day exposure to pCO2 

conditions ranging from 380 to 750 µatm did not significantly affect L. pertusa’s net 

calcification measured using both 14C uptake and the alkalinity anomaly technique 

(Hennige et al. 2014). However, colonies were not exposed to undersaturated conditions, 

with the high pCO2 (750 µatm) treatment having a ΩARAG of 1.03-1.06, making it 
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difficult to extrapolate these results to the potential resilience of cold-water corals to 

waters where ΩARAG<1.  

Studies that use either long acclimation or experimental time periods provide 

important insights into the realistic response of cold-water corals to ocean acidification, 

namely the potential ability of corals to acclimate to reduced pH conditions. The first 

study that investigated the long-term (178 day) response of a cold-water coral to 

acidification found striking differences compared to a simultaneously-run short-term (8 

day) experiment (Form and Riebesell 2012). While L. pertusa colonies exhibited a 

negative calcification response to acidification over a short time period (see above), 

corals grown in low pH seawater for 178 days were able to acclimate and ultimately 

calcify at indistinguishable levels from the ambient treatment. Since this seminal 

‘acclimation’ experiment, a number of studies have examined the long-term effects of 

acidification on cold-water coral species. Cold-water corals from the Mediterranean Sea 

have been shown to maintain normal calcification rates under elevated pCO2 conditions 

as high as 1000 µatm in a number of long-term experiments on L. pertusa (Maier et al. 

2013b; Movilla et al. 2014a), M. oculata (Maier et al. 2013b; Movilla et al. 2014a), and 

D. cornigera (Movilla et al. 2014b). However, in the same study that found no effect on 

D. cornigera, Movilla et al. (2014b) documented a significant 70% reduction in the 

calcification rates of the related species D. dianthus under an elevated pCO2 of 810 µatm. 

In the North Atlantic, long-term experimental studies have generally found that cold-

water corals are capable of maintaining calcification under reduced pH conditions. The 

net calcification rates of L. pertusa colonies from the Mingulay Reef (Scotland) were not 
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significantly different when grown for a year in ambient (380 µatm) or elevated (750, 

1000 µatm) pCO2 treatments, although the dissolution of some skeletal material was 

observed in the 1000 µatm pCO2 treatment (Hennige et al. 2015). In a relatively novel 

study for deep-sea corals, Rodolfo-Metalpa et al. (2015) used both an experimental and in 

situ transplant approach to investigate the effects of ocean acidification on D. dianthis, C. 

smithii, and D. cornigera in the Adriatic Sea. Calcification rates were not affected in any 

of the study species after exposure to elevated pCO2 (1058 µatm) for 90 days. The 

authors also transplanted D. dianthus colonies from supersaturated waters (pCO2=448 

µatm, pHT=8.02, ΩARAG=2.58) to undersaturated waters (pCO2=2879 µatm, pHT=7.35, 

ΩARAG=0.76) at a natural CO2 seep. D. dianthus was able to calcify at similar rates at the 

undersaturated site, but transplanted corals at either site calcified at lower rates than 

corals maintained in aquaria. Similarly, a recent study found that net calcification in D. 

dianthus collected in the Azores (North Atlantic) was not affected by elevated pCO2 as 

high as 997 µatm for a period of 242 days (Carreiro-Silva et al. 2014).  

 

1.8.2 Respiration 

In shallow-water marine invertebrates, ocean acidification has been found to elicit 

strong changes in metabolic activity, frequently assessed using respiration rates as a 

proxy (eg. Sorenson et al. 2003). In some cases, acidification has been found to lower the 

organism’s overall metabolic rate and associated physiological processes (eg. 

calcification, reproductive effort), and a decreasing respiration rate is observed (termed 
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‘metabolic depression’; Kaniewska et al. 2012). Acidification has also been found to 

elevate respiration rates (Leclercq et al. 2002; Wood et al. 2008), ostensibly due to the 

need to allocate more energy to the calcification process (Allemand et al. 2004; Allemand 

et al. 2011; McCulloch et al. 2012). A number of additional factors are known to affect 

coral respiration, including salinity (Ferrier-Pages et al. 1999), food supply (Naumann et 

al. 2011), intrinsic factors including genetic variability and reproductive status 

(Hochachka and Somero 2002; Holcomb et al. 2012), experimental artifacts (Maier et al. 

2013a), and temperature and dissolved oxygen concentrations (Dodds et al. 2007). 

The effects of decreasing seawater pH on respiration rates in cold-water corals are 

not as well known, although most studies to date have not documented significant effects. 

Maier et al. (2013a) determined that pCO2 levels as high as 1215 µatm did not 

significantly affect the respiration rates of L. pertusa or M. oculata from the 

Mediterranean Sea after a 90-day treatment period, although respiration did increase 

significantly over time irrespective of pCO2. Respiration in D. dianthus from the NE 

Atlantic increased in a high pCO2 treatment (997 µatm) over a period of 242 days, 

however high variability among colonies rendered this result non-significant (Carreiro-

Silva et al. 2014). Similarly, three cold-water coral species from the Adriatic Sea (C. 

smithii, D. dianthus, and D. cornigera) did not significantly alter their respiration rates 

after 90 days in high pCO2 conditions (1058 µatm) (Rodolfo-Metalpa et al. 2015). 

Finally, respiration rates in L. pertusa from the Mingulay Reef did not change over a 

long-time period (365 days) under high pCO2 (750, 1000 µatm), despite notable changes 

in skeletal morphology and strength (Hennige et al. 2015). However, a short-term (21 
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day) study by the same authors found that respiration was significantly reduced by 

elevated pCO2 (750 µatm) while calcification rates were maintained (Hennige et al. 

2014). Therefore, respiration may serve as a short-term, ‘shock exposure’ response that 

returns to normal once colonies are somewhat acclimated to their new environment. The 

lack of a clear metabolic response to acidification makes it unclear how some cold-water 

corals maintain calcification rates over long time periods in high-pCO2 conditions (see 

above). Therefore, more research is needed to better determine what metabolic pathways 

are activated or suppressed in order to compensate for the increased energy costs 

associated with calcification in acidified conditions (McCulloch et al. 2012). However, it 

is also possible that the maintenance of calcification rates comes at the expense of other 

physiological processes (see below) and therefore does not elevate the coral’s overall 

metabolic rate.  

 

1.8.3 Tissue and skeleton 

While shifts in key physiological rates (i.e., net calcification and respiration) have 

generally been the focus of the climate change-cold-water coral experimental literature, 

recent studies have highlighted the need to search for other physiological effects. A 182-

day experiment investigating the effects of elevated pCO2 (809 µatm) on L. pertusa and 

M. oculata from the Mediterranean Sea found no significant effects on skeletal porosity 

or microdensity (Movilla et al. 2014a). A similar study on D. dianthus and D. cornigera 

found that organic matter production, lipid content, porosity, and microdensity were not 
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affected by elevated pCO2 (810 µatm) over a period of 314 days, despite a significant 

reduction in the calcification rate of D. dianthus (Movilla et al. 2014b). The lack of a 

measurable decline in lipid storage is notable, as previous studies have hypothesized that 

the consumption of energy stores might facilitate the maintenance of calcification rates 

despite the higher energy costs associated with maintaining a large pH gradient between 

the calcifying fluid and external seawater (eg. Larsson et al. 2013; Maier et al. 2013a). 

The depletion of lipid stores is a well-documented stress-response of shallow-water 

corals (Grottoli et al. 2004; Rodrigues and Grottoli 2007), and has also been observed in 

starved L. pertusa colonies (Larsson et al. 2013). 

In contrast to these studies, experimental evidence from L. pertusa colonies at the 

Mingulay Reef documented significant decreases in skeletal breaking strength and 

associated changes in skeletal microstructure (disruptions to aragonite crystal 

organization) and morphology (elongated and thinner growth in new corallites) after 

exposure to pCO2 conditions as high as 1000 µatm for 365 days (Hennige et al. 2015). In 

the same study, the authors found that calcification and respiration did not change in 

response to acidification, providing evidence for significant biological and ecological 

impacts despite the maintenance of key physiological rates. Another study from the Sula 

Reef (Norway), found that L. pertusa maintained in elevated pCO2 (604-982 atm) for 178 

days did not significantly alter its skeletal morphology, but did produce a thinner organic 

matrix, suggesting that some aspects of the biomineralization process were still affected 

by acidification (Wall et al. 2015).  Finally, L. pertusa from the Mingulay Reef was 

found to significantly increase Dimethylsulphoniopropionate (DMSP) levels in its tissues 
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in response to elevated pCO2 (823 µatm) (Burdett et al. 2014). Other marine invertebrates 

utilize DMSP as an antioxidant and have been found to increase concentrations in 

response to temperature (Burdett et al. 2012) and pH (Burdett et al. 2013) stress, 

suggesting previously unknown effects of ocean acidification on cold-water coral 

biochemistry. 

 

1.8.4. Gene expression 

The effect of ocean acidification on gene expression in cold-water corals has not 

been well-studied, despite the insights gained from shallow-water studies (Kaniewska et 

al. 2012; Moya et al. 2012; Vidal-Dupiol et al. 2013). To date, there is only a single study 

that has examined how gene expression levels changed in response to reduced pH 

conditions (Carreiro-Silva et al. 2014). The authors found that cellular stress response, 

immune response, and carbonic anhydrase genes were significantly over-expressed in D. 

dianthus colonies exposed to elevated pCO2 (997 µatm) for 240 days. They hypothesized 

that the upregulation of cellular stress response genes is a transient response designed to 

enhance cell survival before corals fully acclimate to low pH conditions (see also Evans 

and Hofmann 2012), while the immune response genes activate the innate immune 

system in order to protect corals from opportunistic pathogens. A number of upregulated 

genes were hypothesized to enable D. dianthus to maintain high calcification rates under 

elevated pCO2, including genes related to the carbonic anhydrase enzyme and the 

respiratory-chain enzyme cytochrome oxidase. Based on these results, it appears that 
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cold-water corals are capable of responding to acidification on the molecular level, 

providing a mechanism for the surprising maintenance of physiological rates under 

acidified conditions. Additional investigations into the molecular response of cold-water 

corals to ocean acidification would provide crucial insights into the physiological 

processes that are most affected by climate change, and which genetic pathways may 

provide avenues for resilience in future oceans.  
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Study Species Region Time 

(days) 

Treatments 

(µatm pCO2) 

Measurement Response 

Form and Riebesell 2012 L. pertusa Norway 8 

178 

509, 605, 856, 981 

604, 778, 982 

Calcification 

Calcification 

(-) 

n.s. 

Lunden et al. 2014a L. pertusa Gulf of Mexico 14 566, 780, 1000* Calcification (-) 

Maier et al. 2009 L. pertusa Skagerrak 1 383, 564, 818* Calcification (-) 

Maier et al. 2012 M. oculata Mediterranean 1 867, 404, 285 Calcification (-) 

Maier et al. 2013a L. pertusa Mediterranean 90 368, 534, 883, 1215 Respiration n.s. 

 M. oculata Mediterranean 90 365, 523, 874, 1158 Respiration n.s. 

Maier et al. 2013b L. pertusa Mediterranean 270 280, 400, 700, 1000 Calcification n.s. 

 M. oculata Mediterranean 270 280, 400, 700, 1000 Calcification n.s. 

Movilla et al. 2014a L. pertusa Mediterranean 182 384, 809 Calcification n.s. 

     Skeletal porosity n.s. 

     Skeletal microdensity n.s. 

Movilla et al. 2014a M. oculata Mediterranean 182 384, 809 Calcification n.s. 

     Skeletal porosity n.s. 

     Skeletal microdensity n.s. 

Movilla et al. 2014b D. cornigera Mediterranean 314 379, 810 Calcification n.s. 

     Organic matter amount n.s. 

     Lipid content n.s. 

     Skeletal microdensity n.s. 

     Skeletal porosity n.s. 

Movilla et al. 2014b D. dianthus Mediterranean 314 379, 810 Calcification (-) 

     Organic matter amount n.s. 

     Lipid content n.s. 

     Skeletal microdensity n.s. 

Table 1.2. The known physiological responses of cold-water corals to ocean acidification. (-) indicates that the measured 

response decreased under elevated pCO2, (+) indicates that the measurement increased under elevated pCO2, n.s. indicates 

no significant difference among pCO2 treatments. * indicates that pCO2 was calculated from the author’s reported data. 
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Study Species Region Time 

(days) 

Treatments 

(µatm pCO2) 

Measurement Response 

     Skeletal porosity n.s. 

Wall et al. 2015 L. pertusa Sula Reef 178 405, 604, 778, 982 Skeletal strength n.s. 

     Skeletal structure n.s. 

     Organic matrix 

production 

(-) 

Hennige et al. 2014 L. pertusa Mingulay Reef 21 380, 750 Respiration (-) 

     Calcification n.s. 

Hennige et al. 2015 L. pertusa Mingulay Reef 365 380, 750, 1000 Skeletal strength (-) 

     Skeletal microstructure (-) 

     Skeletal morphology (-) 

     Respiration n.s. 

     Calcification n.s. 

Burdett et al. 2014 L. pertusa Mingulay Reef 10 400, 823*  Antioxidant levels (+) 

Carreiro-Silva et al. 2014 D. dianthus NE Atlantic 242 460, 997 Calcification 

Respiration 

n.s. 

n.s. 

     Cellular stress gene 

expression 

(+) 

     Immune genes expression (+) 

     Carbonic anhydrase 

expression 

(+) 

     Ammonia excretion n.s. 

     Phosphate excretion n.s. 

     Nitrate excretion (+) 

Rodolfo-Metalpa et al. 

2015 

C. smithii 

 

Adriatic Sea 90 319, 1058 Calcification 

Respiration 

n.s. 

n.s. 

 D. dianthus Adriatic Sea 90 319, 1058 Calcification n.s. 

     Respiration n.s. 

 D. cornigera Adriatic Sea 90 319, 1058 Calcification n.s. 

     Respiration n.s. 

Table 1.1 (continued) 
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1.9 Objectives 

In the following chapters, I attempt to bridge some of the gaps in our 

understanding of how cold-water coral growth and distribution is constrained by 

environmental factors, with a focus on how ocean acidification will threaten cold-water 

coral communities in future oceans. Chapter Two explores the spatial distribution and 

ecological niche of L. pertusa in the northern Gulf of Mexico. In Chapter Three, I assess 

the current chemical and physical oceanographic conditions in the immediate vicinity of 

cold-water coral ecosystems and in the surface and water column throughout the northern 

Gulf of Mexico. Chapter Four investigates the potential resilience of two 

biogeographically separated populations of L. pertusa by measuring their physiological 

response to acidified seawater. I conclude by reviewing the potential management 

strategies for cold-water coral ecosystems, and suggesting viable avenues for continued 

research concerning the energetic and environmental constraints on cold-water corals in 

current and future oceans.  
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CHAPTER 2 

ECOLOGICAL NICHE MODELLING OF LOPHELIA PERTUSA IN THE GULF 

OF MEXICO 

 

2.1 Abstract 

The niche of many deep-sea species remains poorly resolved despite decades of 

seafloor exploration. Without better information on the distribution and habitat 

preference of key species, a complete understanding of the ecology of deep-sea 

communities will remain unattainable. It is increasingly apparent that cold-water corals 

are among the dominant foundation species in the deep sea, providing both structurally 

complex habitat and significant ecosystem services. In this study, the niche and 

distribution of the cold-water coral Lophelia pertusa in the Gulf of Mexico was evaluated 

using the maximum entropy (Maxent) approach. Ecological niche models were 

constructed for a broad region of the northern Gulf of Mexico using data gridded at a 

spatial resolution of 25 m, including bathymetry, substrate type, export productivity, and 

the aragonite saturation state at depth. Fine-scale models were constructed at a resolution 

of 5 m using only remotely sensed bathymetric and surface reflectivity data. The broad-

scale model performed well, with an area under the curve (AUC) of 0.981. All fine-scale 

models performed well when verified using training data (average AUC of 0.963), and 

when validated using independent occurrence data from a new geographic region 

(average AUC of 0.937). The distribution of L. pertusa in the Gulf of Mexico was found 

to be controlled primarily by depth, local topography, and the availability of hard 

substrate. While these factors have long been associated with the success of cold-water 
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corals, their relative importance has never been quantified in the Gulf of Mexico, making 

it historically difficult to precisely delineate L. pertusa’s niche and predict its distribution 

in unexplored regions. Given these results, we suggest that future expeditions combine 

remotely-sensed data with niche modelling techniques in order to increase the efficiency 

of deep-sea exploration. 

 

2.2 Introduction 

Understanding the environmental and geographic distribution of species is an 

ongoing challenge in deep-sea ecology. Distribution patterns in the deep sea are generally 

poorly resolved, in part due to the difficulty and expense of surveying deep-water 

regions, and the vast area of unexplored seafloor (eg. Gage 2004). It has been estimated 

that only 0.0001% of the deep sea has been visually surveyed (Gjerde 2006) and much of 

this past work has focused on a few relatively well studied areas (eg. the Northeast 

Atlantic). A better understanding of species’ biogeographic distributions is fundamental 

for designing and implementing management plans, shaping future research efforts, and 

assessing anthropogenic impacts. Given the recent increase in the rate and scale of 

anthropogenic disturbance to the deep sea (Glover and Smith 2003, Guinotte and Fabry 

2008, Montagna et al. 2013), it is imperative to more fully characterize the distribution 

and niche of deep-sea species before these ecosystems are irrevocably altered or lost. 

Cold-water corals support biodiversity hotspots in the deep sea by creating 

structurally complex habitats and providing ecosystem services such as nutrient cycling 

and carbon sequestration (Mortensen et al. 2010). Lophelia pertusa is one of the most 

abundant and widespread cold-water corals (Roberts et al. 2009). It forms extensive reef 
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structures that cover areas on the order of kilometers squared and over 100 meters high 

(De Mol et al. 2002, Wheeler et al. 2007) and serve as important carbon sinks in the deep 

sea (van Weering et al. 2003). Over 1,300 species were found to associate with L. pertusa 

reefs in the North Atlantic (Roberts et al. 2006), including several commercially 

important fish (Costello et al. 2005). Extant cold-water coral mounds have been shown to 

demonstrate continuous growth for the past 50,000 years or longer (Schröder-Ritzrau et 

al. 2005), suggesting that the distribution of L. pertusa may be structured primarily by 

environmental factors that are relatively stable over long time periods. However, the 

factors responsible for controlling its distribution in the Gulf of Mexico are only partially 

understood (Schroeder et al. 2005, Cordes et al. 2008, Davies et al. 2010).  

Ecological niche models are an emerging tool being used to characterize the 

distribution of both terrestrial and marine organisms by statistically coupling occurrence 

records with environmental parameters. This approach has recently gained traction in the 

deep sea, where extensive direct observations are logistically difficult, and occurrence 

data are often sparse. L. pertusa has been modelled globally at a scale of 30 arc-sec 

(approximately 1 km), with depth, temperature, and aragonite saturation state found to be 

the most important drivers of its distribution (Davies and Guinotte 2011). Tittensor et al. 

(2009) similarly produced a global model of cold-water scleractinian corals on seamounts 

using a grid size of approximately 1°, and found that occurrence was positively linked 

with high aragonite saturation states and elevated dissolved oxygen concentrations. Other 

studies have modelled L. pertusa’s niche at regional scales using finer spatial resolutions 

ranging from 30 m to 750 m (Guinan et al. 2009, Howell et al. 2011, Ross and Howell 

2012, Rengstorf et al. 2013). In addition, Dolan et al. (2008) used an ROV mounted 
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multibeam system to model suitable habitat at a resolution of 0.5 m; however they did not 

differentiate between occurrences of L. pertusa and Madrepora oculata, which are 

thought to fill different niches (Orejas et al. 2009). Notably, none of these modelling 

studies included the Gulf of Mexico, which is geologically unique (Bryant et al. 1990) 

and contains genetically isolated L. pertusa populations (Morrison et al. 2011). 

Therefore, it is possible that L. pertusa occupies a different niche in the Gulf of Mexico 

than in other biogeographic regions, as has been shown in other species (see review by 

Pearman et al. 2008).   

Niche models can be especially vital for conservation efforts when the rate of 

anthropogenic disturbance greatly outpaces our ability to survey benthic environments 

and identify sensitive coral habitats, as appears to be the case in the deep Gulf of Mexico 

(White et al. 2012). There is an immediate need to better establish the niche of L. pertusa 

in the Gulf of Mexico and to develop a better approach for locating novel coral sites. The 

aim of this chapter is to use ecological niche modelling to quantify the aspects of L. 

pertusa’s niche that relate to the availability of hard substrate, aragonite saturation state, 

export productivity, and seafloor topography. In addition, I sought to map potentially 

suitable habitat in the northern Gulf of Mexico at two spatial scales in order to inform 

conservation and management decisions and to facilitate the discovery of new L. pertusa 

reefs in the region.  

 

2.3 Methods 

2.3.1 Occurrence data 
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Sites were classified according to their location within the U.S. Bureau of Ocean 

Energy Management (BOEM) lease blocks in the Viosca Knoll (VK), Garden Banks 

(GB), Green Canyon (GC), and Mississippi Canyon (MC) protraction areas (Table 1). 

Video data collected during remotely operated vehicle (ROV) and human operated 

vehicles (HOV) dives spanning from 2005 - 2013 [all cruises associated with the BOEM 

and NOAA OER funded Lophelia I and II projects and cruise NA028 of the Ecosystem 

Impacts of Oil and Gas Inputs to the Gulf (ECOGIG) project] were reviewed to extract 

the presence of living L. pertusa colonies. These occurrences were linked to Ultra Short 

Baseline (USBL) navigational data (slant error of 1%) to yield a set of georeferenced 

locations. Live L. pertusa colonies are highly visible and easily distinguishable from 

other species, making the probability of detection extremely high within the field of view 

of surveyed areas. Additional occurrences were obtained from data logs recorded during 

the cruises listed above, Schroeder et al. (2005), and the Smithsonian National Museum 

of Natural History (NMNH) database. Only occurrence records obtained from direct 

observation were included from the NMNH database in order to avoid potential 

inaccuracies in the recorded location of samples collected by trawling or unknown 

methods, and also to avoid the use of occurrences of dead coral skeleton of unknown age. 

Duplicate occurrences within the same grid cell were removed prior to analysis. 

 

2.3.2 Analysis scale 

Modelling the ecological niche is highly dependent on choosing the appropriate 

scale for analysis, both with regards to the grain and extent of environmental variables 
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(Wheatley and Johnson 2009). This is especially true with terrain variables, which are 

inherently scale-dependent. Previous work with L. pertusa has demonstrated the 

importance of seafloor features ranging from fine-scale sediment waves (Dolan et al. 

2008), carbonate mounds (Guinan et al. 2009), seamounts (Tittensor et al. 2009), and 

continental slopes (Davies and Guinotte 2011). Therefore, I modelled L. pertusa’s 

distribution at a fine-scale resolution (5 m) at seven sites covering a total of 189 km2, and 

at a broad-scale resolution (25 m) covering a 67,000 km2 area in the northern Gulf of 

Mexico. Within our study area, L. pertusa commonly grows in small isolated thickets (<2 

m across) that are likely to be influenced by local features best characterized on a fine 

scale. However, at numerous locations, it grows in large reef patches tens or hundreds of 

meters across that are more likely to be influenced by broad scale factors. Therefore, this 

combination of scales is expected to capture the full range of environmental variation 

likely to be controlling L. pertusa’s distribution in the Gulf of  

Mexico. In addition, the coarser resolution of the broad-scale model allowed for the 

inclusion of environmental variables that did not exist at a high enough resolution to 

inform fine-scale models. 

 

2.3.3 Environmental data - broad scale model 

Variables were selected a priori based on environmental factors believed or 

known from previous work to influence cold-water coral growth and survival. 

Bathymetric data were obtained from the Texas Sea Grant College Program (publically 

available at: http://gcoos.tamu.edu/products/topography) and gridded at their native 



41 

 

resolution of 25 m using the WGS 1984 geographic coordinate system. Slope, aspect, 

roughness, and three types of curvature were calculated from this bathymetry layer using 

the DEM Surface Tool (v. 2.1.292, Jenness 2013). Slope was measured in degrees using 

the 4-cell method (Fleming and Hoffer 1979), which has been shown to marginally 

outperform Horn’s method, the default in ArcGIS (Horn 1981, see Jones 1998). Benthic 

environments with steeper slopes generally have locally accelerated currents, and as a 

result, considerably different facies and community types (Mohn and Beckmann 2002). 

The direction of the steepest slope, referred to as aspect, has a strong effect on the current 

regime in areas with a strong unidirectional current, and has been shown to partially 

determine the distribution of filter feeders including L. pertusa (Guinan et al. 2009). 

Aspect has an inherent circularity when calculated in radians; therefore, it was cosine-

transformed to create an index of northness, and sine-transformed to create an index of 

eastness. Roughness is a measure of topographical complexity, with areas with greater 

complexity often exhibiting higher diversity levels (eg. Kostylev et al. 2005). I estimated 

roughness as the ‘surface ratio’ in DEM Surface Tools, calculated as the ratio of surface 

area (as defined by Jenness 2004) to planimetric area. Three types of curvature were 

calculated following Jenness (2013) to quantify the shape of the seafloor and how water 

is expected to flow over surfaces (Evans 1980; Moore et al. 1991; Wood 1996; Porres de 

la Haza and Pardo Pascual 2002). General curvature assigns more positive values to more 

convex seafloor surfaces, and more negative values to more concave surfaces. Cross-

sectional curvature values indicate that water is expected to diverge at positive values and 

converge at negative values. Positive longitudinal curvature values indicate that water is 

expected to decelerate, and negative values indicate that water should accelerate.  Finally, 
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I calculated the topographic position index (TPI; Weiss 2001) using the Land Facet 

Corridor Designer (v.1.2.884, Jenness et al. 2013). TPI quantifies the relative elevation of 

points with respect to their surrounding features, and is thought to be important for filter 

feeders that have a preference for elevated topography that is more exposed to currents 

(eg. Wilson et al. 2007). In order to assess the potential role of both large and small 

seafloor features, we calculated TPI at the finest scale allowed by the resolution of the 

bathymetry data, and at a broader scale determined empirically through a model selection 

process (see ‘Model tuning’ below).  

Seafloor locations containing hard substrata were available as a single polygon 

layer from BOEM and were converted to a 25 m resolution binomial grid (1=hard 

bottom, 0=soft bottom). These data were generated from three-dimensional (3-D) seismic 

data originally acquired by the oil industry and managed by BOEM. The acoustic horizon 

of the seafloor was mapped using both automatic interpretation software (GeoFrame, 

Schlumberger Limited) and manual interpretation of high amplitude sites. These 

relatively low resolution seismic data have a frequency at the seafloor of approximately 

50-60 Hz and a vertical resolution of 8-12 m. The horizontal samples vary from survey to 

survey but were typically 15-25 meters. ‘High positive’ anomalies are acoustically faster 

than both seawater and soft bottoms, resulting in strong responses on the amplitude maps. 

In the Gulf of Mexico, a high positive response is often exhibited due to the presence of 

acoustically fast authigenic carbonates formed by the microbial oxidation of 

hydrocarbons. These rocky, calcium carbonate substrates are suitable habitats for corals 

and other sessile invertebrates, providing that bottom currents are adequate to prevent the 

sedimentation of the rock surface (eg. Schroeder 2002).  
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Aragonite saturation state (ΩARAG) was calculated from total alkalinity and pH 

values measured in water samples obtained at depth from a 2010 cruise on the R/V 

Ronald Brown (Lunden et al. 2013) and calculated from carbonate data collected during a 

2007 Gulf of Mexico and East Coast Carbon (GOMECC) cruise (Wang et al. 2013). 

ΩARAG values were corrected for in situ pressure and temperature using CO2SYS 

software (Pierrot et al. 2006). Within the study region, ΩARAG averaged 1.52 and ranged 

from 0.98 - 4.94. In order to eliminate gaps between points, these data were interpolated 

using the inverse distance weighting function in ArcGIS 10.1 with default parameters 

(power=2, search radius=variable, number of points=12). Export productivity (mg C m-2 

day-1) was modelled as particulate organic carbon (POC) flux to the seafloor from surface 

net primary productivity (NPP) using the negative depth (Z) decay exponential function: 

POC flux = 3.523 x NPP x Z-0.734 (Pace et al. 1987). NPP (g m-2 day-1) was modelled 

using the Eppley-Vertically Generalized Production Model (Eppley-VGPM; Eppley 

1972; Behrenfeld and Falkowski 1997; see Carr et al. 2006) using surface chlorophyll a, 

photosynthetically available radiation (PAR), and sea surface temperature data from the 

Moderate Resolution Imaging Spectroradiometer (MODIS). Data layers were 

downloaded as the 2002-2012 average at a spatial resolution of 0.416° using the Marine 

Geospatial Analyst Tools for ArcGIS 10.2 (MGET; Roberts et al. 2010). Euphotic depth 

was estimated using the Case I Morel and Berthon (1989) model. Export productivity 

within the study area averaged 35.3±53.2 (SD) mg C m-2 day-1, which compares well 

with previous estimates in the region measured using sediment traps (60.3 mg C m-2 day-

1; Redalje et al. 1994), calculated from sediment community oxygen consumption (25.3 

mg C m-2 day-1; Rowe et al. 2008), and modelled from surface productivity (17.9 mg C 
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m-2 day-1; Biggs et al. 2008).  The aragonite saturation state and export productivity 

layers were resampled to match the resolution and extent of the bathymetry data with no 

additional interpolation.  

 

2.3.4 Environmental data - fine scale models 

High-resolution bathymetric data were acquired for seven sites in 2008 using a 

Kongsberg-Simrad EM1002 multibeam echosounder (95 kHz, 111 beams, 150° 

coverage) mounted on the R/V Nancy Foster. Despite post-processing, these data 

contained visible ‘ribbing’ artifacts that most multibeam data are subject to (Hughes 

Clarke 2003); however, these imperfections composed a negligible portion of each site. 

These data were gridded at their native resolutions of either 5 or 8 m and used to derive 

the terrain variables slope, aspect, roughness, curvature, and TPI as described above. 

Surface reflectivity data were available at a high resolution (generally finer than 10 m) 

from the BOEM database collected using backscatter from multibeam and side-scan 

sonar surveys. Each image was georeferenced and then reclassified using a histogram-

equalized scheme to categorize surface reflectivity values into four classes: very high, 

high, low, and very low, with higher reflectivity indicating a stronger acoustic return and 

the presence of more hard substrata. The resulting layers were resampled to match the 

resolution and extent of the bathymetry with no interpolation.  
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2.3.5 Model generation 

Most traditional methods for modelling species’ distributions require both 

presence and absence data. When high-quality absence data are available, 

presence/absence models may perform slightly better than presence-only models, and 

provide useful metrics such as abundance and the true probability of occurrence. 

However, when absence data are of poor quality or potentially unreliable, presence-only 

models have been proven to be more robust, especially if the species’ distribution is not 

in equilibrium (Hirzel et al. 2001). Obtaining high-quality absence data in the deep sea is 

usually impossible due to the prohibitive amount of time and expense required for 

exhaustive exploration and survey. Accordingly, datasets on the absence of deep-sea 

species are typically sparse and biased due to the limited field of view of the ROV and 

lack of systematic observations across all of the potentially occupied substrata. 

Regardless of the environment, habitat suitability predictions from absence data may be 

inaccurate or misleading due to dispersal limitation, biotic interactions, detection error, or 

historical reasons (see Hirzel et al. 2002). Deep-sea ecosystems may be especially prone 

to the historical removal of organisms from otherwise suitable locations due to 

anthropogenic disturbances (Fosså et al. 2002, Larsson and Purser 2011). In addition, 

recent studies have found that presence-only modelling results were in agreement with 

more traditional presence/absence approaches for both shallow (Couce et al. 2012) and 

deep-water corals (Tracey et al. 2011). Therefore, we chose the machine-learning Maxent 

algorithm (v3.3.3k, Phillips et al. 2006) because it utilizes pseudoabsence (background) 

data rather than true absence data, and has consistently outperformed other traditional 

(Reiss et al. 2011) and presence-only techniques (Elith et al. 2006, Tittensor et al. 2009, 
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Tong et al. 2013). This approach has been successfully applied in a large number of 

recent studies modelling the niche of shallow-water (Couce et al. 2012), mesophotic 

(Bridge et al. 2012), and deep-sea corals (Tittensor et al. 2009; Davies and Guinotte 

2011, Quattrini et al. 2013, Rengstorf et al. 2013).  

Models were created using default Maxent parameters that have been shown to 

optimize model performance (convergent threshold = 10-5, number of background points 

= 10,000, default prevalence = 0.5; see Phillips and Dudik 2008) However, the number of 

maximum iterations was increased to 5,000 to ensure convergence, and the regularization 

multiplier was optimized empirically (see ‘Model tuning’ below). A jackknifing 

procedure was employed to calculate the percent contribution of variables to each model. 

Since the data were normally distributed (Shapiro-Wilk, p=0.208), a one-way Analysis of 

Variance (ANOVA) with a Holm-Sidak post-hoc test was used to assess whether 

predictions differed significantly among surface reflectivity classes for the fine-scale 

models (SigmaPlot 12.3). The environmental layers used in the broad-scale model all 

differed significantly from a normal distribution due to their large sample size, even when 

log transformed (Shapiro-Wilk, |p| < 0.01). Therefore, the Spearman’s rank correlation 

was calculated between each layer (SigmaPlot 12.3, Table 2.1). Spearman’s correlations 

were also calculated to determine the relationship between additional metrics that were 

not normally distributed (Shapiro-Wilk, |p| < 0.05): model performance (area under the 

curve), sample size, niche breadth, and site area. Since Maxent has been shown to be 

robust with regards to correlated inputs (Phillips et al. 2006; Elith et al. 2011), even 

highly correlated variables were not removed prior to analysis in order to avoid biasing 

the results based on preconceived perceptions of variable importance (see Drake et al. 
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2006). However, correlated variables should be treated with caution when interpreting the 

importance of variables in models (Tittensor et al. 2009; Huang et al. 2011). Models 

produced a continuous raw output for statistical analysis, to which we applied a logistic 

function to produce a habitat suitability index, which approximates the probability of 

occurrence at each locality.
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Table 2.1. Spearman’s rank correlations (ρ) among environmental variables used to train the broad scale model. ‘Cross.’ = cross-sectional 

curvature, ‘Curv.’ = general curvature, ‘East.’ = eastness, ‘Long.’ = longitudinal curvature, ‘North.’ = northness, and ‘Rough.’ = 

roughness. Significant correlations are indicated (*<0.01). N=673,646. 

 

 

 

 

 

 

 
ΩARAG Cross. Curv. Depth East. Long. North. POC Rough. Slope Substrate 

TPI- 

25  

TPI-

500 

TPI- 

750 

ΩARAG 1 -0.000 0.000* -0.017* 0.003* -0.003* 0.075* 0.323* -0.126* -0.115* -0.034* 0.000* 0.009* 0.016* 

Cross.  1 0.780* 0.002* 0.012* -0.374* 0.000 0.000* 0.013* 0.005* -0.004* 0.557* -0.218* -0.180* 

Curv.    1 0.004* 0.002* -0.837* 0.001* 0.000 0.008* 0.000 0.003* 0.731* -0.263* -0.218* 

Depth    1 0.012* -0.004* -0.089* -0.882* 0.134* 0.132* -0.89* 0.003* -0.032* -0.047* 

East.     1 0.002* 0.032* -0.135* 0.014* -0.015* 0.000 0.004* -0.014* -0.011* 

Long.      1 0.002* 0.000 -0.004* -0.001* 0.000* -0.631 0.219* 0.182* 

North.       1 0.102* -0.631* -0.631* -0.027* 0.003* -0.016* -0.015* 

POC        1 -0.162* -0.153* 0.059* -0.000* 0.017* 0.027* 

Rough.         1 0.927* 0.045* 0.005* 0.037* 0.033* 

Slope          1 0.045* -0.003* 0.043* 0.038* 

Substrate           1 -0.002* 0.023* 0.035* 

TPI-25            1 -0.180* -0.149* 

TPI-500             1 0.939* 

TPI-750              1 
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2.3.6 Model verification and validation 

We employed a cross-validation procedure to verify model performance by 

randomly partitioning occurrences into 10 calibration and evaluation datasets, using 70% 

of occurrences for calibration and 30% for evaluation. The predictive ability of all models 

was assessed with an exact, one-tailed binomial test to determine whether models predict 

test points better than a random model, using the minimum training threshold to 

distinguish suitable habitat from non-suitable habitat (Phillips et al. 2006). The ability of 

models to accurately predict test data was also assessed using a threshold-independent 

receiver operating characteristic (ROC) curve, which tests the ability of the model to 

correctly rank both presences and psuedoabsences (Swets 1988). ROC curves are 

evaluated by the area under the curve (AUC) metric, which in presence-only models 

indicates the probability that the model will correctly rank occurrences over background 

locations. The maximum theoretical AUC in a presence-only model is generally 

unknowable, but always less than 1 if the evaluation data are not independent from the 

training data, and a random model has a theoretical AUC of 0.5 (Wiley et al. 2003; 

Phillips et al. 2006). 

In order to validate models by testing their ability to predict occurrences in a new 

region, each of the fine-scale models generated for other sites was projected onto the 

VK826 site and evaluated against an independent dataset of occurrences collected using 

the autonomous underwater vehicle (AUV) Sentry (Woods Hole Oceanographic 

Institution) (see below). The performance of each projected model was evaluated using 

ROC curves and AUC as above. As a final validation, we ground-truthed specific model 

predictions at an unexplored region of the VK826 site during an ECOGIG consortium 
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cruise in 2013. Ground-truthing results were analyzed by comparing the original VK826 

model to the models projected onto VK826 using only the occurrences obtained from the 

new region of the site. 

 

2.3.7 Sampling bias 

To test for sampling bias that may have resulted from targeted exploration during 

ROV and HOV dives, we used an independently collected dataset of occurrences 

observed during photographic transects conducted by the AUV Sentry in 2009. Six 

transects averaging 885±123 m in length were conducted in the area covering the large 

knoll at the center of the VK826 site in an ordered, predetermined fashion. An additional 

L. pertusa model was constructed at VK826 using this dataset (N=505) and compared to 

the original model using a Spearman’s correlation (SigmaPlot 12.3) and the niche overlap 

test (ENM Tools v1.3, Warren et al. 2008, 2010). The niche overlap test calculates a 

modified Hellinger distance (van der Vaart 1998) referred to as the I metric that ranges 

from 0-1 with values between 0.0-0.2 = ‘no or limited’ niche overlap, 0.2-0.4 = ‘low’ 

overlap, 0.4-0.6 = ‘moderate’ overlap, 0.6-0.8 = ‘high’ overlap, and 0.8-1.0 = ‘very high’ 

overlap (Rödder and Engler 2011). 

 

2.3.8 Model tuning 

Rather than simply use the default settings in Maxent, we optimized the 

regularization multiplier (β) using a model selection procedure following Warren and 
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Seifert (2011).  Regularization is a smoothing function that controls model complexity, 

with higher values resulting in simpler models with fewer parameters. For each site, we 

calculated a series of models with regularization multipliers of 1, 3, 5, 7, 9, 11, 13, 15, 17, 

and 19. The performance of each variant was assessed by calculating a sample-size 

corrected Akaike Information Criterion score (AICc, Warren and Seifert 2011), using 

training data from both the same geographic area and the independent Sentry dataset. The 

default regularization (β=1) in Maxent consistently produced the best results when 

models were verified against training data (Figure 2.1). However, when tested against the 

independent Sentry data at VK826, fine-scale model performance was instead optimized 

by decreasing model complexity using values for β between 5 and 9 (Figure 2.1). 

The average performance (AUC) of β-optimized and β-default models was not 

different when evaluated against test data from the same geographic region (t-test, t=2.18, 

p=0.91), but β-optimized models performed significantly better when tested against the 

independent Sentry data (Figure 2.2, t-test, t=2.3, p<0.05). The average performance of 

default models was lower when evaluated against ground-truthing data, but this decrease 

was not significant (t-test, t=2.26, p=0.31), possibly due to the much smaller sample size 

(N=13). To maximize the ability of models to predict occurrences at novel sites, the 

regularization multiplier that maximized model transferability for each model was used in 

the generation of all fine-scale models (Table 2.2).  
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Figure 2.3. Model tuning results. (A) Change in sample-size-corrected Akaike 

Information Criterion (AICc) score as the regularization multiplier (β) is increased, with 

models verified against training data. (B) Change in AICc as the regularization multiplier 

is increased, with models validated against independent autonomous underwater vehicle 

‘Sentry‘ data at VK826. To make AICc scores directly comparable, we divided each 

AICc by the lowest score for that site, creating a standardized AICc, where 1 indicates 

the best model performance and scores greater than 1 indicate increasingly poor 

performance. VK=Viosca Knoll, MC=Mississippi Canyon, GB=Garden Banks, 

GC=Green Canyon, broad=broad scale. 
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Figure 2.4. Model performance at default and optimized complexity. Average fine-scale 

model performance (area under the curve, AUC) when model complexity (β) was 

optimized through a model tuning procedure (dark grey) or left as the default in Maxent 

(β=1, light grey), assessed against test occurrences from within each site and against 

independent autonomous underwater vehicle ‘Sentry’ and ground-truthing occurrences at 

the Viosca Knoll VK826 site. Significant differences are marked with an asterisk (t-test, 

2-tailed, α=0.05). Error bars indicate standard deviation. 

 

Since TPI measures are inherently scale dependent (Rengstorf et al. 2012), we 

employed a similar model selection process to determine the scale that optimized model 

performance. Each model was run using a TPI layer calculated at a scale of 25, 50, 100, 

150, 200, 300, 400, 500, 600, 750, and 1000 m, and the relative performance of each 

model variant was evaluated using AICc scores. For both the broad and fine-scale 
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models, performance tended to increase when TPI was calculated at broader scales, 

plateauing after the 500 m scale (Figure 2.3). In the broad-scale model, TPI calculated at 

a scale of 750 m exhibited the highest performance by a small margin and was used 

during subsequent model creation. TPI calculated at a scale of 500 m (TPI-500) 

optimized model performance at five out of seven fine-scale models: VK826, VK906, 

GB535, MC751, and GC354 (Figure 2.3). At GC234, TPI did not contribute any 

information at any scale, and therefore had no effect on model performance.  Although 

the 500 m scale was not optimal for GC234, or MC885 where suitability was optimized 

at a scale of 100 m, we calculated TPI at this scale for all fine-scale models to ensure that 

the models would be directly comparable.  
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Figure 2.5. Model performance as the TPI scale is increased, assessed by changes in 

model AICc scores. To make AICc scores directly comparable, we divided each AICc by 

the lowest score for that site, creating a standardized AICc where 1 indicates optimal 

performance and scores greater than 1 indicate increasingly poor performance. For most 

sites, model performance was optimized when TPI was calculated at the 500 m scale. 

 

2.4 Results 

2.4.1 Broad-scale model 

A single model was constructed for L. pertusa at a resolution of 25 m for an area 

of the northern Gulf of Mexico covering approximately 67,000 km2 (Figure 2.4). Model 

performance was excellent, significantly outperforming a random model (exact binomial 

test, p<0.001) with a high AUC of 0.981±0.001 (Table 2.2). The presence or absence of 
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hard substrata was the best predictor of L. pertusa distribution at the broad scale, 

contributing 43.0% of information to the model (Table 2.2). Locations with hard 

substrata had significantly higher suitability indices than locations with soft substrata (t-

test, two-tailed, p<0.001; Figure 2.5a). Depth was the secondary explanatory variable in 

the broad-scale model, contributing 27.2% of information (Table 2.2). The highest 

suitability indices for L. pertusa occurred between depths of 300-600 m (Figure 2.6h). 

Depth was significantly but weakly correlated with TPI calculated at the 750 m scale 

(Spearman’s correlation, ρ = -0.047, p<0.05) and the 25 m scale (Spearman’s correlation, 

ρ = 0.003, p<0.05); Table 2.1). TPI was a good predictor of L. pertusa only when 

calculated at a scale of 750 m (percent contribution of 21.6%). The suitability index was 

extremely low (<0.05) at negative TPI values, but increased rapidly when TPI was 

positive until reaching a peak at approximately 50, after which it declined (Figure 2.7h).  
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Figure 2.6. Broad–scale habitat suitability model for L. pertusa in the Gulf of Mexico. Warmer 

colors indicate locations that are predicted to be more suitable (suitability is not shown when 

less than 0.2). Black triangles indicate the locations of fine–scale sites (west to east: GB535, 

GC354, GC234, MC751, MC885, VK862/VK906, VK826). 
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Figure 2.7. The effect of the availability of hard substrata on modelled habitat suitability. 

A) Average suitability indices for hard and soft bottoms for the broad-scale model. 

Locations with hard bottoms had significantly higher suitability indices. Different letters 

indicate significantly different suitability indices (t-test, two-tailed, α=0.01). B) Response 

of the predicted habitat suitability to changes in surface reflectivity data, averaged across 

all fine-scale models. Higher reflectivity indicates the presence of more hard substrata. 

Different letters indicate significantly different suitability indices (ANOVA p<0.01, post-

hoc Holm-Sidak p<0.05). Error bars indicate standard deviation. 
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Figure 2.8. Response of the predicted habitat suitability for L. pertusa to changes in depth 

(m). Error bars indicate standard deviation. a=VK826, b=VK906, c=MC751, d=MC885, 

e=GB535, f=GC354, g=GC234, h=broad-scale model. 



60 

 

 

Figure 2.9. Response of the predicted habitat suitability for L. pertusa to changes in 

topographic position index (TPI) calculated at the 500 m scale for fine-scale models, and 

at the 750 m scale for the broad-scale model. In general, locations with higher TPI values 

were predicted to be more suitable for L. pertusa. a=VK826, b=VK906, c=MC751, 

d=MC885, e=GB535, f=GC354, g=GC234, h=broad-scale model. Error bars indicate 

standard deviation. 
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2.4.2 Fine-scale models 

Maxent models were constructed for L. pertusa at a scale of 5 m at seven sites in 

the Gulf of Mexico: VK826, VK862/906, MC751, MC885, GB535, GC234, and GC354 

(Table 2.2), visualized as habitat suitability maps (Figure 2.8). Verification of models 

with test data showed that all models were robust. The average test AUC for all sites was 

0.963±0.03, with a lowest AUC value of 0.928±0.025 at MC885. All models significantly 

outperformed a random model (exact binomial test, |p|<0.01; Table 2.2). Niche breadth 

averaged of 181.36±167.19x10-3 across all sites and ranged from 46.11x10-3 at MC751 to 

526.81x10-3 at GC234. VK862/906, GB535, and GC354 all had intermediate niche 

breadths of 51.29x10-3, 96.53x10-3, and 189.92x10-3 respectively (Table 2.2). AUC had a 

significant, negative correlation with niche breadth (Spearman’s correlation, ρ = -0.821, 

p<0.05), indicating that models performed better when L. pertusa occupied a narrower 

niche space. The number of occurrences used to train models was strongly but not 

significantly negatively correlated with niche breadth (Spearman’s correlation, ρ = -

0.643, p=0.10), although this relationship was largely driven by GC234 which had the 

largest niche breadth (526.81x10-3) and the second smallest sample size (N=15). In 

general, models trained with more occurrences had higher AUC values, although this 

relationship was not significant (Spearman’s correlation, ρ = 0.393, p=0.34), and this 

pattern did not hold at VK826, which had the largest sample size (N=1,242) and a 

relatively low AUC of 0.941. Site area (km2) was not correlated with either niche breadth 

(Spearman’s correlation, ρ = 0.179, p=0.66), or AUC (Spearman’s correlation, ρ = -

0.286, p=0.49). At all sites, the area predicted to be highly suitable was extremely low, 

ranging from 1.6 - 6.3% (Table 2.2).     
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Depth was the primary or secondary explanatory variable in four out of seven L. 

pertusa models, contributing an average of 46.8% of information in those models (Table 

2.2). Suitability indices tended to be higher in the shallower regions of each site, with the 

highest index values between depths of approximately 300-600 m, matching the most 

common depth range for L. pertusa in the Gulf of Mexico (Figure 2.6, panels a-g). 

Surface reflectivity was the primary explanatory variable at GC354, contributing 40.5% 

of information, and was the secondary explanatory variable at MC885 and GC234, 

contributing 28.1% and 38.3% of information respectively. Locations with very high 

reflectivity values had significantly higher suitability indices than sites with high, low, or 

very low reflectivity values (ANOVA p<0.01, post-hoc Holm-Sidak p<0.05; Figure 

2.5b). 

In six out of seven fine-scale models, suitability indices for L. pertusa were higher 

at positive TPI values, indicating that elevated seafloor features generally provided better 

habitat than depressions or flat areas (Figure 2.6). However, suitability peaked prior to 

the highest TPI value found at three of the sites: VK906, MC751, and MC885 (Figure 

2.6b-d). At GC234, TPI provided no information to the model and therefore suitability at 

this site did not vary with TPI values (Figure 2.6g). TPI calculated at the 500 m scale was 

the primary or secondary explanatory variable in five out of seven models, contributing 

an average of 63.5% of information in those models (Table 2.2). Roughness was among 

the top two explanatory variables only at GB535 (percent contribution of 11.7%) and 

VK906 (percent contribution of 1.6%), and had negligible contributions to other fine 

scale models. At all sites, suitability increased with roughness but generally plateaued 

around values of 1.2 (data not shown), which indicates a relatively flat surface.    
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Table 2.2. Input data and evaluation for broad and fine-scale L. pertusa models. The regularization multiplier (β) used in each 

model is listed, along with the number of spatially explicit occurrences used for training. Average AUC±S.D. values are shown 

with significance marked (exact binomial test, *=p<0.01, ** p<0.001). The two primary explanatory variables for each model 

are listed along with the percentage of information contributed by each variable. 

 

 

 

 

 

 

 

Site 
Area 

(km2) 
β 

Sample 

size 

Average AUC 

± S.D. 

Niche breadth 

(x 10-3) 

Suitable 

area (%) 
Variable 1 Variable 2 

VK826 18 5 1,242 0.941±0.007** 125.12 4.7 TPI-500 (59.0%) Depth (39.6%) 

VK862/906 49 7 425 0.978±0.003** 51.29 1.9 TPI-500 (96.4%) Roughness (1.6%) 

MC751 8 5 166 0.983±0.004** 46.11 1.8 Depth (47.7%) TPI-500 (28.6%) 

MC885 63 5 11 0.928±0.025** 233.75 6.3 TPI-500 (49.3%) Reflectivity (28.1%) 

GB535 25 7 26 0.992±0.002** 96.53 1.6 TPI-500 (84.1%) Roughness (11.7%) 

GC354 10 9 29 0.977±0.019** 189.92 6.3 Reflectivity (40.5%) Depth (38.5%) 

GC234 16 5 15 0.940±0.025* 526.81 3.7 Depth (61.2%) Reflectivity (38.3%) 

Broad scale 67,364 1 450 0.981±0.001** 57.08 0.6 Hard Bottom (43.0%) Depth (27.2%) 
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Figure 2.10. Fine-scale habitat suitability models for L. pertusa in the Gulf of Mexico. 

Warmer colors indicate locations that are predicted to be more suitable. Black points 

indicate occurrences used to train and test the models. Note differences in scale. 

a=VK826, b=VK906, c=MC751, d=MC885, e=GB535, f=GC354, g=GC234. 
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2.4.3 Model validation 

All fine-scale models projected onto the VK826 site performed reasonably well 

when tested against the independent Sentry dataset, with AUC values ranging from 0.878 

to 0.972 and an average AUC of 0.937±0.033 (Figure 2.9, Table 2.3). Not surprisingly, 

the original VK826 model had the highest AUC (0.972) when tested against the 

independent Sentry data, and had the highest correlation (Spearman’s correlation, ρ = 

0.938, p<0.01) and overlap (I=0.97) with the Sentry model. The MC751 model had 

‘moderate’ niche overlap (I=0.46) and had the weakest correlation with the Sentry model, 

although significance was obtained due to the extremely large sample size (Spearman’s 

correlation, ρ = 0.256, p<0.01, n=729,230). The remaining models were all significantly 

and moderately to highly correlated with the Sentry model and exhibited ‘high’ or ‘very 

high’ niche overlap (Table 2.3). Visually, the projected models generally matched well 

with both the original VK826 model and with the known distribution of L. pertusa at the 

site, but had a tendency to overpredict suitability (Figure 2.9). 

The VK826 model predicted several areas of high suitability that had not been 

previously surveyed at this site. Ground-truthing of specific model predictions at the 

VK826 site resulted in the discovery of two large L. pertusa mounds. The VK826 model 

had an AUC of 0.928 when tested using L. pertusa location data from the ground-truthing 

area of the site (N=13). Models projected onto VK826 exhibited much poorer 

performance when tested against ground-truthing data (Figure 2.9), but still outperformed 

a random model (exact binomial test, p<0.01) and had a reasonable ability to discriminate 

with an average AUC of 0.840±0.067 (Table 2.3). AUC scores calculated from Sentry 
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data were highly correlated with scores calculated using ground-truthing data 

(Spearman’s correlation, ρ = 0.929, p<0.01). 

 

2.4.4 Sampling bias 

An additional L. pertusa model was constructed at VK826 using independent data 

obtained from AUV Sentry transects as a general test for sampling bias. This model had a 

test AUC of 0.958±0.004 and significantly outperformed a random model (exact 

binomial test, p<0.01). The test model was significantly correlated with the original 

VK826 model (Spearman’s correlation, ρ =0.938, p<0.01), and the models had a ‘very 

high’ level of niche overlap (I=0.97).  

 

Table 2.3. Evaluation of fine-scale L. pertusa models projected onto the VK826 site and 

validated against both the independent Sentry data and ground-truthing data. The AUC of 

each model is shown, along with the Spearman’s correlation (ρ) and niche overlap (I) 

with the original VK826 model. 

Model 
AUC 

(Sentry) 

AUC 

(Ground-truth) 

Spearman’s 

ρ 

Overlap 

(I) 

VK826 0.972 0.928 0.938* 0.970 

VK862/906 0.961 0.881 0.813* 0.891 

MC751 0.926 0.769 0.256* 0.456 

MC885 0.952 0.847 0.564* 0.714 

GB535 0.958 0.891 0.643* 0.895 

GC354 0.914 0.820 0.550* 0.782 

GC234 0.878 0.742 0.643* 0.721 
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Figure 2.9. Habitat suitability maps of broad and fine-scale models projected onto the 

VK826 site. Warmer colors indicate locations that were predicted to be more suitable. 

Black points in panel A indicate Sentry occurrences used to test the models, and black 

triangles indicate L. pertusa mounds discovered while ground-truthing models. a=original 

VK826 model, b=VK906, c=MC751, d=MC885, e=GB535, f=GC354, g=GC234, 

h=broad-scale model. 



68 

 

2.5 Discussion 

Ecological niche models were developed at two scales in order to assess the niche 

of L. pertusa in the northern Gulf of Mexico, and to facilitate discovery of L. pertusa at 

sites that have only been explored using remotely-sensed data. Fine-scale models built at 

a high resolution (5 m) using only topographic variables and surface reflectivity data 

were sufficient to accurately quantify L. pertusa’s niche within sites and predict 

occurrences in a different geographic area. Collecting ship-based multibeam bathymetry 

and surface reflectivity data is relatively inexpensive and rapid compared to surveying 

regions using ROVs or HOVs; when coupled with the ecological niche models developed 

here, this approach is capable of greatly increasing the efficiency of future expeditions. 

On average, a very small fraction of the modelled area (less than 7% for all models) was 

predicted to be highly suitable, greatly narrowing down potential dive targets in new 

regions.  

The higher suitability indices observed at positive TPI values demonstrated that L. 

pertusa has a clear preference for more complex, elevated topography, and indicated that 

depressions and flat areas generally comprise sub-standard habitat. Elevated regions 

increase local current speeds, boosting the transport of food and nutrients (Thiem et al. 

2006), increasing larval supply (Piepenburg and Müller 2004) and reducing sediment 

deposition (Rogers 1994). These results were not surprising, as previous work has often 

associated the presence of L. pertusa and other cold-water corals with steep, elevated, and 

complex topography even at broader scales (eg. Bryan and Metaxas 2006, Davies et al. 

2008, but see Tittensor et al. 2009), an association known as the ‘enhanced current 

hypothesis’ (see Masson et al. 2003). However, suitability indices reached their largest 
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values before the largest TPI value observed at three of the sites (Figure 2.7), indicating 

that there may be an obstacle to colonization or survival at the topographic peaks of some 

sites. These findings are consistent with recent studies that recorded reduced diversity on 

the summits of seamounts relative to the surrounding slopes, thought to be influenced in 

part by extreme hydrological forces, exposure to oxygen-minimum zones, or the fine-

scale topography of the summit (see review by Clark et al. 2010). At sites with large 

mound structures, such as the salt domes of the Gulf of Mexico, the summits may 

experience dramatically accelerated currents that have been shown to prevent the 

recruitment of other invertebrate larva (eg. Mullineaux and Garland 1993) and negatively 

affect L. pertusa feeding rates (Purser et al. 2010). Alternatively, it is plausible that since 

locations with extremely high TPI values were not as common at most sites, they were 

less likely to be inhabited simply by chance.  

In both fine and broad-scale models, L. pertusa was generally predicted to be 

prevalent only in areas containing hard substrata. This finding confirms previous work 

suggesting that L. pertusa and other coral species require hard substrata for the initial 

attachment and recruitment of larva (Wilson 1979, Gass and Roberts 2006), and may 

largely explain the absence of corals at locations that are otherwise suitable. The lack of 

hard substrata has been previously suggested to limit the size and density of L. pertusa 

reefs in the northeast Atlantic (Long et al. 1999), and may be similarly limiting 

populations in the Gulf of Mexico given the reduced suitability at locations with soft 

bottoms.  

Depth was commonly the most important variable in models. However, it seems 

likely that the importance of depth was caused by covarying factors such as carbonate 
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chemistry and export productivity, which both contributed surprisingly little information 

to the broad-scale model. The aragonite saturation state has been shown to be extremely 

influential on the growth and survival of cold-water corals in experimental (Maier et al. 

2009), field (Lunden et al. 2013), and modelling studies (Tittensor et al. 2009, Quattrini 

et al. 2013). It is important to note however, that L. pertusa only occurred in a narrow 

range of saturation states (ΩARAG=1.25-1.69) in this study. Previous work that found a 

preference for higher saturation states documented occurrences across a much broader 

range of values (eg. Davies and Guinotte 2011).  

Export productivity was similarly unimportant in the broad-scale model, despite 

the clear importance of food supply to coral growth and survival. As with aragonite 

saturation state, this may be partially due to its intrinsic relationship with depth, or may 

be the result of a spatial offset between surface productivity and benthic food supply. In 

the northern Gulf of Mexico, the lateral transport of POC by advection contributes 

significantly to the available POC pool at the seafloor, particularly near the outflow of the 

Mississippi River (Rowe et al. 2008). Given the similar lack of importance of export 

productivity in other modelling studies (Tittensor et al. 2009, Davies and Guinotte 2011), 

it may be beneficial to incorporate direct measurements of POC flux and resuspension 

rates at depth to more accurately capture fine-scale variability in food availability.  

Many other environmental factors that partially correlate with depth, including 

temperature, salinity, and dissolved oxygen, did not exist at a high enough spatial 

resolution or on long enough time series to be included here, but are also likely to be 

important components of L. pertusa’s niche. These factors may also effect L. pertusa’s 

modelled niche breadth (eg. Davies et al. 2008), which varied considerably among sites 
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in this study. More work is needed to more accurately determine L. pertusa’s niche 

breadth in the Gulf of Mexico and elsewhere, as this metric has substantial ecological 

implications. Niche breadth represents a potential tradeoff between habitat use and 

growth; generalist species gain the ability to occupy more habitats, but frequently have 

reduced growth rates (Caley and Munday 2003). In addition, more specialized species 

with a smaller niche breadth have been shown to be more sensitive to the loss in suitable 

habitat caused by climate change (Thuiller et al. 2005). As these environmental data 

continue to be mapped with higher precision in the deep Gulf of Mexico, it may be 

possible to delineate how these variables affect L. pertusa’s distribution and niche 

breadth, and to model the potential loss in suitable habitat under future scenarios 

involving ocean acidification, warming, or deoxygenation.       

Both fine and broad-scale models reflected the known biogeography and ecology 

of L. pertusa, but refined our understanding of the scale at which these variables operate. 

Despite the broad-scale topography often included in modelling studies (eg. Tittensor et 

al. 2009, Davies and Guinotte 2011, Ross and Howell 2012), there is evidence to suggest 

that fine-scale features may be more important for successful recruitment and growth. For 

example, Roberts et al. (2003) found that mounds less than 10 m in diameter frequently 

corresponded with large L. pertusa colonies, and a study in Irish waters found that a 

1,000 m grid size was insufficient to adequately detect carbonate mounds in the region 

(Rengstorf et al. 2012). Similarly, a scale of 750 m failed to predict known L. pertusa 

occurrences on fine-scale features (Ross and Howell 2012). The high-resolution 

bathymetry used here further reveals the potential of relatively small features to affect 

coral distribution, likely through the modification of local current regimes. Only Dolan et 
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al. (2008) used higher resolution terrain data (grid size of 0.5 m) in their modelling study 

of cold-water corals on the Irish continental slope. However, their study required an 

ROV-mounted sonar system and therefore could not predict occurrences in new regions 

unless such high-resolution data were already available or obtained using near-bottom 

surveys.  

Terrain attributes are inherently scale dependent. Choosing the appropriate scale 

of analysis ultimately depends on the environmental heterogeneity that organisms 

respond to, which is likely to be highly dependent on the study area and the variable in 

question (Wiens 1989). In this study, TPI calculated at a broad scale (500 m or 750 m) 

tended to optimize model performance in both the broad and fine-scale models. Rather 

than reflecting an inherent niche requirement of L. pertusa, these likely were simply the 

most appropriate scales to characterize the large carbonate mounds found at many sites, 

which are generally wider than 500 m. In regions with smaller or larger mounds, a 

different scale may be more appropriate. For example, the MC885 site contains a series 

of smaller mounds (<200 m in diameter), and TPI was optimized at the 100 m scale at 

this site. Given these results, it appears to be important to ensure that the analysis scale is 

within the same scale domain of the target features within the study area. Rengstorf et al. 

(2012) conducted a multi-scale terrain analysis to model L. pertusa’s niche in the 

northeast Atlantic, but only included resolutions from 50 m to 1000 m in their analysis, 

and did not quantify the effect of scale on model performance. A more detailed multi-

scale study (eg. Wilson et al. 2007) that quantifies how a broad range of scales affects 

model performance is the next step towards more fully characterizing L. pertusa’s niche 

in the Gulf of Mexico and elsewhere.  
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While many ecological niche studies have relied solely on model verification, 

recent work highlights the importance of employing true model validation when possible 

by testing models with independent data in a neighboring geographic region (Araújo and 

Guisan 2006). The performance of models in this study was considerably reduced when 

they were projected to a new region and tested using an independent dataset; however the 

projected models still performed reasonably well and can therefore be expected to be of 

value at truly unexplored sites. It is important to note however, that we validated our 

models within the same geographic region, and our results will not necessarily 

extrapolate as well to other portions of the Gulf of Mexico, or other ocean basins. More 

work is needed to determine if L. pertusa occupies a similar niche space in different 

biogeographic regions. This validation schema also provided a useful framework to test 

how modifying the regularization multiplier affected model performance. We found that 

the default settings generated relatively complex models that were heavily biased towards 

performing well under model verification, but had reduced performance when validated 

against independent data in a neighboring geographic region. In addition to increasing the 

transferability of models to new regions or time periods, increasing the regularization 

multiplier results in more parsimonious models that are less likely to overfit training data 

and are easier to interpret biologically (see Warren and Seifert 2011). The verification of 

the prediction of two previously unknown L. pertusa mounds within the relatively well-

explored VK826 site further validates the accuracy of this approach and highlights the 

potential utility of fine-scale models.  

 Despite the high performance of all models, there were relatively large regions 

that were predicted to be suitable but are not currently known to be inhabited. It is 
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possible that the models simply overestimated the suitable habitat for each species. Niche 

models rely on the theory that a species’ distribution is largely driven by the portions of 

its ecological niche that can be readily quantified. While there is ample evidence for this 

theory (see Schoener 1989), it is also clear that other factors, such as disease, seasonal 

variability, climate change, or resource availability may partially structure distributions 

and reduce the size of the realized niche. Unfortunately, most of these factors are 

currently intractable in modelling efforts, especially in the deep sea.  In addition, many 

assumptions of niche theory are often violated out of necessity during model 

construction. If species’ distributions are not in equilibrium, dispersal is limiting, the 

niche is diverging, or biotic interactions strongly influence distribution, then niche 

models will be inherently inaccurate (see review by Wiens et al. 2009). Given these 

considerations, it is plausible that unoccupied regions that were predicted to be suitable 

may be unsuitable in reality due to any number of factors that could not be included 

during model creation, and that further field surveys and modelling efforts may greatly 

increase our understanding of L. pertusa’s distribution. However, many unoccupied 

locations occurred in regions that have not been well surveyed, and it seems likely that 

extensive cold-water coral populations remain to be discovered in the Gulf of Mexico.  
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CHAPTER 3 

CARBONATE CONDITIONS IN THE VICINITY OF COLD-WATER CORAL 

REEFS IN THE GULF OF MEXICO: IMPLICATIONS FOR RESILIENCE IN 

ACIDIFIED OCEANS 

3.1 Abstract 

To accurately assess the threat that global climate change poses to marine 

systems, a detailed baseline of the current carbonate chemistry and other oceanographic 

conditions is required. Despite the heightened vulnerability of deep-sea communities to 

ocean acidification, there have been relatively few studies investigating the carbonate 

chemistry immediately above cold-water coral reefs. Here, I present data collected during 

five cruises from 2010-2014 in the northern Gulf of Mexico and quantify the carbonate 

system and other oceanographic parameters in offshore surface-waters, the water column, 

and at deep benthic sites. Benthic sites containing the scleractinian cold-water coral L. 

pertusa occurred in waters with a relatively wide temperature range (6.8-13.6°C), low 

potential density (σθ=26.9±0.3 kg m-3), low dissolved oxygen concentration (111.3±2.0 

µmol kg-1), low pHT (7.87±0.04), low ΩARAG (1.31±0.14), and a low availability of 

carbonate ions (94.4±9.2 µmol kg-1) compared to L. pertusa habitats in other regions. 

Based on previous modelling and experimental results, these values place L. pertusa at 

the edge of its viable niche in the deep Gulf of Mexico. However, significantly elevated 

total alkalinity (+39-44 µmol kg-1) was detected above large L. pertusa mounds, 

suggesting that carbonate dissolution within the mounds may be partially ameliorating 

the direct effects of ocean acidification. Together, these results provide an important 
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baseline for assessing future oceanographic changes in the Gulf of Mexico and for 

predicting the resilience of cold-water coral reefs to global climate and ocean change. 

 

3.2 Introduction 

Global climate change, a consequence of increasing anthropogenic emissions, is 

inducing alarming changes in marine ecosystems around the world, even in the relatively 

isolated deep-sea environment. Despite its apparent remoteness, the deep sea is already 

subjected to a large number of anthropogenic stresses including commercial fishing 

(Koslow et al 2000; Gage et al. 2005), oil and natural gas extraction (White et al. 2012a), 

reductions in food availability (Ruhl and Smith 2004), and waste disposal (see Ramirez-

Llodra et al. 2011). In the near future however, climate change is expected to become a 

more pervasive threat to deep-sea ecosystems with potentially irrevocable damage caused 

by predicted levels of warming, deoxygenation, and ocean acidification (Mora et al. 

2013). These changes will likely outpace the ability of marine ecosystems to respond 

effectively through plasticity, acclimatization, or adaptation (Hoegh-Guldberg 2014).        

Over long time periods, the ocean is the major net sink for anthropogenic CO2, 

which mediates the buildup of atmospheric concentrations but will ultimately cause 

extensive damage to marine ecosystems (IPCC 2013; Wittmann and Pörtner 2013). 

Approximately 26% of anthropogenic CO2 emissions are currently absorbed by the 

world’s oceans (Le Quere et al. 2009), with a total global oceanic uptake of 118±19 

pentagrams of carbon between 1800 and 1994 (Sabine et al. 2004). The dissolution of 

CO2 at the air-sea interface induces a series of chemical reactions that decrease seawater 

pH and drive the conversion of carbonate ions (CO
2
3

-
) to bicarbonate ions (HCO

−
3
), 
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lowering the saturation state of the calcium carbonate polymorphs aragonite (ΩARAG) and 

calcite (ΩCAL) that are secreted by calcifying organisms (Doney et al. 2009; Orr 2011). 

Anthropogenic emissions have already reduced the global mean of surface water pH by 

0.1 units since the Industrial Revolution, and reductions of 0.3-0.5 units are expected by 

the year 2100 under a business-as-usual emission scenario (Brewer 1997; Caldeira and 

Wickett 2005; IPCC 2013). The deep sea will ultimately be the final sink for the vast 

majority (up to 90%) of CO2 emissions, resulting in considerable alterations to the deep-

water carbonate system (Sabine et al. 2004). While much of the deep sea is shielded from 

anthropogenic CO2 in surface waters due to strong stratification, areas with sufficient 

mixing and downwelling (see Findlay et al. 2013) may experience rapid deep-water 

acidification due to cold temperatures and a low buffering capacity (Sabine et al. 2004). 

Once the acidification of deep waters occurs, the long circulation time and limited mixing 

with surface waters will likely prevent the full recovery of these ecosystems even over 

time periods on the order of 1000s of years (Cao et al. 2014). Numerous lines of evidence 

from field, experimental, and modelling studies suggests that deep-sea corals are among 

the most susceptible groups to ongoing and predicted ocean acidification (e.g. Guinotte et 

al. 2006; Tittensor et al. 2010; Lunden et al. 2014), even though they currently persist at 

low saturation states (eg. Thresher et al. 2011) and have demonstrated a tolerance to low 

pH in some experimental studies (Form and Riebesell 2012; Hennige et al. 2014).  

 One of the most widespread and ecologically important cold-water corals in deep-

sea environments is the scleractinian coral Lophelia pertusa. In the Gulf of Mexico, L. 

pertusa commonly occurs on the continental slope within a depth range of approximately 

300-600 m (Schroeder 2002; Georgian et al. 2014). Its distribution is largely determined 
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by temperature (4-12°C; Freiwald 2002), supersaturated ΩARAG conditions (Guinotte et 

al. 2006; Davies et al. 2008), and the presence of local topographic highs with hard 

substrata for recruitment (Georgian et al. 2014). The Gulf of Mexico has a complex and 

variable current system that also likely influences cold-water coral growth and 

distribution. The dominant circulation is driven by the Loop Current, which enters the 

Gulf of Mexico through the Straits of Yucatan, loops clockwise while extending a 

varying distance into the Gulf of Mexico, and exits through the Straits of Florida to form 

the Gulf Stream. Both anticyclonic and cyclonic eddies periodically detach from the 

Loop Current and travel into the northern and western regions of the Gulf of Mexico 

(Sturges et al. 2010). Finally, the Mississippi-Atchafalaya River System (MARS) 

strongly influences the northern Gulf of Mexico by discharging large amounts of 

freshwater (530 x 109 m3 y-1; Milliman and Meade 1983) as well as sediment, organic 

matter, and nutrients (Balsam and Beeson 2003) which either directly sink to benthic 

environments or alternatively influence export productivity to the seafloor by modifying 

surface primary productivity patterns (Jochens and DiMarco 2008).  

 In this chapter, I characterize the oceanographic conditions in the northern Gulf of 

Mexico over a five-year period with a focus on the water mass properties and carbonate 

chemistry dynamics surrounding cold-water coral mounds. Specifically, I assess the 

temperature, salinity, dissolved oxygen concentration, pH, and alkalinity of near-surface, 

water column, and benthic sites in the northern Gulf of Mexico in order to characterize 

the water masses in the vicinity of cold-water coral habitats and to evaluate the potential 

for large L. pertusa mound structures to influence local carbonate chemistry. 
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3.3 Materials and Methods 

 3.3.1. Sample collection 

 The Gulf of Mexico is a semi-enclosed basin with a total area of approximately 

1.5x106 km2. Sampling was focused within a region of the upper continental slope in the 

northern Gulf of Mexico covering an area of approximately 38,000 km2 (Figure 3.1). Site 

names are listed in accordance with the lease block naming scheme established by the 

U.S. Bureau of Ocean Energy Management (BOEM): Viosca Knoll (VK), Mississippi 

Canyon (MC), Desoto Canyon (DC), Green Canyon (GC), Garden Banks (GB), and 

Atwater Valley (AT). A total of 316 water samples (locations given in Table 3.1; Figure 

3.1) were collected over a series of four cruises in the northern Gulf of Mexico: a 

Schmidt Ocean Institute cruise aboard the R/V Falkor in August-September 2012, an 

ECOGIG (a Gulf of Mexico Research Initiative funded consortium) cruise aboard the 

R/V Falkor in November 2012, an ECOGIG cruise aboard the R/V Nautilus in June-July 

2013, and an NSF Ocean Acidification Program funded cruise on the R/V Atlantis in 

April-May 2014. Previously collected data were included from a 2010 cruise aboard the 

NOAA Ship Ronald H. Brown (originally published in Lunden et al. 2013), increasing 

the total number of water samples to 457.  
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Figure 3.1. Map of water sampling locations (black triangles) in the northern Gulf of 

Mexico with depth ranges indicated (color breaks at depths of: 100, 500, 1000, 2000, 

3000, and 3700 m). Blue lines indicate the major Mississippi-Atchafalaya River System 

influxes to the Gulf of Mexico. 

 

Total alkalinity and pH were measured for water samples collected during the 

2010 and 2014 cruises, but only total alkalinity values were available from the samples 

acquired in 2012 and 2013. CTD data (temperature, salinity, pressure, and dissolved 

oxygen) were collected both as water column data from ship deployments and as bottom-

water data from a vehicle-mounted CTD. In all years, a SBE 9/11+ CTD was used for 

water column measurements, while vehicle-mounted CTD usage varied by year: SBE 19 

(2010), SBE 37-SI (2012), and SBE 49 (2013, 2014). All dissolved oxygen 

measurements were collected using a SBE 43 dissolved oxygen sensor. CTD and 

dissolved oxygen measurements were vertically binned every meter in order to smooth 

water column profiles prior to additional analyses. Long-term temperature probes 

(HOBO U12 Deep Ocean Data Logger, Onset Computer Corporation) were deployed for 
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approximately one year at GC354 and VK862 in 2004 (data logged every 5 hours), and at 

VK906 in 2009 (data logged every 9 minutes and binned hourly). Water column samples 

(n=309) were collected using a standard CTD rosette, and bottom water samples (n=147) 

were collected using vehicle-mounted Niskin bottles that allowed for precise sampling 

directly (<2 m) above reefs and sediments. Each water sample was transferred to 500 ml 

high-density polyethylene (HDPE) Nalgene-brand bottles using silicone or Tygon® 

tubing to prevent atmospheric gas exchange. HDPE bottles have been shown to be 

adequate for the long-term storage of water samples for the analysis of total alkalinity 

(Huang et al. 2012). While these bottles are permeable to CO2, pH was always measured 

within one hour after samples reached the surface. Immediately following the 

measurement of pH, samples were poisoned with 100 µl of saturated mercuric chloride to 

prevent changes in total alkalinity (Dickson et al. 2007). After being poisoned, samples 

were stored in a cool, dark location and returned to Temple University for further 

analysis.  

3.3.2. Carbonate chemistry 

 pH was measured on the total hydrogen scale (pHT) within one hour of sample 

collection. Each water sample was placed in a 25°C water bath for 10-20 minutes to 

standardize temperature (mean temperature over all pH measurements of 22.2±2.6°C). 

pHT was then measured in duplicate using the Orion 5 Star pH meter and glass electrode 

(ROSS Ultra pH/ATC Triode 8107BNUMD) calibrated with Tris-HCl buffer solution 

obtained from the Dickson Lab (Batch 22). Electrode performance was regularly checked 

against standard Tris-HCl and AMP-HCl buffers in artificial seawater (Nemzer et al. 
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2005; Dickson et al. 2007). Temperature was measured using the integrated temperature 

sensor on the ROSS Ultra pH/ATC Triode from 2010-2013, and using a handheld 

thermocouple (Omega® HH81A) in 2014.  

Total alkalinity (TA) was measured in triplicate by acid titration on a Mettler-

Toledo DL15 autotitrator using 0.1 mol L-1 HCl buffered in 0.6 mol L-1 NaCl (modified 

from SOP 3b, Dickson et al. 2007). The autotitrator was calibrated daily on the NBS 

scale using certified reference buffers (Orion), and certified reference materials (Dickson 

Lab, batches 138 and 141) were measured periodically to ensure accuracy (within ±10 

µmol kg-1). CO2SYS software (Pierrot et al. 2006) was used to correct pHT values for in 

situ temperature and pressure, and to calculate the entire carbonate system from TA, pHT, 

temperature, salinity, and pressure. For all calculations, we used the carbonic acid 

constants (K1 and K2) of Mehrbach et al. (1973) refitted by Dickson and Millero (1987), 

and the aragonite solubility product (Ksp) from Mucci (1983). The effects of nutrients 

(phosphate and silicate) on the carbonate system were assumed to be negligible (eg. Cai 

2003; Yates and Halley 2006). TA and dissolved inorganic carbon (DIC) values were 

corrected for in situ salinity values using the mean salinity of all sites (35.3 psu) to yield 

salinity-normalized TA (nTA) and DIC (nDIC). 

3.3.3. Bottom-water TA analysis 

 TA and DIC measured directly over coral communities were compared to off-site 

TA and DIC values at the same depths. To calculate the expected value at the exact depth 

of bottom-water samples based on nearby CTD casts, polynomial curves were fitted to 

water column TA and DIC depth profiles (see Figure 3.12). These expected values were 
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subtracted from the values measured directly over corals from the vehicle-mounted 

Niskin bottles to calculate the change in TA and DIC in near-bottom water samples, 

reported as ΔTA and ΔDIC (µmol kg-1). 

 

3.3.4. Statistical analysis 

A Student’s t-test was used to determine if near-bottom TA and DIC 

measurements were significantly different from the predicted TA and DIC values 

modelled from water column values at the same depth. Measured surface TA values were 

compared to the regional SST-SSS-TA models given in Lee et al. (2006) using a linear 

regression analysis to compare predicted model outputs to measured values. To 

investigate the relationship between ΩARAG and depth we compared the fit of various 

exponential-decay functions and chose the model with the lowest sample-size corrected 

Akaike information criterion (AICC score). A stepwise reverse elimination regression 

using minimum AICc values was used to model ΩARAG based on temperature, salinity, 

dissolved oxygen, and pressure data. This analysis was limited to water column samples 

with both dissolved oxygen and ΩARAG measurements, reducing the sample size to 174. 

Models were also calculated using data from 2010 and 2014 and the relationship between 

modelled and predicted ΩARAG was compared between years using the multiple 

regression comparison in Zar (1984). All data are given as mean ± standard deviation 

unless otherwise stated. An alpha level of 0.05 was used for all tests.    
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3.4 Results 

3.4.1. Surface waters 

Surface waters had a mean pHT of 8.11±0.04, nTA of 2352.4±61.2 µmol kg-1, ΩARAG 

of 3.88±0.31, nDIC of 2008.5±52.6 µmol kg-1, and [CO
2
3

-
] of 245.3±17.7 µmol kg-1 

(Table 3.1). Salinity was positively correlated with both TA (linear regression, r2=0.52, 

df=38, p<0.001) and DIC (linear regression, r2=0.53, df=34, p<0.001). All surface 

samples were supersaturated with respect to aragonite, with ΩARAG values ranging from 

3.17-4.43 (Figures 3.2, 3.3, 3.4a). There was a marked increase in surface nTA compared 

to oceanic values in the area surrounding the influx of the MARS (~100 µmol kg-1; 

Figure 3.4a), a pattern not observed at depths below 300 m (Figure 3.4b). In the same 

region, there was also a slight increase in ΩARAG and [CO
2
3

-
] concentrations (Figure 3.4a). 

TA in surface waters significantly fit the salinity-temperature relationship modelled for 

North Atlantic surface waters (Lee et al. 2006; linear regression, r2=0.51, df=38, 

p<0.001) (Figure 3.5). However, the residuals of the fit of our data to this model revealed 

a bias towards higher than expected values, with a mean difference of +33.0±44.9 µmol 

kg-1, and a maximum difference of +131.2 µmol kg-1. Residual TA values were not 

significantly correlated with the distance between the sampling location and the 

Mississippi River output (linear regression, r2=0.01, df=38, p=0.56) (see Figure 3.5).  
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 3.4.2 Water column 

General carbonate chemistry patterns in the water column were primarily 

influenced by depth (see Figures 3.2 and 3.3). Minimum values of pHT and [CO
2
3

-
] 

occurred at a depth of approximately 500 m (Figure 3.2), with minor spatial disparities at 

that depth (Figure 3.3). nDIC increased with depth through the upper water column, 

reaching a maximum of 2265.8 µmol kg-1 at a depth of 625 m at MC885 (Figure 3.2f), 

and showing a slight decline in deeper waters. The TA:DIC ratio, which signifies the 

increased buffering capacity of seawater at higher values and a minimum capacity when 

TA:DIC equals one (Egleston et al. 2010), had a mean of 1.17±0.02 in surface waters, 

and generally decreased with depth, reaching a minimum of 1.05 at approximately 500 m 

(Figure 3.2d). The Revelle factor, a measure inversely proportional to the capacity for 

seawater to absorb atmospheric CO2 (Sabine et al. 2004), was lowest in surface waters 

(9.05±0.37) and gradually increased with depth, reaching a maximum of 16.1 at 

approximately 500 m. 

ΩARAG decreased rapidly with depth until approximately 500 m after which it 

decreased more gradually (Figure 3.2, 3.3). Undersaturation of ΩARAG (<1) was only 

observed in benthic samples collected at the deepest site (DC673, 2600 m), which had a 

mean pHT of 7.96±0.01, nTA of 2339.1±77 µmol kg-1, ΩARAG of 1.04±0.07 µmol kg-1 

(ΩARAG ranged from 0.99-1.13), and a carbonate ion concentration of 107.8±1.4 µmol kg-

1 (Table 3.1). ΩARAG closely followed a third-order exponential depth-decay model: 

ΩARAG = ae(b * depth) + c, where a = 2.9330, b = -0.0055, and c = 1.1156 (r2=0.97; Figure 

3.2c). It was possible to accurately predict ΩARAG values in the water column based on 

temperature, pressure, and dissolved oxygen data as given by the following formula: 



86 

 

ΩARAG = (0.16794559 * t) + (0.00079128 * p) + (0.00401013 * do) - 1.0744794, where 

t=temperature (°C), p=pressure (dbar), and do=dissolved oxygen (µmol kg-1) (Stepwise 

reverse regression, r2=0.968, df=170, p<0.001) (Figure 3.6, 3.7). Salinity was not a 

significant predictor for ΩARAG and was eliminated as a variable in the step-wise selection 

process (p=0.18). To determine if this relationship changed over time, models were 

calculated separately for the 2010 and 2014 sampling years, but there was no significant 

difference between the slope (Multiple regression comparison, F=1.39, p=0.24) or 

intercept (Multiple regression comparison, F=0.06, p=0.81) of the 2010 and 2014 

regressions (Figure 3.6, 3.7). 
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Table 3.1. Water sampling locations and mean (±SD) seawater parameters for bottom-water sites and surface waters. Asterisk 

denotes sites with live L. pertusa colonies. n=total number of bottom water or surface samples at each site.  

 

 

 

 

Site n 
Depth 

(m) 

Lat. 

(DD) 

Long. 

(DD) 

Salinity 

(psu) 

Temp. 

(°C) 
pHT 

nTA 

(µmol kg-1) 
ΩARAG 

[CO
2
3

-
] 

(µmol kg-1) 

nDIC 

(µmol kg-1) 

AT357 14 1050 27.58 -89.71 34.66±0.37 4.9±0.3 7.93±0.00 2362±37 1.17±0.00 94.6±0.3 2270±2 

DC1 2 2110 28.25 -87.41 34.95±0.00 4.3±0.0 n.d. 2349±11 n.d. n.d. n.d. 

DC673 7 2600 28.01 -87.31 34.95±0.02 4.3±0.0 7.96±0.01 2339±8 1.04±0.07 107.8±1.4 2192±4 

GB535* 10 510 27.69 -92.23 34.73±0.45 8.7±1.0 7.88±0.04 2352±28 1.31±0.15 91.6±1.1 2235±45 

GB903 3 1070 27.42 -93.60 34.20±0.00 4.9±0.0 7.92±0.01 2385±5 1.13±0.01 109.4±3.3 2266±8 

GC140 4 310 27.08 -92.82 35.40±0.05 11.8±0.4 7.90±0.01 2305±7 1.57±0.05 89.7±3.2 2165±12 

GC234* 11 510 27.80 -91.54 34.36±0.05 9.6±0.5 7.84±0.02 2379±5 1.24±0.04 100.8±5.4 2270±8 

GC249 7 1380 27.75 -91.22 34.94±0.10 6.5±1.5 n.d. 2357±6 n.d. n.d. 2227±13 

GC354* 10 540 27.70 -90.65 34.23±0.01 8.3±0.2 7.83±0.02 2379±5 1.15±0.05 83.3±3.4 2280±9 

MC751* 6 460 28.63 -88.17 34.91±0.27 9.4±0.5 7.86±0.03 2372±17 1.29±0.06 92.0±4.7 2259±25 

MC885* 5 640 28.47 -88.23 34.28±0.32 7.2±0.2 7.89±0.02 2383±12 1.24±0.06 91.7±4.1 2268±18 

VK826* 34 480 28.03 -89.73 34.85±0.29 8.9±0.7 7.89±0.05 2344±36 1.37±0.11 98.7±8.7 2243±26 

VK906* 23 400 25.31 -84.82 35.02±0.37 10.1±0.6 7.90±0.03 2332±25 1.44±0.11 102.1±7.7 2204±34 

Surface 39 <25 - - 35.40±1.30 24.9±2.1 8.11±0.04 2352±61 3.88±0.31 245.3±17.7 2008±53 
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Table 3.2. Environmental conditions at L. pertusa benthic sites in the Gulf of Mexico 

measured via vehicle-mounted CTDs. Salinity (psu), temperature (°C), dissolved oxygen 

(D.O.; µmol kg-1), and potential density (σθ; kg m-3) are given as site mean (±SD). Site 

locations and sample sizes are listed in Table 3.1. Depths are approximate. 

Site 
Depth 

(m) 

Temp. 

(°C) 

Salinity 

(psu) 

D.O. 

(µmol kg-1) 

σθ 

(kg m-3) 

GB535 510 8.7±1.0 34.7±0.5 109.2±4.2 27.0±0.30 

GC234 510 9.5±0.5 34.3±0.1 110.9±0.6 26.5±0.04 

GC354 540 8.3±0.2 34.2±0.0 116.8±4.7 26.6±0.02 

MC751 460 9.4±0.5 34.5±0.3 88.1±4.7 26.6±0.28 

MC885 640 7.2±0.2 34.3±0.3 125.2±7.5 26.8±0.29 

VK826 480 8.9±0.7 34.9±0.3 114.5±3.9 27.0±0.31 

VK906 400 10.2±0.6 35.0±0.4 114.4±3.4 27.0±0.28 
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Figure 3.2. Water column profiles of carbonate parameters in the northern Gulf of 

Mexico. A= pHT, B=nTA (µmol kg-1), C= ΩARAG, D=TA:DIC ratio, E=[CO
2
3

-
] (µmol kg-

1), and F=nDIC (µmol kg-1). Dashed line in Panel C indicates the aragonite saturation 

horizon (ΩARAG=1). Solid line in Panel C indicates the exponential depth-decay function 

used to model ΩARAG. 
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Figure 3.3. Cross-sectional profiles of pHT, nTA (µmol kg-1), ΩARAG, and [CO
2
3

-
] (µmol 

kg-1) in the northern Gulf of Mexico. Transect line generally follows deeper, offshore 

sites and is indicated in the bottom panel. Black circles indicate sampling locations. 
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Figure 3.4. Spatial distribution of ΩARAG, nTA (µmol kg-1), pHT, and [CO
2
3

-
] (µmol kg-1) 

in surface waters (panel A) and in the depth range of L. pertusa sites (300-640 m, panel 

B). LA=Louisiana. Note differences in the y-axis scaling. 
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Figure 3.5. Measured surface water TA values against modelled TA values predicted by 

the North Atlantic SST-SSS-TA relationship (Lee et al. 2006). Measured TA values were 

significantly correlated with predicted model values (Linear regression, r2=0.51, 

p<0.001). Colors (green to blue) correspond to the linear distance (km) of sampling 

locations from the outflow of the Mississippi River.  Dashed lines indicate the linear 

regression fit with 95% confidence intervals. Solid line indicates a theoretical 1:1 

relationship between modelled and measured TA values. 
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Figure 3.6. Relationship of measured ΩARAG in the water column to modelled ΩARAG 

values predicted by temperature, pressure, and dissolved oxygen. Modelled ΩARAG was 

determined by the linear relationship: ΩARAG = (0.16794559 * t) + (0.00079128 * p) + 

(0.00401013 * do) - 1.0744794, where t=temperature (°C), p=pressure (dbar), and 

do=dissolved oxygen (µmol kg-1) (Stepwise reverse regression, r2=0.968, df=170, 

p<0.001). Blue triangles and dashed line indicate 2010 data and regression, red circles 

and dashed line indicate 2014 data and regression. The dashed black line indicates a 1:1 

relationship between modelled ΩARAG and measured ΩARAG. There was no significant 

difference between the slope (Multiple regression comparison, F=1.39, p=0.24) or 

intercept (Multiple regression comparison, F=0.06, p=0.81) of the 2010 and 2014 

regressions. 
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Figure 3.7. Relationship of measured ΩARAG in the water column to modelled ΩARAG 

values in the water column as predicted by temperature, pressure, and dissolved oxygen 

(see results). Green diamonds indicate modelled ΩARAG values, orange squares indicate 

measured (actual) ΩARAG values, and the dashed line represents the aragonite saturation 

horizon (ASH).  

 

3.4.3 Benthic sites 

Benthic habitats with live L. pertusa colonies (occurring between 300-640 m 

depth) had a mean pHT of 7.87±0.04, mean nTA of 2253.1±32.1 µmol kg-1, and mean 

ΩARAG of 1.31±0.14 (Table 3.1, Figure 3.2, 3.3, 3.4b). There was low CO
2
3

-
 availability at 

L. pertusa sites, with a mean concentration of 94.4±9.1 µmol kg-1 (Table 3.1, Figure 

3.4b). Bottom-water temperatures measured via vehicle-mounted CTDs had a mean of 

9.1±0.96°C with a wide spatial range of 6.79-11.98°C across sites at different depths 
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(Table 3.2). Year-long temperature probe deployments revealed large temperature 

variations within sites as well (Figure 3.8), with temperatures ranging from 8.6-13.6°C at 

VK862 (310 m), 7.9-11.9°C at VK906 (400 m), and 6.6-9.1°C at GC354 (540 m). 

Salinity ranged from 34.1-35.5 psu with a mean of 34.7±0.4 psu (Table 3.2). The mean 

dissolved oxygen concentration across all L. pertusa sites was 111.3±2.0 µmol kg-1 

(2.53±0.05 ml l-1) (Table 3.2, Figure 3.9). Mean dissolved oxygen at L. pertusa sites 

ranged from a low of 88.1±4.7 µmol kg-1 (2.02±0.01 ml l-1) at MC751 (460 m) to a 

maximum of 125.2±3.4 µmol kg-1 (3.01±0.02 ml l-1) at MC885 (640 m). Potential density 

(sigma-theta, σθ) at L. pertusa sites ranged from 26.5-27.0 kg m-3 with a mean of 

26.9±0.3 kg m-3 (Table 3.2, Figure 3.10). Analysis of temperature-salinity plots revealed 

that L. pertusa sites were most commonly found in the North Atlantic Central Water 

(NACW) mass with some mixing with the Antarctic Intermediate Water (AAIW) mass at 

deeper sites (Figure 3.10). 
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Figure 3.8. Annual temperature (°C) variability at L. pertusa benthic sites in the Gulf of 

Mexico measured using the long-term deployment of temperature loggers. A=GC354 

(540 m), B=VK906 (400 m), C=VK862 (310 m). 
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Figure 3.9. Dissolved oxygen (µmol kg-1) depth profiles for CTD casts over L. pertusa 

sites in the northern Gulf of Mexico. Blue lines indicate data from 2014, green lines 

indicate data from 2013, and red lines indicate data from 2010. Note differences in the y-

axis scale. 
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Figure 3.10. Temperature versus salinity plots of CTD casts over L. pertusa sites. 

SUW=Subtropical Underwater. NACW=North Atlantic Central Water. AAIW=Antarctic 

Intermediate Water. Blue lines indicate data from 2014, green lines indicate data from 

2013, and red lines indicate data from 2010. Grey lines indicate potential density (σθ; kg 

m-3) isopycnals. 
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3.4.4 Total alkalinity and dissolved inorganic carbon anomalies 

Sites with large L. pertusa mound structures (VK826 and VK906) had 

significantly elevated TA compared to off-mound CTD casts at the same depth (Figure 

3.11, 3.12), a pattern not observed at sites with scattered L. pertusa (GB535, MC885, and 

GC354) or deeper sites with no L. pertusa (GB903 and AT357) (Table 3.3, Figure 3.11, 

3.12). At VK826, TA values over the L. pertusa mound had a mean of 2321.3±8.8 µmol 

kg-1, while the modelled TA value at the same depth from an off-mound CTD cast was 

2277.0±13.2 µmol kg-1, yielding a significant ΔTA of +43.6±9.8 µmol kg-1 (Student’s t-

test; t=2.1, df=14, p<0.001). At VK906, the mean TA over the mound was 2309.3±6.4 

µmol kg-1 and the calculated off-mound mean value was 2270.5±10.9 µmol kg-1, yielding 

a significant ΔTA of +38.8±14.8 µmol kg-1 (Student’s t-test; t=2.1, df=16, p<0.001).  The 

highest ΔTA observed at a site without a large L. pertusa mound was +11.1±7.8 µmol kg-

1 at GB535 (Student’s t-test; t=2.1, df=9, p<0.001). TA values measured over GC354, 

AT357, and GB903 were not significantly different from off-site locations (Student’s t-

test, p>0.05), although AT357 had slightly depressed TA values (-0.8±3.5 µmol kg-1). 

Benthic DIC measurements generally followed the same patterns observed for TA (Table 

3.3, Figure 3.11, 3.12), with significant positive DIC anomalies over the coral mounds at 

VK826 (ΔDIC of +34.6±13.9 µmol kg-1; Student’s t-test; t=2.1, df=14, p<0.001) and 

VK906 (ΔDIC of +29.0±15.7 µmol kg-1; Student’s t-test; t=2.0, df=16, p<0.001). Unlike 

the patterns observed for TA, GC354 also had significantly elevated DIC values (ΔDIC 

of +19.5±8.8 µmol kg-1; Student’s t-test; t=2.3, df=9, p<0.001). ΔDIC at GB535 

(+9.1±11.3 µmol kg-1), GB903 (+8.2±6.5 µmol kg-1), and AT357 (1.3±3.1 µmol kg-1) 

was slightly but not significantly higher than off-site locations (Student’s t-test; p>0.05), 
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while MC885 had slightly but not significantly depressed DIC values (ΔDIC of -

3.3±10.9; Student’s t-test; p>0.05). The average ratio of ΔTA:ΔDIC above sites with 

significant anomalies (VK826, VK906, and GC354) was 1.3±0.1.  

 

Table 3.3. Total alkalinity and dissolved inorganic carbon anomalies over cold-water 

coral sites. ΔTA and ΔDIC are calculated as the difference between measured near-

bottom values at each site and off-site values from CTD casts obtained at the same 

depths. The dominant coral assemblage is also listed for each community. Asterisks 

indicate significant ΔTA and ΔDIC values (Student’s t-test; p<0.05). 

Site Coral community 
ΔTA 

(µmol kg-1) 

ΔDIC 

(µmol kg-1) 

AT357 Paramuricea sp. -0.8±3.5 1.3±3.1 

GB535 Scattered L. pertusa 11.1±7.8* 9.1±11.3 

GB903 Paramuricea sp. and Paragorgia regalis 0.4±4.9 8.2±6.5 

GC354 Scattered L. pertusa 1.2±4.6 19.5±8.8* 

MC885 Scattered L. pertusa 1.8±5.2 -3.3±10.9 

VK826 L. pertusa mound 43.6±9.8* 34.6±13.9* 

VK906 L. pertusa mound 38.8±14.8* 29.0±15.7* 
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Figure 3.11.  Total alkalinity (top) and DIC (bottom) anomalies over benthic sites 

containing large L. pertusa mounds, scattered L. pertusa colonies, and sites with no L. 

pertusa. Asterisks indicate a significant difference in the TA (ΔTA) or DIC (ΔDIC) 

measured directly above the site compared to off-site values at the same depth (Student’s 

t-test, α =0.05). Inserts show the theoretical effects of biogeochemical processes on either 

TA or DIC. Error bars indicate standard deviation. 
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Figure 3.12. Total alkalinity anomaly at the VK826 and V906 sites. Circles indicate 

bottom-water samples collected directly over benthic sites, triangles indicate off-reef 

water column samples. Red symbols indicate that samples were collected at the VK906 

site, and blue symbols indicate that samples were collected at the VK826 site. Dashed 

lines indicate the best-fit polynomial curve for each CTD cast. WC = water column 

sample. BW = bottom water sampled collected by vehicle-mounted Niskin bottles. 

 

3.5 Discussion 

Deep-sea ecosystems are widely considered to be among the most vulnerable 

habitats to the effects of climate change (eg. Ramirez-Llodra 2011), making it imperative 

to fully characterize the carbonate system and other oceanographic conditions in the 

vicinity of cold-water coral communities before they are irrevocably disturbed. Here, we 

found that the temperature and dissolved oxygen concentrations at some sites were 

already near the limits of L. pertusa’s niche, as determined by previous laboratory 



103 

 

experiments and modelling studies (eg. Guinotte et al. 2006; Dodds et al. 2007; Lunden 

et al. 2014). In addition, the aragonite saturation state at some of the deeper L. pertusa 

habitats was already approaching undersaturation, and all L. pertusa sites experienced 

low pHT values and the low availability of carbonate ions. This detailed assessment of the 

carbonate chemistry and general oceanographic conditions in the northern Gulf of 

Mexico indicates that the presence of multiple stressors in this deep-water environment 

provides a significant challenge for the persistence of deep-sea coral habitats in future 

oceans.  

Surface-water characteristics were similar to results from the North Atlantic, but 

with clear influences from the MARS discharge. The mean pHT across all surface sites 

(8.11±0.04) was nearly identical to the global mean of 8.11 and the North Atlantic mean 

of 8.12 (Raven et al. 2005). Offshore sites in the vicinity of the MARS had decreased 

pHT values of approximately 8.05 (Figure 3.4a), consistent with the decomposition of 

organic material coupled with high respiration rates in surface waters (Cai 2003). Near 

the MARS outflow, measured nTA (~2450-2500 µmol kg-1) was in the middle of the 

2115-2870 µmol kg-1 range previously measured in the Mississippi River plume (Cai 

2003), and approximately 50-100 µmol kg-1 higher than surface waters outside of the 

plume (Figures 3.3, 3.4a). The MARS discharges relatively high-alkalinity water due to 

the upstream weathering of limestone (Amiotte Suchet et al. 2003), which has increased 

over the past four decades (Cai et al. 2003). The Revelle factor had a mean of 9.05±0.37 

in surface waters, comparable to values measured in surface waters in North Atlantic 

waters, but lower than values in the North Pacific and in high latitude regions (Sabine et 

al. 2004). The mean ratio of TA:DIC in surface waters (1.17±0.02; Figure 3.2d) was a 
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close match with the values reported from transects off the coast of Texas and Louisiana 

(~1.17-1.24; Wang et al. 2013). These values indicate a strong buffering capacity (low 

sensitivity to CO2-induced perturbations of the carbonate system) in surface waters in the 

northern Gulf of Mexico, likely the result of bicarbonate inputs from the MARS, the 

elevated biological uptake of DIC due in part to nutrient loading in the MARS plume 

(Guo et al. 2012), and the input of high-TA water from the MARS as well as from the 

loop current (~2400 µmol kg-1; Wang et al. 2013).  

While the North Atlantic SST-SSS-TA model found in Lee et al. (2006) provided 

a significant fit to our data, the model did a relatively poor job of accurately predicting 

surface TA based on salinity and temperature (Figure 3.5). A recent study by Keul et al. 

(2010) found that Gulf of Mexico TA data fit the Lee et al. (2006) sub-tropical model, 

except in the vicinity of Louisiana coastal waters. Measured TA values were generally 

higher than expected based on model predictions, although there was not a significant 

correlation with distance from the MARS outflow. However, the location of the 

Mississippi River plume and the northern extent of the Loop Current are temporally 

variable, which may have reduced the apparent effects of distance in our analysis 

(Cochrane and Kelly 1986). During 2010-2013 cruises, the Loop Current did not extend 

into our study area in the northern Gulf of Mexico (Figure 3.13), however in 

August/September 2012 and June/July 2013, there was clear eddy formation bordering 

our southern-most study sites, which have strong influences on both surface and deep-

water conditions in the northern Gulf of Mexico (eg. Chang and Oey 2010). In April/May 

2014, the Loop Current, which carries high-alkalinity water (~2400 µmol kg-1; Wang et 

al. 2013), extended into the northern Gulf of Mexico and likely mixed with surface 
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waters in our study region (Figure 3.13). Overall, the results from surface waters show 

the combined influence of the MARS freshwater inputs and the variable penetration of 

the Loop Current into the northern Gulf of Mexico altering the typical North Atlantic 

patterns in the carbonate system.  

 

 

Figure 3.13. Mean sea surface temperature (°C) in the Gulf of Mexico over a seven-day 

period in the middle of each cruise (spanning 2010-2014) with major current vectors 

shown as white arrows. Data and images were obtained from the University of South 

Florida College of Marine Science. (http://optics.marine.usf.edu/). 
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The environmental conditions measured at L. pertusa benthic sites in the present 

study show that, at some sites, L. pertusa is living at the edge of its temperature tolerance. 

Measurements revealed that L. pertusa grows across a large temperature gradient of up to 

5°C across sites, with a difference in mean temperature of approximately 3°C across sites 

(Table 3.2). Long-term temperature probes revealed large annual fluctuations as large as 

5°C within sites, with the most variable temperatures at the shallowest site (VK862; 300-

350 m) which experienced temperatures ranging from 8.6-13.6°C (Figure 3.8). These 

temperatures extended above the range previously reported for L. pertusa sites in the Gulf 

of Mexico at one time (6.8±0.02°C and 11.4±0.6°C between 370-630 m; Quattrini et al. 

2013), and over the course of a year (6.5-11.6°C; Mienis et al. 2012). L. pertusa is 

typically found within a similar temperature range at sites throughout the North Atlantic 

including the Mingulay Reef Complex (8.8-11.0°C; Dodds et al. 2007), the Norwegian 

Sula Ridge (7.3-8.4°C; Roberts et al. 2005), the West Rockall Bank (8.6-9.3°C; Dullo et 

al. 2008), the Norwegian Skagerrak (4.8-8.7°C; Cohen et al. 2006), and the Porcupine 

Seabight (9.2-9.9°C; Dullo et al. 2008), but at slightly higher temperatures in the 

Mediterranean Sea (12-14°C; Freiwald et al. 2009; Orejas et al. 2011) and the 

southeastern United States (periodic spikes of 15°C; Brooke et al. 2013). These 

temperatures are also within the range of conditions under which L. pertusa can survive 

in laboratory experiments (Dodds et al. 2007; Brooke et al. 2013; Lunden et al. 2014a). 

Salinity (34.1-35.5 psu) fell within the relatively wide range reported for L. pertusa in 

other regions such as the North Atlantic (~33-37 ppt; Freiwald 2002), but was slightly 

lower than the range previously known in the Gulf of Mexico (35.0-35.4 psu; Mienis et 

al. 2012).  
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Together, these data indicate that L. pertusa may be periodically subjected to high 

temperatures and low salinities that are near the limits of its niche. In addition, the large 

temperature variability observed within sites during year-long probe deployments may 

indicate the frequent intrusion of neighboring water masses, as has been found at other 

cold-water coral sites (eg. Findlay et al. 2013; Findlay et al. 2014). At the Mingulay Reef 

Complex, semi-diurnal tidal downwelling resulted in temperature fluctuations that were 

accompanied by a 0.1 unit variation in pH over a period of 14 hours (Findlay et al. 2013). 

This suggests that other parameters (most notably pHT and ΩARAG) may vary 

considerably over short time periods at our study sites. Future studies in the Gulf of 

Mexico should investigate this possibility, potentially by using the modelled relationship 

between ΩARAG, pressure, temperature, and dissolved oxygen (Figures 3.6, 3.7; see also 

Findlay et al. 2014) in order to gain better insights into temporal variability based on 

continuously collected CTD data.  

The analysis of temperature-salinity plots (Figure 3.10) revealed that L. pertusa 

habitats most frequently occurred in North Atlantic Central Water (NACW) which 

extended to depths of approximately 500-600 m, with some mixing with the Antarctic 

Intermediate Water (AAIW) at depths below ~500 m. The NACW, characterized by low 

dissolved oxygen concentrations (2.5-3.5 ml l-1), temperatures ranging from 8-19°C, and 

salinities ranging from 35.1-36.7 psu, is one of the most common water masses 

containing extensive L. pertusa habitats (eg. Huvenne et al. 2011; Mienis et al. 2012). 

The AAIW, which typically occurs in the Gulf of Mexico around 600 m and is 

characterized by its salinity minimum of 34.9 psu, is brought into the northern Gulf of 

Mexico by incursions of the Loop Current. At some of the L. pertusa sites in this study 



108 

 

(GC354, MC885, and VK826) we observed AAIW at shallower depths ranging from 

450-635 m, likely the result of the upslope transport of deeper water masses (eg. Mienis 

et al. 2012). The presence of L. pertusa sites at the interface of the NACW and the AAIW 

may provide enhanced food availability at some sites, since food particles have been 

shown to concentrate along sharp pycnoclines (Huvenne et al. 2011). AAIW typically has 

lower than expected ΩARAG values and low carbonate ion concentrations (Wanninkhof et 

al. 2015), although we did not observe localized decreases in ΩARAG or [CO
2
3

-
] 

concentrations over these sites. Potential density at L. pertusa sites (σθ=26.5-27.0 kg m-3) 

was similar to previous studies in the Gulf of Mexico (27.1-27.2 kg m-3; Davies et al. 

2010), but was lower and more variable than has been previously reported for L. pertusa 

habitats along the Celtic and Norwegian shelves (27.4-27.7 kg m-3; Dullo et al. 2008), 

and in Wittard Canyon (27.4-27.8 kg m-3; Huvenne et al. 2011). The lower potential 

density envelope in which the Gulf of Mexico population resides may limit larval 

dispersal to other biogeographic regions and partially explain the genetic isolation that 

has been observed between Gulf of Mexico, southeast US, and North Atlantic L. pertusa 

populations (Morrison et al. 2011; Lunden et al. 2014a).  

Dissolved oxygen concentrations were much lower at Gulf of Mexico L. pertusa 

sites than in cold-water coral habitats in the North Atlantic and elsewhere. L. pertusa 

typically occurred within the oxygen minimum zone (Figure 3.9), with a mean 

concentration of 111.3±2.0 µmol kg-1 (2.53±0.05 ml L-1) at all L. pertusa sites. This 

matches previously measured values for L. pertusa habitats in the Gulf of Mexico (2.6-

3.2 ml l-1; Schroeder 2002; Davies et al. 2010), but is considerably lower than 

concentrations found at L. pertusa reefs in the mid-Norwegian shelf (6.5-6.6 ml l-1; Dullo 
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et al. 2008), the Mingulay Reef Complex (6.1±0.04 ml l-1; Dodds et al. 2007), the 

Porcupine Seabight (3.8-4.7 ml l-1; Dullo et al. 2008), the Swedish Kosterfjord (4.8-6.7 

ml l-1; Wisshak et al. 2005), the West Rockall Bank (4.8-5.2 ml l-1; Dullo et al. 2008), and 

the Mediterranean Sea (3.75-3.84 ml l-1; Freiwald et al. 2009). At all L. pertusa sites in 

our study region, dissolved oxygen fell below the minimum required for the normal 

aerobic functioning of L. pertusa reported for North Atlantic populations (3.26 ml l-1; 

Dodds et al. 2007). However, a recent study on Gulf of Mexico L. pertusa colonies found 

no effects of ambient dissolved oxygen concentrations (2.9±0.2 ml l-1) on survivorship, 

although lower concentrations (1.6±0.3 ml l-1) induced 100% mortality (Lunden et al. 

2014a). More work on the physiology of Gulf of Mexico corals is needed to assess the 

exact concentration where low-oxygen conditions impair basic biological functions in the 

Gulf of Mexico population, but it is apparent that these populations are existing at the 

limits of their niche in terms of dissolved oxygen as well as temperature.  

There have been relatively few assessments of the carbonate chemistry above 

cold-water coral reefs, a crucial first step in predicting how ocean acidification will affect 

these communities. In the present study, the mean ΩARAG at L. pertusa sites was 

1.31±0.14, with a low of 1.06 at GC354 (530 m). Therefore, L. pertusa in the Gulf of 

Mexico already persists extremely close to the aragonite saturation horizon, much lower 

than the saturation states typically found at tropical coral reefs (typical ΩARAG of 3-4; 

Hoegh-Guldberg et al. 2007), and still well below the lowest ΩARAG (2.27) ever measured 

at a healthy shallow-water tropical reef (Manzello 2010). L. pertusa reefs in the North 

Atlantic also persist at relatively low aragonite saturation states, with measured ΩARAG 

values between 1.39 at the Oslofjord (Form and Riebesell 2012), 1.89 in the Norweigen 
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Skagerrak (Maier et al. 2009), 2.09 at the Mingulay Reef Complex (Hennige et al. 2014), 

and 1.74 at the Sula Reef (Form and Riebesell 2012). In addition, Findlay et al. (2014) 

measured a relatively wide range in ΩARAG at cold-water coral sites across the northeast 

Atlantic ranging from 1.35-2.44, and also found that pH and pCO2 vary considerably 

during the day due to surface-water incursions caused by tidal downwelling (see also 

Findlay et al. 2013). In the Mediterranean Sea, L. pertusa grows under slightly higher 

aragonite saturation states ranging from 2.6-2.7 in the Lacaze-Duthiers canyon, 3.0 in the 

Gulf of Cassidaigne, and 2.8 in the straits of Sicily, due largely to the elevated 

temperatures and high alkalinity (approximately 2600 µmol kg-1) in this region (Maier et 

al. 2012). The TA:DIC ratio generally reached a minimum in the depth range of L. 

pertusa, indicating a reduced buffering capacity which may render L. pertusa habitats 

more sensitive to CO2 perturbations than previously thought. This may prove especially 

true in areas where hydrodynamic conditions result in the rapid transport of surface 

waters and anthropogenic CO2 to cold-water coral habitats (see Findlay et al. 2013).  

The biological challenges posed by chronically low saturation states, low pH, and 

lack of carbonate ion availability in conjunction with relatively high temperatures and 

low dissolved oxygen levels may partially limit the distribution and growth of L. pertusa 

in the Gulf of Mexico. While L. pertusa commonly forms large, dense reef structures in 

other regions, such as the Irish margin (Kenyon et al. 2003), the Norwegian Skagerrak 

(Lavaleye et al. 2009), and Scotland (eg. Mingulay Reef Complex; Roberts et al. 2005), it 

typically grows as smaller, sparser thickets in the Gulf of Mexico (eg. Cordes et al. 

2008). The large mound structures at VK826 and VK906 are a notable exception to this 

trend. Experimental work from the Gulf of Mexico has demonstrated a significant 
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decrease in net calcification under reduced pH conditions (Lunden et al. 2014). However, 

an increasing number of studies have found that L. pertusa in the North Atlantic and 

Mediterranean Sea is surprisingly physiologically resilient to lower pH (eg. Form and 

Riebesell 2012; Maier et al. 2013ab; Hennige et al. 2014), explained in part by the ability 

of cold-water corals to effectively regulate the pH of their internal calcifying fluid 

(McCulloch et al. 2012; Wall et al. 2015). More work is needed to determine how current 

carbonate conditions limit the growth and distribution of biogeographically separate L. 

pertusa populations, and to assess how resilient different populations may be to future 

ocean acidification.   

The locally elevated TA and DIC measurements over the VK mounds may 

partially explain the development and maintenance of the large mound structures at these 

sites despite relatively low saturation states. TA over the VK826 and VK906 mounds was 

considerably higher (+39-44 µmol kg-1) than off-mound values, indicating that mound 

structures strongly influence local carbonate chemistry conditions. It is well known that 

corals affect the chemistry of surrounding seawater via organic and inorganic metabolic 

processes including calcification, respiration, and acid-base regulation (Smith 1973). 

Generally, large reefs reduce total alkalinity in the surrounding seawater as a function of 

the calcification process. Over long time periods, cold-water coral mounds sequester 

considerable amounts of carbon as calcium carbonate (Wheeler et al. 2007), removing up 

to 188 g m-2 yr-1 of carbon from the water column (Lindberg and Mienert 2005). 

However, the growth rate of L. pertusa is extremely slow, (5-34 mm yr-1; see Roberts et 

al. 2009), and may be at the lower end of this range in the Gulf of Mexico (Brooke and 

Young 2009), reducing the ability of calcification to affect total alkalinity. In addition, 
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these processes would result in a local decrease in alkalinity, contrary to the positive 

anomalies shown here. Local increases in alkalinity and other carbonate parameters have 

been documented directly above shallow-water coral reefs, but are spatially and 

temporally variable (Teneva et al. 2013) and have generally been attributed to a switch to 

net autotrophy (eg. Bates et al. 2010; Manzello et al. 2012). Given the lack of 

photosynthesis in the deep sea, it is likely that the effect observed here was instead 

caused by the dissolution and subsequent remineralization of dead L. pertusa skeletons in 

the interior of mound structures, resulting in the upwelling of high-alkalinity seawater 

through the mound.  

Local increases in alkalinity have been previously measured over deep-water 

carbonate mounds in the northeast Atlantic, and were speculated to originate from either 

the carbonate mound structure itself or from infringing, high-alkalinity water masses 

(Findlay et al. 2014). As the release of carbonate ions during the dissolution process 

would increase alkalinity and DIC in a 2:1 ratio (Andersson et al. 2007), skeletal 

dissolution would also explain the mirrored increase in DIC at sites with positive 

alkalinity anomalies (VK826, VK906, and GB535; Table 3.3). However, the observed 

TA:DIC ratio of the anomalies (1.3:1) was below the expected ratio of 2:1, and DIC was 

significantly elevated at GC354 which did not have a significant alkalinity anomaly and 

contains scattered L. pertusa thickets rather than large mound structures. This ratio could 

be affected by the high community respiration rates that have been documented on cold-

water coral mounds in other regions (as high as 57.3 mmol C m-2 d-1; van Oevelen et al. 

2009). The increased DIC production resulting from the high biomass of corals and 

associated species, coupled with the aerobic degradation of organic matter trapped within 
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L. pertusa reef structures, may explain the lower than expected DIC anomalies over 

mound structures.  

 It is possible that seep activity also contributes to the elevated alkalinity observed 

above L. pertusa mounds. Active and dormant cold seeps are common in the Gulf of Mexico 

due to the formation of subterraneous faults by salt tectonics which allow for the upward 

migration of hydrocarbons (MacDonald et al. 1989; Cordes et al. 2009). Seep fluids are 

processed by microorganisms in a coupled sulfate-reduction and methane-oxidation reaction:  

 

CH4 + SO4
2-  HCO3

- + HS- + H20  

 

which increases total alkalinity and DIC (Boetius et al. 2000). At many benthic sites in the Gulf 

of Mexico, this process precipitates authigenic carbonates (Luff and Wallmann 2003) which 

often serve as crucial substrata for recruiting cold-water coral larvae (Freiwald et al. 1999; 

Georgian et al. 2014). Within a cold-water coral mound however, the diffusion of DIC in 

sediments restricts the ability of calcium carbonate to abiogenically precipitate (Maignien et al. 

2011), and therefore the upward export of high-alkalinity seawater is favored. Both the VK826 

and VK906 sites have evidence of active or historical seepage (Cordes et al. 2006; Cordes et al. 

2008; Desanti 2012), potentially providing enough seepage fluid to significantly elevate the 

alkalinity of mound pore water. A recent study on a cold-water mound with underlying seep 

activity revealed that the methane oxidation process contributed a significant amount (up 

to 42%) of the DIC found in mound cores (Maignien et al. 2011). This mechanism may be 

acting in concert with the dissolution of carbonate skeleton to locally elevate total alkalinity 

compared to off-mound locations.  
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While the mechanism remains uncertain, our results indicate that the apparent ability of 

L. pertusa mounds to locally elevate total alkalinity may provide cold-water corals and 

associated organisms some refuge from future ocean acidification. These data should be 

interpreted with caution however, as these observations were made using a limited number 

of samples within a limited time-frame and more data are needed to confirm our results 

and uncover the underlying processes. If carbonate dissolution is the primary mechanism, 

there are considerable implications for cold-water coral reefs in future oceans. The 

dissolution process may significantly undermine the structural integrity of mounds over 

time, as recent experimental work found that dissolution affected dead L. pertusa 

skeletons on a physical and molecular level, rendering them considerably weaker 

(Hennige et al. 2015). In contrast, the increase in alkalinity over living corals at the top of 

the mound results in more favorable conditions for calcification, and may partially 

explain the existence of such extensive mound growth at Gulf of Mexico sites so close to 

the aragonite saturation horizon. Dissolution of mounds may even create a positive-

feedback loop with future ocean acidification, as increasingly acidic seawater will 

increase the dissolution rate and further slow the reduction of ΩARAG over living L. 

pertusa colonies. More data is needed to determine whether dissolution rates will erode 

carbonate mounds faster than new carbonate material can be accreted via calcification. 

However, it remains possible that this process will serve to alleviate one of the major 

stressors in the future ocean, and allow some L. pertusa populations to persist as our 

global climate and oceans continue to change.  

Significant changes to the biogeochemistry of the deep-sea wrought by climate 

change (IPCC 2013) will likely impede the ability of cold-water coral communities to 
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persist in future oceans. Cold-water coral habitats in the Gulf of Mexico will be 

especially susceptible to climate-induced changes because these ecosystems are currently 

growing near their biological limits with respect to temperature, dissolved oxygen, and 

carbonate parameters. L. pertusa already experiences high temperatures near or even 

exceeding those found to inhibit survival in experimental conditions (Lunden et al. 

2014a). In addition, these corals currently persist under low dissolved oxygen conditions, 

and further decreases will likely impair their basic biological functioning (Dodds et al. 

2007; Lunden et al. 2014a). Finally, over 70% of known scleractinian cold-water coral 

habitats are predicted to be undersaturated by the year 2100 (Guinotte et al. 2006; Cao et 

al. 2014), with numerous lines of experimental evidence suggesting that L. pertusa and 

other cold-water corals may be severely physiologically challenged in acidified 

conditions (Maier et al. 2009; Lunden et al. 2014a; but see Form and Riebesell 2012). 

Ocean acidification is already reducing ΩARAG in other deep-sea regions, with measured 

decreases of 0.005 to 0.025 units per year in the South Pacific (<400 dbar; Murata et al. 

2015), between 0.0021 and 0.0048 units per year in the North Atlantic (300-600 m; 

González-Dávila et al. 2010), and 0.034 units per year in the Pacific Ocean (200-300 

dbar; Murata and Saito 2012). Similar reductions in the deep Gulf of Mexico would result 

in the undersaturation of L. pertusa habitats within just a few decades, making it 

imperative to better understand the carbonate dynamics over these vulnerable 

communities.  
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CHAPTER 4 

BIOGEOGRAPHIC VARIABILITY IN THE PHYSIOLOGICAL RESPONSE OF 

THE COLD-WATER CORAL LOPHELIA PERTUSA 

TO OCEAN ACIDIFICATION 

 

4.1 Abstract 

 While ocean acidification is a global issue, the severity of ecosystem effects is 

likely to vary considerably at regional scales. The lack of understanding of how 

biogeographically separated populations will respond to acidification hampers our ability 

to predict the future of vital marine ecosystems. Cold-water corals are important drivers 

of biodiversity in ocean basins across the world and are considered one of the most 

vulnerable ecosystems to ocean acidification. I tested the short-term physiological 

response of the cold-water coral Lophelia pertusa to three pH treatments (pH=7.9, 7.75, 

and 7.6) for Gulf of Mexico (USA) and Tisler Reef (Norway) populations, and found that 

reductions in seawater pH elicited contrasting responses. Gulf of Mexico corals exhibited 

reductions in net calcification, respiration, and prey capture rates with decreasing pH. In 

contrast, Tisler Reef corals showed only slight reductions in net calcification rates under 

decreased pH conditions while significantly elevating respiration and capture rates. These 

differences are likely the result of environmental differences (depth, pH, food supply) 

between the two regions, invoking the potential for local adaptation or acclimatization to 

alter the response to global change. However, it is also possible that variations in the 

methodology used in the experiments contributed to the observed differences. Regardless, 

these results provide insights into the resilience of L. pertusa to ocean acidification as 



117 

 

well as the potential influence of regional differences on the viability of species in future 

oceans. 

 

4.2 Introduction 

The ability of marine organisms to persist and provide ecosystem services may be 

severely reduced in the future due to ocean acidification, the gradual decrease in pH and 

perturbation of the carbonate system of the world’s oceans as a consequence of 

increasing atmospheric CO2 (IPCC 2013; Wittmann and Pörtner 2013). These changes 

critically threaten ecosystem function in a wide variety of biomes including coral reefs, 

coastal systems, the open ocean, polar regions, and the deep sea (reviewed in Hofmann et 

al. 2010). While most published studies have focused on the physiological effects elicited 

by exposure to decreased pH (Riebesell and Gattuso 2015), the potential of local 

adaptation to modulate the effects of ocean acidification has received less attention 

(Sunday et al. 2011). Studies that have directly compared the responses of multiple 

populations to acidification have revealed remarkable plasticity, suggesting that regional 

variability may play an important role in determining the fate of marine organisms in 

future oceans (eg. Langer et al. 2009; Parker et al. 2011; Pistevos et al. 2011; Sunday et 

al. 2011; Pancic et al. 2015).  

The deep sea alone stores 25% of anthropogenic carbon (Canadell et al. 2007; 

Sabine and Feely 2007), providing a crucial buffering capacity that may mitigate the 

immediate effects of climate change in surface waters but ultimately places all deep-sea 

ecosystems at risk. The same adaptations that allow organisms to be successful in the 

cold and generally food-limited deep-sea environment (for example, slower metabolism, 
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slower growth, lower protein content, and lower enzyme levels; Drazen and Seibel 2007; 

Seibel and Drazen 2007), may partially impair their ability to physiologically compensate 

for rapid changes in pH (Seibel and Walsh 2003; Melzner et al. 2009). Among the most 

vulnerable groups in the deep sea are cold-water corals, organisms that already survive 

and calcify at low pH and saturation states (Davies and Guinotte 2011; Thresher et al. 

2011; Lunden et al. 2013; Georgian et al. 2016). Cold-water corals support high levels of 

biodiversity by creating complex three-dimensional habitat and providing essential 

ecosystem services such as carbon sequestration and nutrient cycling (Wild et al. 2004; 

van Oevelen et al. 2009). As benthic waters become increasingly acidified, cold-water 

coral communities could be lost in the coming decades, in many cases before they have 

been discovered.  

There is evidence to suggest that the physiological mechanisms underlying the 

calcification pathway in cold-water corals may provide some resilience to ocean 

acidification. Cold-water corals actively elevate the pH of their internal calcifying fluid 

by as much as 1.0 pH unit higher than external seawater, approximately double the 

increase observed in shallow-water corals (McCulloch et al. 2012). This plausibly 

represents an evolutionary strategy to counter the chronically low carbonate saturation 

state in deep-sea environments, and may serve as an indication that cold-water corals 

could be resilient to future acidification (McCulloch et al. 2012). However, there are only 

a few isolated observations of cold-water corals at or near the saturation horizon in situ, 

and most of these are of solitary corals, suggesting that undersaturated, low pH 

conditions are not suitable for framework formation. Therefore, it is imperative to 

experimentally quantify both calcification and the metabolic response of cold-water 
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corals to low pH and saturation states in order to evaluate their future in an increasingly 

acidified ocean.  

Only a small number of ocean acidification experimental studies have been 

conducted on cold-water corals to date, and the results have been both highly variable 

and contrasting. Most notably, a six-month study found that net calcification rates in the 

cold-water coral Lophelia pertusa linearly increased with elevated pCO2 values as high as 

982 µatm (corresponding to a pH of 7.75), although calcification occurred at low levels 

in all treatments (Form and Riebesell 2012). There was no change in calcification rates 

between ambient (445 µatm) and projected (867 µatm) pCO2 treatments in short-term 

shipboard experiments on Madrepora oculata (Maier et al. 2012). Similarly, Hennige et 

al. (2014) found no change in calcification in L. pertusa growth in acidified conditions as 

high as 750 ppm (pH of approximately 7.77), but documented a significant decline in 

respiration over a 21-day period. In contrast, a recent three-month study on both L. 

pertusa and M. oculata found no significant change in either respiration or calcification 

rates even with CO2 concentrations as high as 1000 ppm (pH of approximately 7.73; 

Maier et al. 2013ab). Calcification, skeletal density, and energy reserves in 

Dendrophyllia cornigera did not change significantly during a 314-day acidification 

experiment with pH values as low as 7.81; however, in the same study, Desmophyllim 

dianthus exhibited a significant, 70% reduction in calcification (Movilla et al. 2014). 

Finally, two short-term experiments demonstrated that L. pertusa had considerably 

reduced calcification under reduced pH values of 7.75 (Maier et al. 2009) and 7.6 

(Lunden et al. 2014a). Therefore, while individual studies have provided important 

insights into the possible response of cold-water corals, the large variability among and 
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within studies renders the potential resilience of cold-water corals to expected levels of 

acidification uncertain at best.  

It is possible that discrepancies in the observed response of cold-water corals to 

acidification have been caused in part by natural variation among the studied populations. 

Cold-water corals are found in a variety of habitats in every ocean basin (Guinotte et al. 

2006; Davies et al. 2008) with limited gene flow among regions (Le Goff-Vitry et al. 

2004; Morrison et al. 2011; Lunden et al. 2014a). Therefore, biogeographically separated 

populations may exhibit highly variable responses to acidification due to local adaptation 

or acclimation to different pH regimes. In the present study, we tested how near-future 

levels of ocean acidification affected the net calcification, respiration, and capture rates of 

biogeographically and genetically distinct L. pertusa populations from the Gulf of 

Mexico and the Tisler Reef (Norwegian Skagerrak). Ultimately, these data are an 

important first-step in understanding natural variation at the regional scale, and highlight 

the importance of considering the role of biogeography when assessing the effects of 

global change on wide-ranging species. 

 

4.3 Materials and Methods 

4.3.1 Site description and sample collections - Gulf of Mexico 

Corals were collected in June 2013 onboard the E/V Nautilus using the remotely 

operated vehicle (ROV) Hercules at the Viosca Knoll 826 (VK826) lease block in the 

northern Gulf of Mexico (Figure 4.1ab). The VK826 site contains the largest continuous 

cold-water coral habitat yet discovered in the Gulf of Mexico (Schroeder 2002; Cordes et 



121 

 

al. 2008). The site is characterized by a large carbonate mound approximately 500 m in 

diameter (Davies et al. 2010) as well as a series of smaller mounds on the order of tens of 

meters across (Georgian et al. 2014), both containing a high density of living L. pertusa 

thickets. A diverse fauna of octocorals, black corals, fish, and associated invertebrate 

species utilize the L. pertusa reef structure as habitat at the site (Cordes et al. 2008; 

Lessard-Pilon et al. 2010). Water samples collected by ROV directly over the reef 

revealed that pHT ranged from 7.89-8.03, salinity-normalized total alkalinity ranged from 

2288.7-2334.7 µmol kg-1, and ΩARAG ranged from 1.33-1.69 (Table 4.1; Lunden et al. 

2013). Water temperature varies considerably throughout the year, with values as low as 

6.5°C in winter months, and as high as 11.6°C in the summer (Mienis et al. 2012). 

Dissolved oxygen concentrations at the site are extremely low compared to other L. 

pertusa habitats, ranging between 2.6-3.2 ml L-1, but are consistent with values for other 

Gulf of Mexico benthic habitats (Schroeder 2002; Davies et al. 2008). The site 

experiences relatively strong current flows averaging 8 cm s-1, with peak currents as high 

as 38 cm s-1 (Mienis et al. 2012). 

Corals were sampled within a depth range of 450-500 m from visually distinct 

colonies separated by at least 20-30 m to avoid sampling identical genotypes (sensu 

Lunden et al. 2014a) and returned to the surface in a temperature-insulated “biobox”. 

After collection, corals were transferred to Temple University (Philadelphia, PA) and 

housed in a 550 L maintenance aquarium system as described in Lunden et al. (2014b) 

for approximately seven months prior to experimentation.        
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Figure 4.1. Map of study sites and sample collections. A) Location of the VK826 site 

within the Gulf of Mexico. B) Multibeam bathymetry of the VK826 site with sampling 

locations indicated by black circles. C) Location of Tisler Reef in the Skagerrak, Norway. 

D) Multibeam bathymetry of Tisler Reef (Lavaleye et al. 2009) with sampling locations 

indicated by black circles. 

 

4.3.2 Experimental design - Gulf of Mexico 

 One experimental tank (60 L) was established for each of the following target 

treatments: in situ (pHT 7.9), slightly acidified (pHT 7.75), and highly acidified (pHT 7.6). 

Actual pHT and ΩARAG closely matched target conditions (Table 4.1), and were 

significantly different among treatments (ANOVA with Holm-Sidak posthoc tests, 

p<0.001). Treatments were randomly assigned to a tank, and corals were then randomly 
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assigned to treatments. Temperature (average of 8.1±0.2°C), salinity (average of 

35.1±0.04 psu), dissolved oxygen (average of 6.4±0.1 ml L-1), and total alkalinity 

(average of 2328±23 µmol kg-1) did not differ significantly across treatments (Table 4.1; 

Kruskal-Wallis ANOVA, p>0.05). Temperature was measured once every five minutes 

using Hobo temperature loggers (Onset UA-001-64), salinity was measured daily using a 

handheld refractometer, and dissolved oxygen was measured twice weekly using a 

Strathkelvin 782 dual oxygen meter and SI130 microcathode electrode. Corals were fed 

MarineSnow® three times per week (0.25 ml Marine Snow L seawater-1) but were 

starved for 24 hours prior to the measurement of physiological rates. Total alkalinity was 

adjusted to approximately 2300 µmol kg-1 to match in situ conditions by addition of 12 N 

HCl to seawater made using the Instant Ocean® salt mix. Total alkalinity was measured 

three times per week by acid titration on a Mettler-Toledo DL15 autotitrator and checked 

against certified reference material (Dickson Lab, Batch 134). pHT was adjusted using 

American Marine Pinpoint pH Controllers, which automatically bubble either gaseous 

CO2 or ambient air to lower or raise pH, respectively. Each pH system was calibrated 

weekly on the total scale with standard Tris-HCl and AMP buffers. The aragonite 

saturation state was calculated from pHT, total alkalinity, temperature, and salinity using 

CO2SYS software (Pierrot et al. 2006). Partial water changes (4 L) were performed 

weekly.   

 Experiments for the Gulf of Mexico population began in February 2014. Nine 

colonies consisting of between 5 and 15 live polyps (average of 10.8±3.2 polyps) were 

used per treatment. After the colonies were moved to the experimental tanks, pHT was 

slowly decreased to the target level for each treatment over a period of 48 hours. Prior to 
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experimental measurements, corals were acclimated to treatment conditions for one 

week. After the acclimation period, respiration, feeding, and buoyant weight were 

measured as described below at the start and end of a two-week experimental period.  

 

Table 4.1. In situ and experimental seawater carbonate parameters. Experimental 

measurements are given as the 14-day experimental average (±SD), with pH measured 

daily on the total scale (pHT) and total alkalinity (TA, µmol kg-1) measured twice weekly. 

Aragonite saturation state (ΩARAG) and pCO2 (µatm) values were calculated in CO2SYS. 

Gulf of Mexico in situ measurements are averages for the VK826 site (Lunden et al. 

2013). Tisler Reef in situ measurements are from a neighboring L. pertusa reef in the 

Skagerrak, Norway (Maier et al. 2009). 

 

4.3.3 Physiology measurements - Gulf of Mexico 

 Net calcification was assessed using the buoyant weighing technique (Jokiel et al. 

1978; Davies 1989), which has been successfully used in numerous growth studies for 

both shallow (Anthony et al. 2008; Dove et al. 2013) and deep-water (Orejas et al. 2011; 

Form and Riebesell 2012; Larsson et al. 2013; Lunden et al. 2014a) corals. The buoyant 

weight of each colony was obtained at the start and end of the two-week experimental 

Treatment 

 Gulf of Mexico  Tisler Reef 

Target 

pH pHT TA ΩARAG pCO2 

 

pHT TA ΩARAG pCO2 

In situ - 7.93 2,313 1.43 505  8.06 2,313 1.89 383 

Control 7.90 7.92 

(±0.03) 

2,333 

(±16) 

1.51 

(±0.10) 

552 

(±42) 

 7.91 

(±0.03) 

2,312 

(±21) 

1.38 

(±0.08) 

579 

(±41) 

Low pH 7.75 7.76 

(±0.03) 

2,334 

(±17) 

1.07 

(±0.07) 

831 

(±54) 

 7.76 

(±0.03) 

2,312 

(±29) 

1.00 

(±0.05) 

845 

(±61) 

Very low 

pH 

7.60 7.62 

(±0.03) 

2,331 

(±15) 

0.80 

(±0.05) 

1165 

(±76) 

 7.60 

(±0.04) 

2,309 

(±26) 

0.74 

(±0.07) 

1208 

(±132) 
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period by weighing fragments submerged in seawater and attached by a hook to an 

analytical balance (Denver Instrument, precision of 0.1 mg). Buoyant weights were 

converted to dry weights in air using the density of the skeleton and of the seawater. A 

correction for the contribution of tissue to buoyant weights (following Davies 1989) was 

applied to obtain the dry weight of the skeleton alone. Net calcification was then 

calculated as the change in skeletal dry weight over the two-week experimental period, 

expressed as % starting weight day-1.  

 The respiration rate of each colony was measured as oxygen consumption in an 

800 ml closed acrylic chamber during hour-long incubations. Dissolved oxygen 

concentrations were measured in µmol L-1 using a Strathkelvin 782 dual oxygen meter 

and SI130 microcathode electrode. The electrode was calibrated at the experimental 

temperature with a dual point calibration using 100% air-saturated water and a 

deoxygenated sodium sulfite solution. Temperature was controlled by submerging the 

chamber in a water bath, and a Hobo temperature logger (Onset UA-001-64) was 

mounted inside the chamber to monitor for temperature changes during incubations, 

which never exceeded 8±0.2°C. Incubations were conducted with seawater from 

experimental aquaria so that the starting pH matched treatment conditions. Circulation 

within the chamber was obtained using a magnetic stir plate set at a stir speed of 

approximately 80 rpm. This generated sufficient flow to prevent oxygen depletion at the 

electrode tip, and also appeared to elicit a more natural polyp behavior. Microbial 

respiration (0.6±0.08 µmol O2 L-1 h-1, n=12) was accounted for by measuring empty 

chambers and was subtracted from live coral measurements. Corals were allowed to 

acclimate to conditions in the chamber for half an hour prior to measurements, and 
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oxygen saturation never fell below 90% during incubations. At the end of the experiment, 

each colony was dried at 60°C until reaching a constant mass (48-96 hours), placed in a 

muffler furnace at 450°C for 4 hours to combust all organic matter, and reweighed to 

calculate the ash-free dry mass (AFDM) of each colony. 

 The feeding rate of each colony was measured as the capture rate of adult Artemia 

salina during a one-hour period in 0.8 L incubation chambers containing a starting prey 

density of 125 Artemia L-1. Artemia stocks were fed cultured algae after hatching until 

reaching maturity (3-6 weeks) and had an average length of 3.54±0.9 mm during both 

experiments. Circulation was provided using a magnetic stir plate (stir speed of 

approximately 80 rpm). This provided sufficient flow to provide a constant flow of prey 

items past each L. pertusa polyp (visual observation). Incubations were conducted with 

seawater from experimental aquaria so that the starting pH matched treatment conditions. 

Coral colonies were allowed to acclimate to the incubation chamber for 30 minutes prior 

to the addition of prey items. Capture rate was standardized to polyp number and reported 

as Artemia polyp-1 h-1. 

 

4.3.7 Site description and sample collections - Tisler Reef 

 L. pertusa colonies were collected in January 2014 from the Tisler Reef in the 

Norwegian Skagerrak (Figure 4.1cd). The Tisler Reef is a relatively shallow (70-155 m) 

cold-water coral reef composed of living L. pertusa colonies as well as extensive dead 

skeletal structures (Lavaleye et al. 2009). It covers an area of approximately 240 km2, 

making it one of the largest inshore cold-water coral reefs. Following the discovery of the 
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reef in 2002 and the documentation of extensive pre-existing damage from bottom 

trawling, the reef was protected in 2003 by Norwegian fishery regulations (Lundälv and 

Jonsson 2003; Fosså and Skjoldal 2010). The reef experiences strong currents up to 50 

cm s-1, with tidally influenced downwelling providing the bulk of nutrition to the reef 

(Wagner et al. 2011). Water temperature typically fluctuates between 6 and 9°C 

(Lavaleye et al. 2009). While the carbonate chemistry directly above the reef has not been 

measured, a neighboring L. pertusa reef at the same depth within the Norwegian 

Skagerrak had a pHT of 8.06, total alkalinity of 2,313 μmol kg-1, and a ΩARAG of 1.89 

(Table 4.1; Maier et al. 2009).  

All required permits were obtained from the Norwegian Fisheries Directorate 

prior to collection. Corals of the white color morph were collected from discrete colonies 

at a depth of approximately 100 m using the R/V Nereus and ROV Sperre SUB-Fighter 

7500, and transported to the Sven Lovén Centre for Marine Sciences (University of 

Gothenburg) at Tjärnö. Corals were maintained in flow-through aquaria with sand-

filtered water (32-35 psu and 8°C) with water intake from 45 m depth. In June 2014, 

corals were moved to the Sven Lovén Centre facility at Kristineberg and maintained in a 

40 L flow-through aquarium (32-35 psu and 8°C) with water intake from 32 meters. 

Corals were allowed to acclimate to the conditions at the Kristineberg facility for one 

month prior the start of the experiment. The experiment for the Tisler Reef population 

began in August 2014.  

 

 

 

http://www.loven.gu.se/english/stations/tjarno
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4.3.8 Experimental design - Tisler Reef  

 While we attempted to minimize methodological differences between the Gulf of 

Mexico and Tisler Reef experiments, some modifications (described below) were 

necessary due to the available facilities and equipment, as well as differences in the L. 

pertusa colonies themselves. Corals were randomly assigned to 20 L experimental flow-

through aquaria at the Kristineberg facility with an average flow rate of 1.5±0.2 L min-1. 

Two replicate aquaria were established for each treatment, each containing four coral 

colonies (n=8 per treatment). pH was controlled to within ±0.05 of the target treatment in 

each experimental aquaria using the AquaMedic pH computer (Bissendorf, Germany) via 

the direct injection of gaseous CO2. pH was measured daily on the total scale on filtered 

water samples (0.45 micron acetate syringe filter) using a Metrohm (827 pH lab) 

electrode calibrated using standard Tris-HCl and AMP-HCl buffers (Unité 

d’Océanographie Chimique, Université de Liège, Belgium). Total alkalinity was 

measured twice weekly on filtered water samples (0.45 micron acetate syringe filter) by 

acid titration on a Titroline Alpha Plus titrator (SI Analytics). pHT and ΩARAG were 

statistically indistinguishable between replicate tanks (Kruskal-Wallis ANOVA, p>0.05) 

but statistically distinct among all treatments (Kruskal-Wallis ANOVA with SNK 

posthoc, p<0.001). Temperature averaged 7.9±0.07°C across all treatments, and was not 

statistically different in any treatment (Kruskal-Wallis ANOVA, p>0.9). It was not 

possible to control salinity (average of 33.3±0.4 psu), which was slightly lower than in 

the Gulf of Mexico experiment, but was statistically identical across treatments (Kruskal-

Wallis ANOVA, p>0.9). Dissolved oxygen was also slightly lower than in the Gulf of 

Mexico experiment, averaging 5.71±0.3 ml L-1, but was identical across treatments 



129 

 

(Kruskal-Wallis ANOVA, p>0.9). Total alkalinity averaged 2310±24 µmol kg-1, and was 

not statistically different across treatments (Kruskal-Wallis ANOVA, p=0.813). Because 

total alkalinity was within the normal range for L. pertusa at this site, it was not altered in 

the experimental aquaria.  

  

4.3.9 Physiological measurements - Tisler Reef 

 Measurements of the capture rate were conducted for each coral colony as 

described above. Respiration trials were conducted for each coral colony as described 

above; however, due to the smaller size of the colonies (average size of 5.5±1.5 polyps 

compared to an average of 10.8±3.2 polyps in the Gulf of Mexico experiment), a smaller 

chamber (400 ml) was used for incubations. Microbial respiration was accounted for by 

measuring oxygen consumption in an empty chamber, but was consistently negligible at 

0.98±0.18 SD µmol O2 L-1 hr-1 (n=16). Net calcification was measured using the total 

alkalinity anomaly (Smith and Key 1975; Ohde and Hossain 2004) rather than buoyant 

weighing, because in preliminary trials, small colonies (such as those available from the 

Tisler Reef) were prone to considerably more error using the buoyant weighing method 

(data not shown). Corals were individually placed in closed glass chambers (220 ml) in a 

water bath that maintained temperature to 8.0±0.2°C during all trials. To avoid hypoxia 

or the severe reductions of pH during incubations, ambient air was continuously bubbled 

into the chambers at a slow rate (1-2 bubbles s-1). This also provided adequate circulation 

within the chamber. A 60 ml water sample was collected by syringe before and after the 

incubation period, and measured for total alkalinity in duplicate as described above. In 
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addition, three seawater-only chambers were measured along with each treatment group 

to account for microbial activity. Changes in alkalinity within the control chambers were 

subtracted from the results from the chambers with corals. Net calcification was then 

calculated as µmol CaCO3 gTW-1 h-1 using the following formula: Calcification = 0.5 * V 

* [(ΔTAF) - (ΔTAC)] / T * TW, where V is the volume of seawater in liters, ΔTAF is the 

average change in total alkalinity during the incubation of each fragment, ΔTAC is the 

average change in total alkalinity during the control incubations, T is the incubation time 

in hours, and TW is the final tissue weight of each fragment in grams. To allow for 

comparison to other studies, we then calculated net calcification as % starting weight day-

1. While the excretion of nutrients can introduce error into this method, we did not 

account for them here because previous studies describe their influence as negligible 

(Maier et al. 2012; Hennige et al. 2014).     

 

4.3.10 Statistical Analysis 

 The water chemistry parameters of experimental aquaria were compared 

separately for the Tisler Reef and Gulf of Mexico experiments using a one-way ANOVA 

with Holm-Sidak post-hoc tests if the data were normally distributed with equal 

variances. Otherwise, we used a Kruskal-Wallis ANOVA with Student-Newman-Keuls 

post-hoc tests. Following a model selection process using Akaike Information Criterion 

(AIC) to select the best model type, linear regressions were used to assess the relationship 

between each physiological rate and pH. Analyses of covariance (ANCOVAs) were then 

used to compare the response of Tisler Reef and Gulf of Mexico corals to reduced pH. 
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Statistical analyses were conducted in JMP 12.1.0 (ANOVAs and linear regressions) and 

R software (ANCOVAs) using an alpha level of 0.05. All data are presented as averages 

± standard deviation unless otherwise stated.   

 

4.4 Results 

4.4.1 Tissue and behavior 

 There was no observed tissue or polyp mortality in any treatment in either the 

Gulf of Mexico or Tisler Reef experiments. Qualitatively, Gulf of Mexico corals 

exhibited greater signs of visual stress in acidified treatments, including frequently 

retracted polyps, extended mesentery filaments (acontia), and increased mucus 

production. In contrast, Tisler Reef corals exhibited no obvious visual indications of 

stress; polyps in all treatments were generally extended and active, especially in the 

presence of food. Corals from both sites maintained a full coverage of coenosarc tissue 

layer in all treatments, preventing the direct exposure of skeleton to seawater.   

 

4.4.2 Net calcification 

 Within the Gulf of Mexico experiment, net calcification under in situ conditions 

(pHT=7.9) was variable, ranging from 0.026-0.048% day-1 with an average of 

0.036±0.007% day-1. Net calcification was linearly dependent on pH, with a decrease of -

0.1485% day-1 pH unit-1 (Linear regression, r2=0.84, p<0.001) (Table 4.2, Figure 4.2). 

Corals in the pHT=7.75 treatment had a reduced but positive net calcification rate of 
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0.0176±0.012 % day-1, while corals in the 7.6 treatment exhibited net dissolution of 

skeletal material at an average rate of -0.009±0.003 % day-1, although it was not possible 

to determine whether gross calcification occurred but at a lower rate than dissolution.  

Tisler Reef corals exhibited higher and more variable net calcification in the 

control treatment, with rates ranging from 0.047-0.085% day-1 and an average rate of 

0.067±0.016% day-1. Net calcification in the low pH treatment (pHT=7.75) averaged 

0.056±0.015% day-1, and all colonies exhibited positive net calcification in the 

undersaturated treatment (pHT=7.6) with an average of 0.048±0.011% day-1. While net 

calcification in Tisler Reef corals decreased (-0.0593% day-1 pH unit-1) significantly 

under reduced pH conditions (Table 4.2; Linear regression, r2=0.25, p=0.013), all 

colonies exhibited positive net calcification even in undersaturated conditions.  

An ANCOVA analysis demonstrated significant differences in the slopes 

(ANCOVA, F1,47=12.96, p<0.001) and intercepts (ANCOVA, F1,48=157.69, p<0.0001) of 

the Gulf of Mexico and Tisler Reef linear regressions, indicating that reduced seawater 

pH caused larger reductions in net calcification in the Gulf of Mexico population (Table 

4.3). The combined net calcification rates (% day-1) of both Tisler Reef and Gulf of 

Mexico corals in the control treatment (pHT=7.9) were negatively correlated with their 

starting dry weight, indicating that smaller corals from both sites calcified at a 

proportionally higher rate than large colonies (Linear regression, r2=0.27, p<0.05).  
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Figure 4.2. Net calcification (% day-1) of coral colonies after 14 days in each pH 

treatment. Tisler Reef experimental data shown as blue triangles. Gulf of Mexico 

experimental data shown as red circles. Vertical error bars indicate the standard deviation 

for net calcification measurements, horizontal error bars indicate the standard deviation 

of pH measured over the experimental period. Dashed lines indicate linear regressions for 

the Gulf of Mexico (red; r2=0.84, p<0.001) and Tisler Reef (blue; r2=0.25, p=0.01) data. 

The slope (ANCOVA, F1,47=12.96, p<0.001) and intercept (ANCOVA, F1,48=157.69, 

p<0.0001) of the site regressions are significantly different. 
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4.4.3 Respiration 

 Gulf of Mexico and Tisler Reef corals exhibited contrasting metabolic responses 

to acidification (Figure 4.3). In the control treatments (pHT=7.9), Gulf of Mexico corals 

respired at an average rate of 6.9±1.8 µmol O2 gTW-1 h-1, with a range of 4.8-9.5 µmol 

O2 gTW-1 h-1. Across all treatments, respiration in Gulf of Mexico corals was highly 

variable (2.1-9.5 µmol O2 gTW-1 h-1), with an average rate of 4.4±1.1 µmol O2 gTW-1 h-1 

in the low pH treatment (pHT=7.75) and 2.6±0.5 µmol O2 gTW-1 h-1 in the very low pH 

treatment (pHT=7.6). Respiration was significantly dependent on pH, with reduced 

respiration observed under lower pH conditions (Table 4.2; Linear regression, r2=0.68, 

p<0.0001).  

Tisler Reef corals respired at an average rate of 5.5±1.8 µmol O2 gTW-1 h-1 in the 

control treatment (pHT=7.9), 7.4±1.6 µmol O2 gTW-1 h-1 in the low pH treatment 

(pHT=7.75), and 8.9±1.7 µmol O2 gTW-1 h-1 in the very low pH treatment (pHT=7.6). 

Respiration was significantly dependent on pH, with considerably elevated rates observed 

under reduced-pH conditions (Table 4.2, Figure 4.3; Linear regression, r2=0.52, 

p<0.0001). The Tisler Reef and Gulf of Mexico populations exhibited significantly 

different respiration responses to pH (ANCOVA, slope, F1,47=72.1, p<0.0001) 

(ANCOVA, intercept, F1,48=20.3, p<0.0001) (Table 4.3), with Tisler Reef corals respiring 

at a higher rate under reduced seawater pH and Gulf of Mexico corals respiring at a lower 

rate. 
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Figure 4.3. Respiration rate (µmol O2 gTW-1 h-1) of coral colonies after 14 days in each 

pH treatment. Tisler Reef experimental data shown as blue triangles. Gulf of Mexico 

experimental data shown as red circles. Vertical error bars indicate the standard deviation 

for net calcification measurements, horizontal error bars indicate the standard deviation 

of pH measured over the experimental period. Dashed lines indicate linear regressions for 

the Gulf of Mexico (red; r2=0.68, p<0.0001) and Tisler Reef (blue; r2=0.52, p<0.0001) 

data. The slope (ANCOVA, slope, F1,47=72.1, p<0.0001) and intercept (ANCOVA, 

intercept, F1,48=20.3, p<0.0001) of the site regressions are significantly different. 
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4.4.4 Capture rate 

 The capture rate of Gulf of Mexico corals was relatively low across all pH 

treatments (Figure 4.4), averaging 2.1±1.2 prey polyp-1 hour-1 in the control treatment 

(pHT=7.9), 1.7±0.5 prey polyp-1 hour-1 in the low-pH treatment (pHT=7.75), and 1.3±0.9 

prey polyp-1 hour-1 in the very low-pH treatment (pHT=7.6). Reductions in seawater pH 

were correlated with a small but significant reduction in capture rate (Linear regression, 

r2=0.16, p=0.04) (Table 4.2), although the removal of a single outlier in the control 

treatment rendered this relationship insignificant (Linear regression, r2=0.07, p=0.11).   

 The Tisler Reef population exhibited a markedly different feeding response to 

reduced seawater pH (Figure 4.4). Corals in the control treatment (pHT=7.9) fed at a 

relatively variable rate ranging from 6.7-10.3 prey polyp-1 h-1, with an average capture 

rate of 8.6±1.5 prey polyp-1 hour-1. Reduced pH conditions were significantly correlated 

with elevated capture rates (Linear regressions, r2=0.32, p<0.01), with the highest capture 

rates observed in the low pH treatment (pHT=7.75; average of 10.4±2.1 prey polyp-1 hour-

1) and the very low pH treatment (pHT=7.6; average of 12.0±2.9 prey polyp-1 hour-1). An 

ANCOVA test revealed that the slopes (ANCOVA, F1,47=15.0, p<0.001) and intercepts 

(Table 4.3; ANCOVA, F1,48=275.5, p<0.0001) of the Gulf of Mexico and Tisler Reef 

regression models were significantly different, indicating that the two populations had 

contrasting feeding responses to reduced pH.  
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Figure 4.4. Capture rate (prey polyp-1 h-1) of coral colonies after 14 days in each pH 

treatment. Tisler Reef experimental data shown as blue triangles. Gulf of Mexico 

experimental data shown as red circles. Vertical error bars indicate the standard deviation 

for net calcification measurements, horizontal error bars indicate the standard deviation 

of pH measured over the experimental period. Dashed lines indicate linear regressions for 

the Gulf of Mexico (red; r2=0.16, p=0.04) and Tisler Reef (blue; r2=0.32, p<0.01) data. 

The slope (ANCOVA, slope, F1,47=15.0, p<0.001) and intercept (ANCOVA, intercept, 

F1,48=275.5, p<0.0001) of the site regressions are significantly different. 
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Table 4.2. Linear regression results comparing physiological measurements. Results of 

the linear regression models assessing the relationship between pH and physiological 

rates for Gulf of Mexico and Tisler Reef corals. 

 

 

Table 4.3. ANCOVA results comparing physiological measurements. Results of the 

ANCOVAs testing whether the relationship between pH and physiological rates differed 

significantly between Gulf of Mexico and Tisler Reef corals. df = degrees of freedom, SS 

= sum of squares. See Table 4.2 for results of the individual linear regression models. 

 

 

 

 

 

Site Rate r2  Equation F p 

Gulf of Mexico Calcification 0.84 y=0.1485x - 1.1385 134.68 <0.0001 

 Respiration 0.68 y=14.25x - 106.07 54.10 <0.0001 

 Feeding 0.16 y=2.9105x - 20.913 4.60 0.042 

Tisler Reef Calcification 0.25 y=0.0593x - 0.4024 7.393 0.013 

 Respiration 0.52 y=-11.054x + 92.955 23.33 <0.0001 

 Feeding 0.32 y=-11.106x + 96.437 10.21 0.00418 

Rate Effect Residual df SS F p 

Calcification Slope 47 0.0016 13.0 <0.001 

 Intercept 48 0.0242 157.7 <0.0001 

Respiration Slope 47 128.07 72.1 <0.0001 

 Intercept 48 89.47 20.3 <0.0001 

Feeding Slope 47 39.3 15.0 <0.001 

 Intercept 48 932.1 275.5 <0.0001 



139 

 

4.5 Discussion 

Recent experimental work has revealed considerable variation in the physiological 

response of cold-water corals to ocean acidification (Maier et al. 2009; Form and 

Riebesell 2012; Maier et al. 2012; Maier et al. 2013ab; Hennige et al. 2014; Lunden et al. 

2014a), rendering the future of cold-water coral ecosystems unclear. In the present study, 

we demonstrated that contrasting responses to identical pH changes can be observed 

between two populations of the cold-water coral Lophelia pertusa. Gulf of Mexico corals 

exhibited reduced physiological performance in all tested parameters, a commonly 

observed stress-response in marine invertebrates (eg. Kaniewska et al. 2012). In contrast, 

Tisler Reef corals were able to maintain net calcification by elevating respiration and 

capture rates, a strategy that may confer some resilience to acidification if it can be 

maintained over extended time periods (e.g. Stumpp et al. 2011).  

Differences in experimental methodology may explain some of the large 

variability observed among L. pertusa populations, both in this and in previous studies. 

One of the major experimental differences in the present study was the use of a flow-

through system in the Tisler Reef experiment and recirculating aquaria in the Gulf of 

Mexico experiment. Previous cold-water coral physiology studies have utilized both 

systems, perhaps accounting for some of the variability among studies. Despite evidence 

that recirculating systems are adequate for housing shallow-water (Barron et al. 2010) 

and deep-sea (Lunden et al. 2014ab) corals, it is plausible that this difference partially 

accounted for the lower physiological performance observed in Gulf of Mexico corals, as 

previous studies have found reduced physiological rates in recirculating systems (eg. 

Otoshi et al. 2003, but see Tomoda et al. 2005). However, we did not observe any 
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detectable buildup of waste products (nitrate, nitrite, or ammonia; data not shown) during 

the course of the present study. In addition, the Instant Ocean® artificial seawater used in 

the current study matches the chemical composition of seawater better than other 

artificial mixes (Atkinson and Bingman 1998), and has been successfully used in a large 

number of physiology experiments (Marchant et al. 2010; Castillo et al. 2014; Lunden et 

al. 2014a). Regardless, it is possible that the recirculating system was sub-optimal and 

could partially explain the lower absolute net calcification measurements recorded for the 

Gulf of Mexico corals.  

 Another experimental difference that may partially explain our results was the use 

of the alkalinity anomaly technique for the Tisler Reef experiment and the buoyant 

weighing technique for the Gulf of Mexico experiment. While both methods have 

abundant support in the coral literature (Maier et al. 2009; Ries et al. 2010; Cohen and 

Fine 2012; Form and Riebesell 2012; Larsson et al. 2013; Maier et al. 2013b), it is 

plausible that this discrepancy partially explains the considerably higher net calcification 

rates in Tisler Reef corals. The total alkalinity anomaly technique may overestimate 

calcification if microbial activity considerably reduces alkalinity during incubations; 

however, our seawater-only control chambers did not reveal such an effect. In addition, 

the net calcification rates measured in this study for Tisler Reef corals using the total 

alkalinity anomaly (control average of 0.067±0.02% day-1) were comparable to previous 

rates measured at Tisler Reef using the buoyant weighing technique (average of 

0.046±0.02% day-1; Larsson et al. 2013), and studies directly comparing the two methods 

have not revealed significant differences in either tropical (Holcomb et al. 2010) or cold-

water corals (Maier et al. 2013b).  
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The net calcification rates measured in this study were well within the range 

previously reported for L. pertusa (Maier et al. 2009, 2012; Form and Riebesell 2012; 

Larsson et al. 2013; Hennige et al. 2014). However, we observed considerable variability 

both within and between Gulf of Mexico and Tisler Reef populations. Under control 

conditions (pHT=7.9), the net calcification rate of Tisler Reef corals was approximately 

double the rate observed in Gulf of Mexico corals. This difference may be partially due to 

the smaller size of Tisler Reef fragments, as we found that net calcification in the control 

treatment was negatively correlated with starting weight. Previous work has also found 

that smaller, more apical L. pertusa fragments have a higher growth rate (Brooke and 

Young 2009). High variability was also observed among individuals from the same site 

and within the same treatment. However, published measurements of L. pertusa 

calcification revealed even greater variation; in one study alone, net calcification rates 

ranged from 0.0027% day-1 to 0.19% day-1 depending on the age and position of polyps 

within colonies (Maier et al. 2009).  

Net calcification in both populations significantly declined under reduced pH, 

although only Gulf of Mexico corals exhibited the net dissolution of existing skeletal 

material under very low pH conditions (pHT=7.6). In contrast, Tisler Reef corals 

maintained positive net calcification across all pH treatments, in part because 

calcification did not decrease as steeply with reduced pH as Gulf of Mexico corals. The 

stark contrast in the ability of Tisler Reef and Gulf of Mexico corals to maintain 

calcification in conditions expected by the end of the century has considerable 

implications for their future viability. Previous studies have also found that L. pertusa 

from the North Atlantic maintains positive net calcification even when grown in 
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undersaturated conditions (eg. Form and Riebesell 2012; Maier et al. 2013b; Hennige et 

al. 2015), although the only study from the Gulf of Mexico documented net dissolution in 

undersaturated conditions (Lunden et al. 2014a). Recent experimental work has shown 

that cold-water corals are able to tightly regulate the pH of their internal calcifying fluid 

through the active removal of protons (Anagnostou et al. 2012; McCulloch et al. 2012; 

Wall et al. 2015). As a result, the saturation state of the calcifying fluid is elevated to 

several times that of the external seawater, allowing for CaCO3 precipitation even when 

the external seawater is undersaturated. However, decreasing seawater pH considerably 

increases the energy required to maintain this large pH gradient, with an estimated 10% 

energy increase per 0.1 pH unit decrease (McCulloch et al. 2012). Therefore, while this 

work provides a viable mechanism for calcification under acidified conditions, there are 

likely to be potential disruptions to the energy budget of the coral and associated changes 

to the rate of calcification and other key physiological processes. 

Given the increased energy required to calcify under reduced pH, the observed 

calcification response may have been partially controlled by the metabolic rates of each 

population. Respiration has been shown to be coupled to calcification under both ambient 

and reduced pH conditions in tropical (eg. Kaniewska et al. 2012) and cold-water corals 

(Maier et al. 2013a). Aerobic respiration is required to fuel ATP-driven processes in 

corals, and is critically linked to the active transport of H+ and Ca2+ ions during 

calcification (Al-Horani et al. 2003). In the present study, Tisler Reef and Gulf of Mexico 

corals exhibited contrasting metabolic responses to acidification. Gulf of Mexico corals 

experienced significantly reduced respiration rates in both low-pH treatments, suggesting 

the onset of metabolic depression, a mechanism that enhances survival under short-lived 
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disturbances at the cost of some biological functioning (Guppy and Withers 1999; 

Thomsen and Melzner 2010). In contrast, Tisler Reef corals significantly elevated 

respiration rates in response to acidified seawater. This metabolic strategy has the 

potential to supply enough additional energy to maintain positive net calcification even 

under acidified conditions, but may create an energetic imbalance that can only be 

sustained by catabolizing energy reserves (Rodrigues and Grottoli 2007) or obtaining 

additional energy from the environment.  

The ability to increase energy intake from the environment via elevated feeding 

has been shown to reduce or negate the effects of acidification and other stressors in 

tropical corals (Cohen and Holcomb 2009). However, no previous study has assessed 

whether cold-water corals are capable of altering their capture rate in response to climate 

change conditions. In the present study, Gulf of Mexico corals had lower capture rates 

under control conditions (pHT=7.9, average rate of 2.1±1.2 Artemia polyp-1 hour-1) than 

have previously been measured for L. pertusa (7.8 Artemia polyp-1 hour-1; Tsounis et al. 

2010). In contrast, Tisler Reef corals had a higher capture rate of Artemia prey under 

control conditions (pHT=7.9; average rate of 8.6±1.5 Artemia polyp-1 hour-1), and 

significantly elevated feeding under reduced pH conditions. It is possible that the 

considerably lower baseline feeding rate in Gulf of Mexico corals was due in part to 

interpolyp competition for prey, as Gulf of Mexico corals had a higher number of polyps 

(10.8±3.2 polyps colony-1) compared to Tisler Reef corals (5.5±1.5 polyps colony-1) but 

the same prey concentration was used in both experiments. Previous research on the 

effects of intraspecific, interpolyp competition in scleractinian corals has had mixed 

results, with some studies demonstrating that competition reduced feeding rates and 
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resource acquisition (Merks et al. 2004; Einbinder et al. 2009; Wijgerde et al. 2011), and 

others finding that denser polyp spacing within colonies enhanced feeding rates 

(McFadden 1986; Wijgerde et al. 2012). Interpolyp competition has not yet been 

observed in cold-water corals, and since L. pertusa is capable of self-recognition to avoid 

intraspecific competition (Hennige et al. 2014) it is possible that even closely-spaced 

polyps do not actively compete for food. Nevertheless, it may be fruitful for future 

research to explore the effects of polyp number and spacing on L. pertusa’s feeding rate, 

as well as the interactive effects of water flow, pH, and prey density.  

Regardless of the mechanism underlying the higher capture rates observed in 

Tisler Reef corals, the increased energy input from feeding likely facilitated their 

elevated respiration (see Larsson et al. 2013) and subsequent maintenance of positive net 

calcification rates in undersaturated conditions. This type of response would only be 

favorable in environments where there is a relatively high-quality and reliable food 

source, such as the shallower cold-water coral systems in Norway (average lateral 

deposition of particulate organic carbon (POC) at Tisler Reef of 459 mg C m−2 d−1; 

Wagner et al. 2011). In contrast, the lower food availability at the deeper Gulf of Mexico 

VK826 site (modelled POC flux of 46 mg C m−2 d−1; Georgian et al. 2014) may not favor 

this strategy as pH and saturation state decline. Despite the apparent resilience conferred 

on Tisler Reef corals via elevated feeding, predictions that food will become more limited 

in future oceans may hamper the ability of in situ cold-water corals to utilize this strategy 

in response to climate change. Ocean acidification has been predicted to reduce surface 

phytoplankton by 4-10%, leading to a decrease in the POC flux to the deep sea by 6-13% 

(Mora et al. 2013). In some areas, particularly in the Gulf of Mexico, the anthropogenic 
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eutrophication of marine systems will act to increase the size and extent of “dead zones”; 

coupled with the effects of global warming and deoxygenation, many regions in the deep 

sea may become severely food limited in future oceans (Rabouille et al. 2008; Stramma 

et al. 2010). However, in addition to zooplankton capture, L. pertusa utilizes alternative 

food sources including dissolved organic matter, bacteria, and algal detritus (Mueller et 

al. 2014; Middelburg et al. 2015), and may be able to increase uptake from these sources.  

A number of factors may have been responsible for the contrasting responses 

observed in Tisler Reef and Gulf of Mexico populations, including genetic differences, 

acclimation to local environmental conditions, and experimental differences. Given the 

limited gene flow between Gulf of Mexico and northern Atlantic L. pertusa populations 

(Morrison et al. 2011; Lunden et al. 2014a), it is not surprising that they exhibited a very 

different baseline physiology as well as a contrasting response to acidification. Recent 

evidence has demonstrated that genetic differences may partially explain the considerable 

intraspecific variation observed in the physiological tolerance of tropical coral species 

(Meyer et al. 2009; Pandolfi et al. 2011). Numerous L. pertusa studies from the northern 

Atlantic and Mediterranean Sea have found higher respiration rates (Hennige et al. 2014), 

capture rates (Purser et al. 2010; Tsounis et al. 2010), and calcification rates (Maier et al. 

2009) than measured in the present study or previously reported for the Gulf of Mexico 

(Lunden et al. 2014a). If biogeographically separated populations of L. pertusa exhibit a 

large variability in their response to ocean acidification, as suggested by the literature and 

the results presented here, some populations may already be relatively resilient to 

acidification, giving the species as a whole a higher adaptive potential to more effectively 

respond to acidification and other stressors. 
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Acclimation to local environmental conditions may also be partially responsible 

for the contrasting physiological responses of Tisler Reef and Gulf of Mexico 

populations. In the present study, Tisler Reef corals were collected from a much 

shallower depth (100 m) than Gulf of Mexico corals (450 m). In addition to experiencing 

a chronically higher saturation state than the Gulf of Mexico, this means that the Tisler 

Reef has a higher influx of high quality food (Wagner et al. 2011). Deep-sea 

environments are generally food limited because only a fraction of surface productivity is 

transported to deep waters before being degraded (Deuser 1986), meaning that both the 

quantity and quality of food reaching the seafloor is highly depth-dependent. Plausibly, 

Tisler Reef corals are accustomed to having the necessary resources to increase their 

capture rate and subsequently elevate their metabolism in order to allocate additional 

energy to calcification during periods of environmental stress. 

Cold-water coral habitats are protected as Vulnerable Marine Ecosystems by the 

United Nations and have long been recognized as critical drivers of diversity and 

ecosystem function in the deep-sea (reviewed in Thurber et al. 2014). Considering the 

potential for major declines in cold-water coral ecosystems due to ocean acidification and 

other stressors, it is imperative to better understand their potential range of responses. In 

this chapter, I found evidence that corals from the Tisler Reef may be somewhat resilient 

to acidification over a short time period, but it is not clear whether this strategy will be 

sustainable in the long-term given the large increase in feeding required to maintain 

calcification under low pH conditions. Importantly, these results demonstrate that the 

existing variability among cold-water coral physiological studies may strongly depend on 

biogeographic variability, genetic and environmental differences, and inconsistencies in 
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experimental designs. Future research would benefit from comparative studies both 

within and among large biogeographical regions that link observed physiological 

responses to ocean acidification and other stressors with differences in local 

environmental conditions. Such an approach would provide key insights into the 

mechanisms underlying the resilience or sensitivity of separated populations, and identify 

the environmental conditions that may drive local adaptation or acclimatization to global 

ocean change. While our current understanding of the mechanisms and rates of adaptive 

capacity to environmental change does not suggest that the rate of coral evolution will be 

able to keep up with the pace of global changes (Hoegh-Guldberg 2014), it is possible 

that pre-existing local adaptations to different or more variable pH regimes might provide 

such a capacity at a global scale (Hofmann et al. 2010). Ultimately, more work is needed 

to assess whether natural variability among cold-water coral populations will provide a 

significant avenue of resilience in future oceans.   
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CHAPTER 5 

CONCLUSION 

5.1 Summary of findings 

The lack of information concerning the niche and physiology of cold-water corals 

in the Gulf of Mexico represents a serious obstacle to research and conservation efforts in 

the region. The primary objective of my dissertation was to bridge critical gaps in our 

knowledge by assessing L. pertusa’s spatial ecology and vulnerability to ocean 

acidification using a combination of modelling, field, and experimental approaches.  

In Chapter 2, I used ecological niche models to quantify the niche of the cold-

water L. pertusa and to predict its occurrence throughout the northern Gulf of Mexico. 

Modelling results revealed that L. pertusa’s distribution was primarily driven by depth, 

locally elevated topography, and the need for hard substrata suitable for recruitment. 

These results were not surprising given our existing knowledge of cold-water coral 

distribution and habitat preference, but my multi-scale, high resolution niche modelling 

approach allowed me to precisely quantify L. pertusa’s niche and provide a more 

inexpensive and accurate method for locating novel coral sites. The habitat suitability 

maps produced here will also inform management efforts, a particular concern in the Gulf 

of Mexico due to heavy oil and natural gas exploration and extraction activities and 

threats from other forms of anthropogenic disturbance including ocean acidification and 

deep-water fishing. Therefore, future expeditions and resource management planning in 

the deep Gulf of Mexico and elsewhere should combine remotely-sensed data with these 

models in order to better understand what constitutes suitable habitat for L. pertusa and 

other cold-water corals, and to predict their distribution in unexplored regions.   
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 In Chapter 3, I conducted a detailed assessment of the carbonate system and other 

oceanographic parameters in surface, water column, and benthic sites throughout the 

northern Gulf of Mexico. Notably, I demonstrated that L. pertusa survives and grows 

under challenging environmental conditions in the deep Gulf of Mexico, with a large 

temperature range, low dissolved oxygen concentrations, low pHT, ΩARAG approaching 

undersaturation, and a low availability of carbonate ions. Based on these results, future 

environmental changes wrought by climate change may significantly reduce the amount 

of viable L. pertusa habitat in the Gulf of Mexico, and may result in a considerable 

population decline or even extirpation if L. pertusa cannot physiologically acclimate to 

these changes. However, I also found that the dissolution of dead skeletal material locally 

elevates total alkalinity above large L. pertusa mounds, which may provide an important 

release from the expected effects of ocean acidification at some sites. In addition to 

providing a crucial assessment of the in situ conditions experienced by L. pertusa in 

modern oceans, these data will serve as a valuable baseline against which to gauge future 

changes due to global change. 

In Chapter 4, I experimentally determined the physiological response of L. 

pertusa from the Gulf of Mexico and Tisler Reef (Norway) to end-of-century pH 

conditions brought about by ocean acidification. Gulf of Mexico corals exhibited a clear 

reduction in major physiological rates (net calcification and respiration) in response to 

reduced pH conditions, suggesting that they will be adversely affected by ocean 

acidification in the future. In contrast, Tisler Reef corals were able to largely maintain 

calcification rates in very low pH conditions, presumably by increasing their respiration 

and feeding rates. Therefore, the L. pertusa population at Tisler Reef may be somewhat 
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resilient to acidification over a short time period, but it is not clear whether this strategy 

will be sustainable in the long-term given the large increase in feeding required to 

maintain calcification under low pH conditions. Importantly, these results demonstrate 

that the existing variability among cold-water coral physiological studies may strongly 

depend on biogeographic variability.  

 

5.2 Management of cold-water coral habitats  

Given the likelihood that cold-water corals will be adversely affected by climate 

change, it is necessary to devise management strategies for ensuring their continued 

survival in future oceans. Restoration of deep-sea environments is generally prohibitively 

expensive or impossible with current technology (but see Strömberg et al. 2010), making 

preemptive management activities critical for preserving these vulnerable habitats (Van 

Dover et al. 2013). The effects of climate change will be extremely difficult to mitigate 

due to the global nature of the disturbance, the large number of affected habitats, and the 

technological limitations of working in the deep sea. However, as is the case in tropical 

corals (Mumby and Stenek 2008), increased efforts to reduce perturbations from more 

localized stressors (eg. pollution, fishing, and oil and natural gas drilling activities) may 

prove to be both practical and fruitful. Recently, considerable effort has been put into 

establishing some deep-sea habitats as marine sanctuaries and protected areas (eg. Fosså 

et al. 2002; Hall-Spencer et al. 2009), as well as identifying and protecting deep-sea 

habitats as Vulnerable Marine Ecosystems and Ecologically or Biologically Significant 

Areas (reviewed in Armstrong et al. 2014). Limiting the effects of multiple stressors (eg. 
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climate change and sedimentation from drilling) may greatly increase the likelihood that 

cold-water coral reefs will persist in future oceans.  

 

5.3 Future research directions 

Future research is urgently needed to better understand the current environmental 

requirements of cold-water corals and to predict their likely response to future ocean 

changes. Despite the large increase in climate change investigations over the past decade 

(see Figure 1.2), there are still large gaps in our ability to predict whether cold-water 

corals and other deep-sea organisms will persist in warmer, deoxygenated, and more 

acidic oceans. At an absolute minimum, it is critical to continue expanding our baseline 

knowledge of the biology of cold-water corals and the ecosystems they inhabit. However, 

as technology improves alongside our basic understanding of deep-sea ecosystems, the 

addition of more complex field and experimental studies will help glean additional 

insights into the future of the deep sea. 

One of the primary considerations for future work should be the continued 

oceanographic measurements in the vicinity of cold-water corals. Preliminary research 

(see Table 1.1) has already provided crucial insights into the baseline conditions in a 

number of regions. Future work should include assessments of the environmental 

conditions in habitats structured by lesser-studied cold-water coral species (and especially 

non-scleractinian species), or in cold-water coral habitats in currently understudied 

regions. Long-term monitoring, while more expensive and technologically difficult, will 

provide a much better understanding of how natural variability affects cold-water coral 

growth and survival (eg. Findlay et al. 2013; 2014). Finally, to fully understand the future 
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of cold-water corals in changing oceans, it will be necessary to identify and better 

investigate the physical and biochemical processes that will be disrupted by climate 

change in addition to alterations in temperature, dissolved oxygen, and the carbonate 

system (IPCC 2013). For example, processes such as large-scale changes in global 

currents (Snyder et al. 2003; Böning et al. 2008) and disruptions of surface-to-deep sea 

linkages (eg. food supply; Mora et al. 2013) will likely have large effects on cold-water 

corals but have not been well studied in that context. 

Considering the potential for major declines in cold-water coral ecosystems due to 

ocean acidification and other stressors, it is imperative to better understand their potential 

range of physiological responses. Despite the taxonomic diversity of cold-water corals, 

the majority of research to date has been conducted on relatively few species (see Table 

1.2), all of which have been scleractinian corals. It would therefore be beneficial to 

investigate the basic biology of lesser-studied cold-water coral taxa and test how they 

will respond to climate change and other stressors. Studies investigating the effects of 

climate change across multiple species, or biogeographically separated populations of the 

same species, would be particularly useful. While cold-water corals are important 

foundation species and have accordingly been among the most studied taxonomic groups 

in the deep sea, it is also important to assess how other deep-sea organisms will respond 

to environmental perturbations. In addition, experimental studies that use a multi-stressor 

approach (eg. warming and reduced pH) are inherently more realistic tests of future 

scenarios, and may yield interesting and different results (eg. Hennige et al. 2015).  
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