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ABSTRACT 

 

Ocean acidification is the reduction in seawater pH due to the absorption of 

anthropogenic carbon dioxide by the oceans. Reductions in seawater pH can inhibit the 

precipitation of aragonite, a calcium carbonate mineral used by marine calcifiers such as 

corals. Lophelia pertusa is a cold-water coral that forms large reef structures which 

enhance local biodiversity on the seafloor, and is found commonly from 300-600 meters 

on hard substrata in the Gulf of Mexico. The present study sought to investigate the 

potential impacts of ocean acidification on L. pertusa in the Gulf of Mexico through 

combined field and laboratory analyses. A field component characterized the carbonate 

chemistry of L. pertusa habitats in the Gulf of Mexico, an important step in establishing a 

baseline from which future changes in seawater pH can be measured, in addition to 

collecting in situ data for the design and execution of perturbation experiments in the 

laboratory. A series of recirculating aquaria were designed and constructed for the 

present study, and support the maintenance and experimentation of live L. pertusa in the 

laboratory. Finally, experiments testing L. pertusa’s mortality and growth responses to 

ocean acidification were conducted in the laboratory, which identified thresholds for 

calcification and a range of sensitivities to ocean acidification by individual genotype. 

The results of this study permit the monitoring of ongoing ocean acidification in the deep 

Gulf of Mexico, and show that ocean acidfication’s impacts may not be consistent across 

individuals within populations of L. pertusa.  
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CHAPTER 1 

INTRODUCTION 

 

 Modern human activities are driving rapid and profound changes to the marine 

environment, primarily via increases in emissions of carbon dioxide. Chief among these 

phenomena are ocean acidification, ocean warming, and ocean deoxygenation. These 

changes threaten the persistence and stability of organisms within a variety of 

ecosystems, including coral reefs, the open ocean, coastal systems, polar areas, and the 

deep sea, with potential shifts in ecosystem composition and distortions to biodiversity 

and global ecology. Ocean acidification is particularly alarming due to its antagonistic 

impacts on calcareous taxa, many of which include foundation species that create habitat 

for diverse fauna of both ecological and economic significance. In this body of work, I 

investigated the impacts of ocean acidification on the cold-water coral Lophelia pertusa 

in the Gulf of Mexico through a combination of field and laboratory studies. This 

approach relied heavily on the collection and analysis of environmental data and applying 

it to replicate the natural setting of L. pertusa in the laboratory. After constructing a 

reliable system to maintain deep-sea animals in the laboratory, I proceeded to test L. 

pertusa’s growth and mortality responses to stressors related to climate change, focusing 

on ocean acidification. It is my hope that the results obtained from this work will 

contribute to a deeper and broader understanding of L. pertusa’s endurance in an 

increasingly acidic ocean, as well as generate new and intriguing hypotheses related to 

organismal resilience to stress – a question that provokes my curiosity and serves as the 

compass for my intellectual pursuits. 
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In this introductory chapter, I review the basic background material necessary to 

interpret, analyze, and discuss the results presented throughout this dissertation. I begin 

with a review of the impacts of climate change in the marine environment, with a 

particular focus on ocean acidification. A discussion of marine carbonate chemistry 

follows, with explanations of the major variables necessary to understand the dynamics 

of ocean acidification. This section is followed by a synopsis of the biological, 

ecological, and economic consequences of ocean acidification. With the establishment of 

a conceptual framework, I then review relevant background information on the study 

species and location – L. pertusa and the Gulf of Mexico. 

Chapter two presents results from a field study of the carbonate chemistry of the 

surface, column, and deep waters of the northern Gulf of Mexico. Prior to this study, few 

empirical data existed for the carbonate chemistry of cold-water coral reefs across the 

globe. Additionally, this study contributed new data to a region previously omitted from 

carbonate chemistry measurements and the associated modeling of predicted changes due 

to ocean acidification – the Gulf of Mexico. The results obtained from this chapter will 

inform future modeling studies in marginal seas such as the Gulf of Mexico, and provide 

a baseline to measure future changes of pH and aragonite saturation state at cold-water 

coral reefs in the region.  

In chapter three, I discuss the primary methods I developed to maintain and test L. 

pertusa’s responses to climate change variables in short-term experiments. I include 

specific methods for the construction of recirculating aquaria in the laboratory, as well as 

an assessment of the system’s performance and ability to maintain several different 

species of deep-sea fauna over several years, including L. pertusa. I also describe the 



3 
	   	   	  

development and testing of experimental manipulations of pH and dissolved oxygen, 

which were designed within the context of current climate change projections. The 

methods described here will ideally contribute to future efforts to manipulate 

environmental variables in the laboratory, as well as provide a framework for maintaining 

invertebrates with complex environmental needs independently of a natural seawater 

supply. 

Chapters four and five conclude the present study. Chapter four presents the 

results of a series of short-term laboratory experiments on L. pertusa. The purpose of 

these experiments was to test the mortality and growth responses of genetically discrete 

colonies of L. pertusa to ocean acidification, warming, and deoxygenation through 

controlled manipulations of pH, temperature, and dissolved oxygen. This work sought to 

determine the sensitivity of L. pertusa to these changes, as well as to detect critical 

thresholds for calcification and survivorship. The results obtained from this work will aid 

in our understanding of the potential impacts of climate change on L. pertusa from the 

Gulf of Mexico.  Finally, chapter five is a discussion of the general results and future 

directions of this project. I review the main conclusions of the present study, and pose 

questions for future research to build from this project.   

 

1.1 Climate Change in the Marine Environment 

The phenomenon of global climate change represents one of humanity’s greatest 

societal challenges. Anthropogenic production and release of carbon dioxide over the past 

250 years continues to alter the Earth’s global climate (IPCC, 2007), with associated 

detrimental effects on organismal performance (Pörtner et al., 2005), population, 
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community, and ecosystem processes, and species ranges (Walther et al., 2002). Despite 

the observed changes over the past few decades, even greater changes are expected to 

occur throughout the course of the present century and beyond if drastic steps are not 

taken to reduce the anthropogenic contribution to climate change (Schwartz et al., 2006; 

Thomas et al., 2004). In May 2013, atmospheric CO2 exceeded 400 ppm for the first time 

at the Mauna Loa Observatory in Hawaii, crossing an unfortunate threshold that had not 

been observed outside of polar areas in the modern era. According to business-as-usual 

emissions scenarios, the atmospheric concentration of CO2 will exceed 1000 ppm by the 

end of the current century (IPCC, 2007). The impacts of climate change are expected to 

extend across the globe, in both terrestrial and aquatic environments (IPCC, 2007), and 

are already abundantly obvious in the Antarctic and Arctic, as well as tropical regions 

that harbor diverse assemblages of ecologically significant taxonomic groups. 

The drivers of the above biological and ecological changes in marine systems are 

generally attributed to alterations to environmental variables such as temperature, 

salinity, circulation, and dissolved oxygen due to global warming (Hoegh-Guldberg and 

Bruno, 2010). Because the oceans absorb a large majority of the heat produced as a result 

of the greenhouse effect (Barnett et al., 2005), mean temperature of the upper surface 

layers of the global ocean has increased by 0.6ºC over the past 100 years (IPCC, 2007), 

with differential effects on the various oceans based on geography (Barnett et al., 2005).  

Elevated global temperatures are also contributing to sea level rise (Cazenave and Llovel, 

2010), slowing of the thermohaline circulation (Alheit and Bakun, 2010), and decreased 

oxygen solubility (Keeling et al., 2010). As upper-ocean temperatures increase, thermal 

stratification of the water column reduces ventilation of deep ocean waters and may 
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consequently contribute to expansion of oxygen minimum zones in the deep sea (Keeling 

et al., 2010). The interaction of these changes with other anthropogenic impacts – such as 

overfishing and eutrophication – have yet to be explored, but are hypothesized to 

contribute to an increased incidence of hypoxic and anoxic events (Hoegh-Guldberg and 

Bruno, 2010), and may be contributing to observed mass mortality events. The threat of 

these changes predicates investigation of their biological, ecological, and biogeochemical 

effects throughout the ocean environment, but high-latitude and deep-sea ecosystems are 

believed to be particularly vulnerable (Andersson et al., 2008) and are presently poorly 

studied.  

In addition to absorbing the majority of global heat produced by warming, the 

oceans also act as a sink for excess atmospheric carbon dioxide produced by 

anthropogenic activities such as fossil fuel combustion, cementation, and deforestation. 

Approximately one-third of anthropogenic carbon over the past 250 years has been 

transferred to the oceans via surface diffusion of carbon dioxide (Sabine et al., 2004; 

Doney et al., 2009). The net effect of this absorption is a decrease in seawater pH due to 

carbon dioxide’s reaction with seawater. Declining seawater pH due to carbon dioxide is 

known as ocean acidification, and it has the potential to significantly alter organismal 

physiology, food webs, species distributions, and global biogeochemical cycling.  

 

1.2 Ocean Acidification and the Aragonite Saturation Horizon 

Ocean acidification is the lowering of seawater pH as a result of increasing 

atmospheric CO2 concentrations due to anthropogenic emissions. When dissolved in 

seawater, CO2 complexes with H2O to briefly form carbonic acid, H2CO3, a weak acid. 
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H2CO3 rapidly dissociates into HCO3
- and H+, resulting in a net decline in pH. Since the 

dawn of the Industrial Revolution in 1765, average oceanic surface pH has decreased 

from 8.21 to 8.10 (Raven et al., 2005). This value is expected to continue to decline by 

another 0.3-0.4 units (Orr et al., 2005) before 2100 according to the Intergovernmental 

Panel on Climate Change (IPCC) business-as-usual emission scenario (IPCC, 2007; 

Doney et al., 2009). This precipitous drop in pH is expected to negatively impact a 

variety of taxa, especially calcifying organisms through the concurrent decrease in 

carbonate ion concentrations.   

The distortion of ocean carbonate chemistry will significantly affect the solubility 

of calcium carbonate, especially the polymorph aragonite. While the saturation state of 

aragonite is projected to decrease throughout the ocean due to ocean acidification 

(discussed in Section 1.3.4 below), it is not expected to reach undersaturated conditions 

in tropical surface waters under current projections (Kleypas et al., 1999; Caldeira and 

Wickett 2003; Hoegh-Guldberg et al., 2007). However, one of the most immediate issues 

is the expected ‘shoaling’, or upward migration, of the aragonite saturation horizon 

(ASH) – the depth at which aragonite ceases to be saturated in seawater (Guinotte et al., 

2006). Recent work shows that the ASH has already shoaled considerably in the Atlantic, 

Indian, and Pacific oceans (Sabine et al., 2002; Chung et al., 2003; Feely et al., 2008). 

This phenomenon is of particular significance to deep-water scleractinian corals, which 

precipitate calcium carbonate as aragonite and occupy depths near the present saturation 

horizon (Guinotte et al., 2006). 
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1.3 Carbonate Chemistry of Seawater  

The ocean carbonate system exerts considerable control on the pH of seawater, 

and is therefore necessary to understand within the context of ocean acidification. Ocean 

carbonate chemistry refers to the equilibrium and associated reactions of the inorganic 

carbon compounds dissolved in seawater, including carbon dioxide (CO2), carbonic acid 

(H2CO3), carbonate (CO3
2-), and bicarbonate (HCO3

-). In this section, I review the 

principal characteristics of ocean carbonate chemistry: dissolved inorganic carbon, pH, 

and total alkalinity. By determining at least two of these three parameters, it is possible to 

fully describe the carbonate system of a particular sample of seawater, including the 

solubility of calcium carbonate. The dynamics of calcium carbonate solubility and its 

various mineral forms are also discussed. 

 

1.3.1 Dissolved Inorganic Carbon 

Dissolved inorganic carbon (DIC or CT) is the sum of the concentrations of the 

inorganic carbon species in seawater, and is represented by the following equation: 

DIC = [CO2] +  [HCO3
- ] + [CO3

2-‐]    (1.1) 

At a typical surface ocean pH of 8.1, HCO3
- is the dominant species and occupies 

approximately 90% of DIC. CO3
2- is considerably less abundant, and occupies 

approximately 9% of DIC. The remaining 1% of DIC exists as aqueous CO2 and carbonic 

acid (H2CO3). Because aqueous CO2 and H2CO3 are chemically neutral and inseparable 

from each other, they are often grouped together and referred to simply as CO2. 

The distribution of DIC species is governed by the following equilibrium: 

CO2 + H2O ↔  HCO3
-  + H+ ↔ CO3

2-‐ + 2H+   (1.2) 
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By this equilibrium, a change in the concentration of one species will generally affect the 

relative concentrations of the other two species (i.e., an increase in CO2 will result in a 

decrease in CO3
2-, and vice versa). Equilibrium among the DIC species is governed by 

the first and second dissociation constants of carbonic acid, K1 and K2. K1 controls the 

equilibrium between CO2 and HCO3
-, and K2 controls the equilibrium between HCO3

- 

and CO3
2-. The two dissociation constants are typically noted as stoichiometric 

equilibrium constants by the following:  

          K1*= [HCO3
-‐ ][H+]

CO2
      (1.3) 

          K2*= [CO3
2-‐][H+]

HCO3
-‐        (1.4) 

The stoichiometric constants are often expressed as negative logarithms of the 

equilibrium constants and notated as pK. Both pK1 and pK2 are functions of temperature, 

pressure, and ionic strength (salinity). When temperature decreases and pressure 

increases, pK1 and pK2 shift in favor of CO2, resulting in a decreased relative contribution 

of carbonate (and increased relative contribution of bicarbonate) to the DIC pool.  

  

1.3.2 pH 

 pH is a measure of the activity of the hydrogen ion, H+, and is defined as: 

   pH = -log[H+]       (1.5) 

In seawater, the hydrogen ion is not only present in the free form (referred to as free H+ 

for simplicity but realistically as a hydrated ion, H3O+), but is also active when bound to 

one of the principal ions in seawater, sulfate (SO4
2-). The activity of both free and 

sulfated hydrogen ions is referred to as the total activity of hydrogen. Because of this, 
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seawater pH is generally measured as the total activity of the hydrogen ion, which 

accounts for the activities of both the free H+ and of the sulfated H+, HSO4
-. Total activity 

of the hydrogen ion is therefore defined as: 

   [H+]T = [H+]F + [HSO4
-]     (1.6) 

where [H+]T is the total activity of the hydrogen ion, [H+]F is the activity of the free 

hydrogen ion, and [HSO4
-] is the activity of the sulfated hydrogen ion. Accordingly, total 

pH is defined as: 

   pHT = -log[H+]T      (1.7) 

Measurement of pHT can be accomplished either by potentiometric measurement with an 

electrode or by spectrophotometric measurement with an indicator dye. Potentiometric 

measurement requires the use of an electrode calibrated against buffers that approach the 

ionic strength of seawater, 0.7 M. Tris/HCl buffers in an ionic medium have been 

developed for this purpose (Nemzer and Dickson, 2005). Alternatively, the indicator dye 

m-cresol purple can be used to measure pHT with a spectrophotometer (Dickson, 2010).  

 

1.3.3 Total Alkalinity 

Total alkalinity (notated as TA or AT) is the balance of charges in seawater. Total 

alkalinity is important to ocean carbonate chemistry because it is typically used as a 

means to infer the buffering capacity, and therefore resistance to changes in pH, in 

seawater. Total alkalinity is defined by Dickson (1981) as: 

TA = [HCO3
- ] + 2[CO3

2-‐] + [B(OH)4
- ] +  [OH-] + [HPO4

2-‐]  

+ 2[PO4
3-‐]  + [H3SiO4

-‐ ] + [NH3] + [HS-] – [H+]F – [HSO4
-‐ ]  

– [HF] – [H3PO4]      (1.8) 
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The definition of total alkalinity can be abbreviated to include only the primary 

constituents according to the following (Gattuso and Hansson, 2011): 

TA = [HCO3
- ] + 2[CO3

2-‐] + [B(OH)4
- ] +  [OH-] - [H+]  

+ minor compounds      (1.9) 

From this equation, the primary contributors to total alkalinity are grouped according to 

the following: carbonate alkalinity ([HCO3
-] + 2[CO3

2-]), borate alkalinity ([B(OH)4
-]), 

and water alkalinity ([OH-] – [H+]). Carbonate alkalinity is the greatest contributor to 

total alkalinity, and accounts for approximately 96% of seawater total alkalinity (Zeebe 

and Wolf-Gladrow, 2001). However, contributions from the other species cannot be 

neglected, as they become important at low pH (less than 3.5) after the carbonate species 

have been fully converted to CO2. To measure total alkalinity, a titration with strong acid 

(such as HCl) is performed to determine the equivalence point at which all negatively 

charged molecules (i.e. those that can accept H+) have been neutralized, which typically 

occurs in seawater at pH 3.0 (Dickson et al., 2007).   

 

1.3.4 Calcium Carbonate 

Calcium carbonate exists as one of three mineral forms in seawater: aragonite, 

calcite, and magnesium calcite (Mg-calcite). Aragonite and calcite are polymorphs of 

calcium carbonate and differ with respect to the arrangement of their crystal structures – 

aragonite is orthorhombic and calcite is rhombohedral (reviewed in Hurlbut, 1971 and 

Reeder, 1983). This difference in structure affects both the density and solubility of the 

two polymorphs (Zeebe and Wolf-Gladrow, 2001). Mg-calcite is a modified form of 

calcite where a degree of calcium atoms have been substituted for magnesium. The extent 
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of magnesium substitution in Mg-calcite divides it into two categories: high Mg-calcite 

(high degree of Mg substitution) and low Mg-calcite (low degree of Mg substitution).  

The solubility, and therefore dissolution potential, of calcium carbonate differs 

with respect to the various mineral forms. Aragonite is more soluble than calcite, and this 

is due primarily to its orthorhombic (and less stable) structure. High Mg-calcite is more 

soluble than low Mg-calcite and this solubility difference is dependent on the mole 

fraction of magnesium in seawater (Dickson, 2010). High Mg-calcite is most soluble in 

seawater, followed by aragonite, low Mg-calcite, and calcite. The dissolution equilibrium 

for calcium carbonate is defined as: 

  CaCO3 = Ca2+(aq) + CO3
2-(aq)    (1.10) 

The equilibrium constant of this reaction is the apparent stoichiometric solubility product 

constant, Ksp
*, which represents the expected concentrations of Ca2+ and CO3

2- at 

equilibrium conditions of a given temperature, pressure, and salinity. The stoichiometric 

solubility product constant is defined as: 

   Ksp
* = [Ca2+]sat * [CO3

2-]sat     (1.11) 

where [Ca2+]sat is the expected concentration of Ca2+ and [CO3
2-]sat is the expected 

concentration of CO3
2- of a given temperature, pressure, and salinity (Mucci, 1983).  

The potential for calcium carbonate to precipitate or dissolve is given by the 

saturation state of seawater, which is the ratio of the observed calcium carbonate ion 

product to the expected calcium carbonate ion product. The calcium carbonate saturation 

state is represented by Ω and is defined by the following: 

          Ω  = [Ca
2+][CO3

2-]
Ksp
*       (1.12) 
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When Ω is equal to 1.0, seawater is in equilibrium with calcium carbonate. At saturation 

states greater than 1.0, there is excess calcium carbonate than would be expected at 

equilibrium; therefore calcium carbonate is thermodynamically favored to precipitate out 

of solution. Conversely, at saturation states less than 1.0, calcium carbonate is 

thermodynamically favored to dissolve. Because the Ca2+ ion concentration is linked to 

salinity, its concentration is conservative in seawater. However, as described above, the 

CO3
2- ion concentration varies with respect to several factors in addition to salinity (e.g. 

temperature, pressure); therefore, it is the concentration of CO3
2- that most strongly 

influences the calcium carbonate saturation state throughout the ocean.  

 

1.4 Impacts of Ocean Acidification 

1.4.1 Biological Impacts 

Ocean acidification impacts a suite of biological processes across a broad group 

of marine animals (Doney et al., 2009). A recent meta-analysis of various ocean 

acidification studies shows negative effects on survival, reproduction, development, and 

calcification, despite the existence of significant variation in sensitivity among taxonomic 

groups (Kroeker et al., 2010). Contributors to this observed variation include utilization 

of the different polymorphs of calcium carbonate, which range in solubility in seawater 

(as explained above in Section 1.3.4). Additionally, ocean acidification inflicts 

disproportionate responses at early life history stages, with negative effects particularly 

evident at the larval stages in select species of echinoderms, bivalves, corals, and 

crustaceans (Kurihara, 2008; DuPont et al., 2008). Such effects pose considerable 

obstacles to colonization and recruitment events, particularly in sessile species (Albright 
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et al., 2010). Furthermore, ocean acidification can disturb acid-base balance in a variety 

of species. Mobile species with high metabolic rates are believed to be less susceptible to 

disruptions in acid-base balance; however, sessile species have comparatively lower 

metabolic rates and are hypothesized to be less resilient to acid-base fluctuations 

(reviewed in Doney et al., 2009). The research community’s focus on scleractinian corals 

in ocean acidification studies may be attributed to this array of processes.  

The biological process most significantly altered by ocean acidification is 

calcification. Calcification refers to the biogenic precipitation of calcium carbonate and 

its subsequent deposition as skeletal, shell, or other hard material. The dominant 

calcifiers in benthic marine habitats are scleractinian corals (Stanley and Hardie, 1998), 

but they are closely rivaled in contributions to global CaCO3 production by the calcifying 

green algae Halimeda sp. (Milliman and Droxler, 1996; Rees et al., 2007). Other 

important benthic calcifying taxa include coralline red algae, echinoderms, molluscs, and 

arthropods (Foster, 2001; Ries et al., 2009). In the plankton, calcification occurs 

primarily in coccolithophores, foraminifera, and pteropods. The mechanisms of 

calcification in corals are discussed below. 

Decreased calcification rates observed in ocean acidification experiments are 

generally attributed to reductions in the carbonate ion concentration and aragonite 

saturation state. Nevertheless, several studies have produced conflicting results in 

identifying the primary driver of these effects in corals. A majority of investigations in 

numerous species of scleractinian corals has found strong correlations of calcification 

rate to the aragonite saturation state and the carbonate ion concentration (e.g. Marubini 

and Atkinson, 1999; Marubini et al., 2001; Marubini et al., 2003). However, transport of 
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the carbonate ion through coral tissues is not supported by physiological or 

morphological data (Goiran et al., 1996; Furla et al., 2000; Langdon and Atkinson, 2005). 

On the other hand, the bicarbonate ion has been shown to be involved in calcification in 

several species of zooxanthellate corals (Marubini and Thake, 1999; Schneider and Erez. 

2006; Herfort et al., 2008); however, the approaches in these studies did not control 

carbonate chemistry to the extent necessary to remove concomitant increases in the 

carbonate ion concentration, resulting in ambiguous interpretations of the true contributor 

to coral calcification. Jury et al. (2010) sought to rectify this discrepancy, and found that 

the bicarbonate ion concentration drives calcification in Madracis auretenra 

independently of the carbonate ion concentration. This result, however, does not 

corroborate the observed decreases in calcification as the bicarbonate ion concentration 

increases with respect to acidification, which would suggest that coral calcification will 

increase under ocean acidification. In a recent study, Rodolfo-Metalpa et al. (2011) found 

that tissue coverage of the skeleton in two coral species was vital to sustaining 

calcification under acidified conditions, suggesting that decreased aragonite saturation 

state and carbonate ion concentration may disproportionately impact corals with exposed 

skeletal material, including the dead coral framework and exposed carbonates that 

predominately contribute to reef habitat (Henry and Roberts, 2007; Lessard-Pilon et al., 

2010).  

 

 

 

 



15 
	   	   	  

1.4.2 Ecological Impacts 

Several studies have demonstrated severe ecological consequences due to 

increased CO2 and reduced pH. In an in situ approach, Hall-Spencer et al. (2008) found 

decreased abundances of calcifying species in rocky shore communities along a pH 

gradient due to CO2 venting offshore of Italy. The authors observed complete dominance 

of seagrasses and invasive, non-calcifying species at the site of most active CO2 venting, 

corresponding to a pH of ~7.6. In a related study at the same site, Cigliano et al. (2010) 

observed significant decreases in recruitment of calcifying taxa such as foraminifera, 

gastropods, and bivalves with respect to decreasing pH, supporting experimental results 

of detrimental effects on early life stages of calcareous invertebrates due to ocean 

acidification (Kurihara, 2008; DuPont et al., 2008; Albright et al., 2010). Species 

richness, evenness, biomass, and trophic complexity have also been shown to decrease 

with respect to pH along a similar gradient of CO2 vent activity (Kroeker et al., 2011). 

Due to the role that calcareous species play in habitat formation and ecosystem 

structuring, it is presumed that the above results are due to the absence of calcifying 

species under low pH conditions. Future changes in pH may elicit similar shifts in a 

variety of ecosystems due to the resulting stress applied to calcareous species, 

particularly framework-forming corals. 

 

1.4.3 Economic Impacts 

Beyond the ecological consequences described above, a number of economic 

consequences may be expected from ocean acidification, significantly increasing the 

number of stakeholders affected by changing ocean chemistry. Numerous countries are 
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dependent on commercial and recreational fishing to support a large portion of jobs, gross 

domestic product and overall economic viability (Cooley and Doney, 2009). In the 

United States alone, over 1 million people were employed by the commercial fishing 

industry in 2011, generating revenue of over $5,000,000,000 (NOAA Office of Science 

and Technology). Over 58% of this revenue is attributed the harvest of calcareous 

species, and fisheries in Florida, Washington, Massachusetts, New Jersey, Texas, and 

Louisiana are dependent primarily on these types of harvests (NOAA Office of Science 

and Technology). Cognizant of these implications, the governor of Washington recently 

implemented a panel of new initiatives, supported by significant funding, with the goal of 

ameliorating anthropogenic contributions to ocean acidification by the state. This panel 

also establishes scientific programs to monitor the changing chemistry of coastal areas 

and to investigate the biological impacts of ocean acidification on local economically 

significant species. 

 

1.5 Cold-Water Corals 

Corals are defined as “animals in the cnidarian classes Anthozoa and Hydrozoa 

that produce either calcium carbonate secretions…or that have a black, horn-like, 

proteinaceous axis” (Cairns, 2007). Corals may occur in one of two growth forms: as 

solitary individuals, or as colonies – assemblages of clonal individuals with connected 

tissues (see Section 1.5.3, General Anatomy and Morphology). The popular impression 

of corals is that they are restricted to the shallow waters of tropical seas; however, 65% of 

the known 5160 species of corals occur in waters deeper than 50 meters across the globe 

(Roberts et al., 2009). While this majority of coral species is often found below 50 
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meters, some may also occur at shallower depths where temperatures reflect those of 

deeper waters, such as high-latitude regions or areas where upwelling provides a steady 

regime of cold (4-12 ºC) water. Hence, many species that are often termed “deep-water 

corals” are more accurately described as “cold-water corals” due to their strong 

association with temperature rather than depth.  

 

1.5.1 Diversity 

Cold-water corals are profoundly diverse, and each species falls within one of five 

clades of various ranks. The most well recognized clade is the Scleractinia, an order of 

solitary and colonial corals that secrete calcium carbonate skeletons as aragonite. Six 

species of cold-water scleractinian corals are widespread and form complex framework 

under optimal conditions: Lophelia pertusa, Madrepora oculata, Oculina varicose, 

Enallopsammia profunda, Solenosmilia variabilis, and Goniocorella dumosa. The 

subclass Octocorallia is the most species-rich clade (Roberts et al., 2009), and is 

characterized by rings of tentacles grouped in sets of eight; most octocorals also possess 

calcitic sclerites embedded within the tissues. Some octocoral species are habitat 

forming, and may maintain symbioses with certain species of echinoderms (Roberts et 

al., 2009). The black corals, Order Antipatharia, are characterized by the presence of a 

chitinous axis complexed with proteins (Goldberg et al., 1994) surrounded by tissue. 

Order Zoanthidea is represented by only three species of cold-water corals, all within the 

genus Gerardia (Roberts et al., 2009). Gerardia spp. are classified as corals due to their 

formation of a dense, proteinaceous, gold-colored axis (Roberts et al., 2009). Finally, the 

family Stylasteridae contains the only corals from the cnidarian class Hydrozoa, and 
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species within this clade produce skeletons of either aragonite or calcite (Roberts et al., 

2009). In spite of this diversity, cold-water corals are generally azooxanthellate 

suspension feeders – with some exceptions, including Hawaiian Antipatharians (Wagner 

et al., 2011) and the temperate Scleractinian Astrangia poculata (Dimond et al., 2007), 

have a planktonic larval stage that depends on hard substrata for successful settlement, 

and rely on currents both to deliver food and to prevent the accumulation of sediments 

(Roberts et al., 2009).   

 

1.5.2 Age and Longevity 

One of the most notable characteristics of the cold-water corals is their longevity; 

some cold-water corals are the longest-lived marine organisms (Roberts et al., 2009). 

Some colonies can live for thousands of years, including specimens of the antipatharian 

Leiopathes sp. (2320 years, Roark et al., 2006) and the zoanthid Gerardia sp. (1800 

years, Druffel et al., 1995). The longevity of certain cold-water coral structures can be 

attributed to the development of “reefs” by the framework-forming scleractinians. “Cold-

water coral reefs” are defined as long-lived accumulations of biogenic material that 

sustain periods of growth and bioerosion, alter the flow of currents and sediment, and 

perhaps most importantly, form complex, three-dimensional habitat for other species 

(Roberts et al., 2009).  

Various approaches are used to estimate the ages of cold-water corals and the 

structures they form, including visual, stratigraphic, and isotopic dating techniques 

(Roberts et al., 2006; Roberts et al., 2009). Select groups within the Octocorallia, 

Antipatharia, and Zoanthidea clades lay down annual growth bands as the axis develops, 
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and these bands may be enumerated to infer age and growth rate if the chronology of 

banding is validated by isotopic methods (Andrews et al., 2002; Sherwood et al., 2005).  

Isotopic techniques such as uranium/thorium, carbon-14, and lead-210 dating of skeletal 

material can provide age estimates of various specimens, although these methods are 

most often applied to obtain ages of reefs produced by the scleractinians (e.g. Roberts et 

al., 2006; Roberts et al., 2009). Select Scandinavian cold-water coral reefs date from 

8,000 to 14,000 ybp (Hovland et al., 1998; Roberts et al., 2006). Coral structures from 

lower latitude regions, which are beyond the influence of recent glacial expansions, are 

slightly older (Roberts et al., 2006). Cold-water coral reefs from the Mediterranean Sea, 

northwestern African coast, and the Mid-Atlantic Ridge date to 50,000 ybp (Schröder-

Ritzrau et al., 2005). In the Gulf of Mexico, some reef structures date to 40,000 ybp 

(Neumann et al., 1977), and preliminary results from a cold-water coral mound formed 

by successive periods of L. pertusa growth date to 300,000 ybp (TDI-Brooks Intl., 

unpublished).  

The longevity of cold-water corals, coupled with their widespread distribution, 

allows them to serve as paleo-environmental archives (Roberts et al., 2009). Biological 

processes such as calcification produce “vital effects”, alterations to the isotopic and trace 

element composition of the skeleton (Weber and Woodhead, 1972), and have been 

observed in cold-water corals (Emiliani et al., 1978). Isotopes such as 18O, 13C, and 11B, 

as well as Mg/Ca and Sr/Ca ratios, are commonly employed in the examination of vital 

effects in cold-water coral skeletons. Trends including changes in seawater temperature 

(Smith et al., 2000), circulation patterns (Adkins et al., 1998), and pH (Trotter et al., 
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2011) can be identified using these techniques and may help reconstruct Earth’s climate 

history. 

 

1.5.3 General Anatomy and Morphology 

Despite the diversity of cold-water corals, several anatomical similarities exist 

among them. Like all cnidarians, cold-water corals are diploblastic and radially 

symmetrical, contain stinging cells called cnidocytes laden with nematocysts, and have 

one orifice responsible for exchange between the seawater and the gastrovascular cavity. 

Cold-water corals may be either colonial or solitary, and the individual unit is the polyp, 

which functions largely independently of others within the same colony. Polyps have 

several discrete anatomical structures that perform select functions. The mouth of the 

polyp facilitates bidirectional exchange of food and waste, and is surrounded by rings of 

tentacles armed with cnidocytes that are used in prey capture and defense. Connecting the 

mouth to the gastrovascular cavity is the actinopharynx, a tube-like structure that is 

functionally analogous to the vertebrate esophagus. Sheets of tissue called mesenteries 

are arranged radially about the gastrovascular cavity and contain digestive and 

reproductive cells. The five clades of cold-water corals can be additionally distinguished 

by differences of these characters, such as the number of tentacles surrounding the mouth 

and morphological variation of the mesenteries. 

In addition to sharing common anatomical structures, the Scleractinians possess 

skeletal structures unique to the clade. Individual polyps are housed within a calcareous 

cup called the calyx. The wall of the calyx is called the thecum, and its diameter may 

vary among individual polyps and species. Projecting radially from the calyx into the 
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polyp are thin plates called septa, which are located between the mesenteries. All calices 

within an individual colony are collectively referred to as the corallum, and a sheet of 

tissue called the coenosarc connects live polyps to each other in a colony. When a polyp 

within a colony dies, the tissue will disintegrate and the calyx will remain. Over time, 

dead sections of corallum may be colonized by epifauna such as anemones, sponges, and 

serpulid worms.  

 

1.6 Lophelia pertusa 

Lophelia pertusa is the most widely distributed, locally abundant, and perhaps 

best known of the cold-water scleractinian corals. L. pertusa colonizes hard substrata 

predominately at depths of 200 to 1000 meters, though records exist from 39 m in 

Norwegian fjords and 3383 m from New England seamounts (Zibrowius, 1980). Current 

knowledge suggests that distribution, abundance, and growth of L. pertusa is strongly 

influenced by environmental factors such as temperature, food supply, hydrography, 

dissolved oxygen concentration, and carbonate chemistry (Rogers, 1999; Thiem et al., 

2006; White et al., 2007; Davies et al., 2010; Guinotte et al., 2006), and each varies 

according to geographic position, depth, surface productivity, and seafloor topography. L. 

pertusa is typically associated with temperatures from 4 to 12°C (Frederiksen et al., 

1992), dissolved oxygen concentrations from 3 to 5 mL·L-1, and a relatively constant 

salinity from 35 to 37 (Roberts et al., 2003). However, the large majority of these data 

come from L. pertusa reefs in the North Atlantic Ocean, and populations in other seas 

may tolerate conditions outside of these ranges. For example, in the Gulf of Mexico, L. 

pertusa can endure dissolved oxygen concentrations of 2.6 mL·L-1 (Schroeder, 2002). 
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1.6.1 Distribution 

Despite its broad range, regional distribution of L. pertusa varies geographically 

and bathymetrically (Mortensen et al., 2001). This distribution pattern reflects global 

variation of both latitudinal and depth-driven factors such as temperature, dissolved 

oxygen, and carbonate chemistry. L. pertusa exhibits patchy distribution at local spatial 

scales, suggesting an influence of current regime on food delivery (Genin et al., 1986; 

Becker et al., 2009) and larval supply (Roberts et al., 2009). While most frequently found 

in the North Atlantic, L. pertusa has been observed throughout the Atlantic Ocean 

including the Mediterranean Sea, the Caribbean Sea, and the Gulf of Mexico (Zibrowius, 

1980), as well as at several locations in the Indian and Pacific Oceans (Zibrowius, 1973; 

Cairns, 1984). 

In the Gulf of Mexico, L. pertusa is primarily found along the upper continental 

slope colonizing hard substrata at depths of 300-600 meters (Cordes et al., 2008), though 

recent observations of discrete colonies on oil and gas platforms report minimum and 

maximum occurrences at 201 and 801 meters, respectively (Larcom et al., submitted). 

The formation of hard substrata along the Gulf of Mexico upper continental slope results 

primarily from the precipitation of authigenic carbonates, which are byproducts of the 

microbial metabolism of hydrocarbons and anaerobic oxidation of methane at areas of 

active hydrocarbon seepage (Wallman et al., 1997; Thiel et al., 2001). A diversity of 

corals, including L. pertusa, can colonize exposed carbonates in areas of negligible 

hydrocarbon concentrations (Schroeder et al., 2005; Cordes et al., 2008). L. pertusa is 

also able to colonize loose bodies of rock composed of dead calcareous sedentary 

invertebrates, which are termed bioherms (Roberts and Aharon, 1994; Roberts et al., 
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2009). Additionally, L. pertusa may also colonize lithoherms, high-relief biogenic 

mounds composed of lithified carbonates along the surfaces (Reed et al., 2006; Roberts et 

al., 2009).  

 

1.6.2 Significance 

The structuring of cold-water coral reefs by L. pertusa supports its classification 

as a foundation species, and its role in habitat formation in the Gulf of Mexico is 

corroborated by quantitative community collections of invertebrates (Cordes et al., 2008) 

and photographic surveys of megafauna (Lessard-Pilon et al., 2010). These results 

suggest a close association of diverse assemblages with L. pertusa in the Gulf of Mexico, 

and similar findings have been reported from L. pertusa reefs in the North Atlantic 

(Rogers, 1999, Roberts et al., 2006, Henry and Roberts, 2007). In Norwegian waters, 256 

species were found in close association with L. pertusa framework (Jensen and 

Frederiksen, 1992); moreover, related work on the Porcupine Seabight found 

significantly higher biodiversity on cold-water coral mounds formed by L. pertusa and 

the related cold-water scleractinian Madrepora oculata compared to adjacent off-mound 

areas (Henry and Roberts, 2007). Additionally, several species of invertebrates appear to 

have specific interactions with L. pertusa, including the polychaete Eunice sp., which 

may help assemble reef framework (Roberts, 2005), and the coralivorous gastropod 

Coralliophila sp. (Cordes et al., 2008; Becker et al., 2009). This enhancement of local 

diversity may be jeopardized by the reduced development and persistence of these reefs 

in an increasingly acidic ocean.  
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1.6.3 Biology 

L. pertusa is devoid of photosynthetic symbionts and feeds on particulate organic 

matter and small zooplankton that ultimately derive their nutrition from surface 

photosynthetic productivity (Duinevald et al., 2004; Duinevald et al., 2007; Kiriakoulakis 

et al., 2005; Becker et al., 2009). L. pertusa polyps digest food within the gastrovascular 

cavity, and tentacles surrounding the mouth are used to capture food particles from the 

seawater. Once the food item is digested within the gastrovascular cavity, waste products 

are expelled through the mouth. Stable isotope results from L. pertusa in the North 

Atlantic attribute 80% of its carbon budget to respiration, with the remaining 20% 

divided equally between calcification and tissue assimilation; however, calcification 

receives an increased allocation of carbon in the presence of the associated polychaete 

Eunice norvegica despite no changes to the coral’s metabolic rate (Mueller et al., 2013).   

Reproduction in L. pertusa occurs by both asexual and sexual means. L. pertusa is 

a gonochoristic species, and clonal colonies are either entirely male or female with 

gamete production occurring within individual polyps of the colony (Waller and Tyler, 

2005). Broadcast spawning of gametes is seasonal, with spawning typically occurring 

from September to October in the Gulf of Mexico (Brooke and Schroeder, 2007) and in 

February in the North Atlantic (Waller and Tyler, 2005). Fertilization occurs in the water 

column following spawning events, and a lecithotrophic planula larva develops from this 

event (Waller and Tyler, 2005). Once a larva successfully settles on a hard substrate, it 

will metamorphose into a primary polyp and begin precipitating skeleton. Primary polyps 

proliferate into colonies asexually through the addition of new clonal polyps, which are 

produced by intra-tentacular budding of existing polyps (Cairns, 1979; Rogers, 1999). 
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The lifespan of individual polyps is not currently known, but estimates of colony age 

using growth rate data range from 200 to 366 years (Wilson, 1979).  

Growth rates of L. pertusa are highly variable (reviewed in Roberts et al., 2009), 

and are generally much slower than zooxanthellate corals due to the lack of 

photosynthetic input to calcification (Al-Horani et al., 2003). The thecal wall of the polyp 

grows simultaneously by both vertical extension and horizontal thickening, with the rate 

of vertical extension exceeding 50 times the rate of thickening (Cohen et al., 2006). 

Linear extension rates generally range from 2 to 26 mm·yr-1, though pioneer colonies on 

man-made structures can grow faster (Gass and Roberts, 2006). The addition of new 

polyps in L. pertusa is poorly characterized, with most recent estimates approaching 1 

polyp every 2 to 3 years, though with a high level of uncertainty (Sabatier et al., 2012). 

Several studies of L. pertusa reveal patterns of allometric growth, the differential 

extension of select parts of a colony relative to the whole (e.g. Mortensen, 2001; Brooke 

and Young, 2009; Gass and Roberts, 2010), with younger polyps growing significantly 

faster than older polyps (Maier et al., 2009). Furthermore, periods of active and arrested 

growth within individual colonies have been reported (Mortensen, 2001), suggesting 

episodic growth. The combination of allometric and episodic growth patterns in L. 

pertusa may be responsible for the highly variable growth rates obtained in previous 

experimental and in situ studies.   

 

1.6.4 Calcification 

Calcification in corals occurs at the interface of live tissue with the skeleton. The 

coral polyp consists of two cell layers: the ectoderm and endoderm, with a gelatinous 
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mesoglea in between. The aboral ectoderm is commonly referred to as the calicoblastic 

epithelium as it interfaces with the skeleton. The site of skeletogenesis is believed to lie 

within a “calcifying fluid” between the calicoblastic epithelium and the skeleton 

(Allemand et al., 2004). Precipitation of calcium carbonate crystals occurs as the coral 

elevates the saturation state within the calcifying fluid relative to surrounding seawater 

(Cohen and Holcomb, 2009). The elevation in calcium concentration is facilitated by a 

Ca2+-ATPase mediated exchanger (Cohen and McConnaughey, 2003) that exchanges one 

Ca2+ ion for two H+ ions. The removal of H+ in this exchange also results in an elevation 

in pH and [CO3
2-]. Bicarbonate (HCO3

-) is believed to be the major external source of 

DIC for calcification (Jury et al., 2010), and the primary form of DIC transported to the 

calcifying fluid (Allemand et al., 2004). An anion carrier has been implicated in the 

transport of HCO3
- from the calicoblastic epithelium to the calcifying fluid (Tambutte et 

al., 1996). In addition to oceanic pools of DIC, an additional source may be metabolic 

CO2 produced from respiration (Allemand et al., 2004). Carbonic anhydrase (CA) activity 

has been reported within the calicoblastic epithelium of the azooxanthellate scleractinian 

Tubastrea aurea (Tambutte et al., 2007). CA catalyzes the hydration of CO2 to HCO3
-, 

which may be subsequently transported to the calcifying fluid. Inhibition of CA by 

ethoxyzolamide induced a 75% reduction in calcification in Stylophora pistillata (Furla et 

al., 2000), supporting its significant role in the process of calcification, at least in 

shallow-water corals.  

Studies of calcification in deep-sea corals have been dominated by the use of 

geochemical methods and examination of vital effects (Adkins et al., 2003; Blamart et al., 

2005; Blamart et al., 2007; Gagnon et al., 2007; Meibom et al., 2006). Competing 
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evidence from isotopic work in L. pertusa suggests two possible calcification 

mechanisms in this species: 1) the existence of a calcifying fluid responsible for large 

variations in aragonite saturation state evidenced by oscillations of Sr/Ca and Mg/Ca 

ratios (Cohen et al., 2006) and 2) the absence of a calcifying fluid evidenced by 

depletions of 18O within the early mineralization zone (Rollion-Bard et al., 2010). 

Regardless of these disparate findings, recent work using the 11B isotope found that L. 

pertusa up-regulates pH and aragonite saturation state at the calcification site (McCulloch 

et al., 2012), supporting the findings of Cohen et al. (2006) and the existence of a 

calcifying fluid under biological control. Furthermore, these findings suggest a potential 

resiliency of L. pertusa to ocean acidification, though it is not presently known if this 

mechanism can operate at the range of pH expected from ocean acidification.  

 

1.6.5 Previous Studies Related to Ocean Acidification 

Several studies of L. pertusa calcification under ocean acidification scenarios 

have emerged in the past several years. Maier et al. (2009) were the first to investigate the 

impacts of reduced pH on L. pertusa, and found significant reductions in calcification at 

lowered pH using short-term (24 hour) experiments on North Atlantic specimens. 

However, the authors used strong acid additions in their experiments, which do not 

accurately reflect the changes in pH expected to occur from CO2-induced acidification. 

Despite this caveat, the authors observed that growth in young polyps was more sensitive 

to reduced pH compared to older polyps, suggesting assymetric impacts at various life 

history stages in L. pertusa. Long-term (12 month) experiments using CO2 additions on 

North Atlantic specimens demonstrated L. pertusa’s ability to sustain growth at a pH of 
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7.75 and Ωarag of 0.93 (Form and Riebesell, 2012), suggesting a potential for acclimation 

to ocean acidification. Finally, new results from Mediterranean L. pertusa show no 

effects of CO2-induced acidification on growth (Maier et al., 2013a) or respiration (Maier 

et al., 2013b). Whether or not these responses apply to other populations of L. pertusa, 

including those in the Gulf of Mexico, remain to be seen.   

 

1.7 The Gulf of Mexico  

1.7.1 Background and Significance 

The Gulf of Mexico, occupying an area of 1.5 million km2 (Martin and Bouma, 

1978), is among the most geologically active ocean basins in the world (Bernard et al., 

1976; Anderson et al., 1983; Brooks et al., 1986). Roughly half of this area falls within 

the U.S. Exclusive Economic Zone (EEZ) which can be divided into three sub-regions: 

the northern Gulf of Mexico, the west Florida shelf and slope, and the Florida Straits 

(Brooke and Schroeder, 2007). The Gulf of Mexico is a semi-enclosed basin and contains 

a relatively flat shelf (<200 m) encircling a deep abyss (3400-3700 m). Linking the 

abyssal region to the continental shelf is the continental slope, an area of pronounced 

geological activity (Humphris, 1979) resulting in hydrocarbon seepage (Bernard et al., 

1976; Brooks et al., 1986) and featuring a convoluted topography of knolls, basins, and 

canyons (Bryant et al., 1990). Due to its geologic and topographic complexity, the 

continental slope of the Gulf of Mexico harbors a suite of biological diversity, including 

chemosynthetic cold-seep communities (reviewed in Fisher et al., 2007) and cold-water 

coral communities (Cordes et al., 2008).  
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In spite of these biological communities, the presence of hydrocarbon reserves in 

the Gulf of Mexico attracts exploration and extraction activities from the energy industry, 

requiring precise and informed management of these resources. This task falls under the 

jurisdiction of the Bureau of Ocean Energy Management (BOEM), an agency within the 

U.S. Department of Interior, which is responsible for managing all offshore resources 

within the U.S. EEZ. As part of BOEM’s management of the energy resources within the 

Gulf of Mexico EEZ, the region is organized into a series of leasing areas that are named 

according to local geographic features within each area. Leasing areas are further 

subdivided into lease blocks of roughly 25 km2 (9 mi2). As of April 2013, 5,891 active 

leases are currently held by industry, with a significant portion (74%) concentrated within 

the north-central Gulf of Mexico. Lease statistics from 2000 to 2012 show an expansion 

of industry interest into progressively deeper waters; in 2012, 58% of industry bids in the 

north-central GoM were made for areas deeper than 200 meters.  

The majority of known cold-water coral communities in the Gulf of Mexico occur 

within leasing areas of the north-central region, including DeSoto Canyon (DC), Viosca 

Knoll (VK), Mississippi Canyon (MC), Atwater Valley (AT), Green Canyon (GC), and 

Garden Banks (GB). Observations of L. pertusa have been reported within each of these 

lease areas, and one of the most well developed L. pertusa reefs occurs within the Viosca 

Knoll area at lease block VK826 (Cordes et al., 2008; Davies et al., 2010). The proximity 

of L. pertusa and its associated habitats to active industrial platforms lends considerable 

urgency to the careful avoidance and mitigation of potentially destructive and irreversible 

impacts, especially in light of the 2010 Deepwater Horizon disaster that inflicted 

substantial damage to nearby coral communities (White et al., 2012). Coupled with the 
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potential effects of climate change and ocean acidification, anthropogenic impacts in the 

Gulf of Mexico merit significant investigation and analysis.   

 

1.7.2 Physical Setting and Oceanography 

The Gulf of Mexico is predominately enclosed by the coasts of the United States 

and Mexico, with narrow connections to the Caribbean Sea through the Yucatan Strait 

and to the Atlantic Ocean through the Florida Straits. Several physical processes drive 

circulation in the Gulf of Mexico, including the Loop Current (Hofmann and Worley, 

1986), anticyclonic rings that propagate from the Loop Current (Welsh and Inoue, 2000), 

and cyclonic eddies that shed from the Loop Current and its rings (Hamilton et al., 1999). 

Surface water exchange in the Gulf of Mexico is primarily driven by the Loop Current, 

which enters from the Yucatan Strait and exits through the Florida Straits. Loop Current 

rings enhance surface circulation, and typically propagate westward at intervals of 3 to 17 

months (Sturges and Leben, 2000). Deep-water circulation in the Gulf of Mexico is 

comparatively less well understood, though deep anticyclone-cyclone pairs are believed 

to migrate westward along the seafloor in conjunction with surface rings (Welsh and 

Inoue, 2000). 

Physical properties such as temperature, salinity, and dissolved oxygen within the 

Gulf of Mexico strongly reflect the composition of the water masses that enter it. Water 

in the Loop Current is principally composed of North Atlantic Central Water (NACW), 

which ranges in temperature from 8 to 19ºC, salinity from 35.1 to 36.7, and dissolved 

oxygen from 2.5 to 3.5 mL·L-1 (Schmitz and McCartney, 1993; Mienis et al., 2012). 

Subtropical Underwater (SUW) is also present within the Loop Current, resulting in a 
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salinity maximum of 36.5 below the mixed layer in the Gulf of Mexico (Jochens and 

DiMarco, 2008). Evidence of two additional water masses is found in the deep waters of 

the Gulf of Mexico, including the Antarctic Intermediate Water (AAIW) and the Tropical 

Atlantic Central Water (TACW). The AAIW is characterized by high nutrient 

concentrations and a salinity minimum of 34.9 (Jochens and DiMarco, 2008; Sturges, 

2005), and the TACW is believed to influence the Gulf of Mexico’s oxygen minimum 

layer of 600 meters (Morrison et al., 1983).  

While the dynamics of the above water masses exert considerable control on 

temperature, salinity, and oxygen concentrations in the Gulf of Mexico, the combination 

of relatively restricted deep-water exchange with the high productivity within the 

Mississippi River outflow complicates the extrapolation of pH and carbonate chemistry 

trends from these water masses to the Gulf of Mexico. The effects of these processes, 

coupled with the general lack of pH data, necessitate a focused investigation of the 

carbonate chemistry in the deep waters of the Gulf of Mexico. It is therefore appropriate 

that an examination of the effects of ocean acidification in the Gulf of Mexico begins 

with a characterization of the carbonate chemistry in this body. In the following chapter, I 

present a description of the carbonate chemistry of the water column and bottom waters 

of the north-central region of the Gulf of Mexico.  
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CHAPTER 2 

ARAGONITE SATURATION STATES AT COLD-WATER CORAL REEFS 

STRUCTURED BY LOPHELIA PERTUSA IN THE  

NORTHERN GULF OF MEXICO 

 

2.1 Abstract 

Ocean acidification, the reduction in pH and calcium carbonate saturation states 

of seawater, is likely to exhibit its most immediate effects on cold-water corals in deep 

waters with the shoaling of the aragonite saturation horizon. However, empirical data 

describing the carbonate chemistry at cold-water coral reefs is very rare. Regions of the 

upper slope of the Northern Gulf of Mexico harbor several deep-water reefs structured by 

the scleractinian Lophelia pertusa. We collected discrete water samples at a range of 

depths and locations in the Gulf of Mexico, including over eight Lophelia reefs, and 

measured total alkalinity and pH to calculate the aragonite saturation state (Ωarag).  The 

deep waters of the Gulf of Mexico (> 300 m depth) were at aragonite saturation states 

between 0.98 and 1.69. Lophelia pertusa was present at sites with Ωarag between 1.25 and 

1.69, and carbonate ion concentrations between 92 and 123 µmol kg-1. These data 

provide a critical baseline for detecting future changes in carbonate chemistry in the 

water column (i.e., aragonite saturation horizon shoaling), as well as at the sites of well-

developed cold-water coral structures threatened by ongoing ocean acidification. 
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2.2 Introduction 

Contemporary increases in atmospheric carbon dioxide (CO2) are altering the 

Earth’s global climate (IPCC, 2007).  Since the oceans absorb approximately one-third of 

anthropogenic carbon (Sabine et al., 2004), marine ecosystems are threatened by ocean 

acidification – the gradual decrease in oceanic pH by dissolution of CO2 in seawater 

(Raven et al., 2005). Lowered pH drives the conversion of carbonate ions to bicarbonate 

ions, which lowers the calcium carbonate saturation state in seawater.  Seawater pH is 

projected to decline by 0.3-0.5 units over the next century, which will significantly alter 

oceanic carbonate chemistry and calcium carbonate saturation states (Doney et al., 2009). 

One of the most recognized effects of ocean acidification is the reduction of the 

saturation states of the calcium carbonate polymorphs aragonite (Ωarag) and calcite (Ωcal). 

Reduced saturation states are expected to result in ‘shoaling’, or shallowing, of the 

saturation horizons (depth at which Ω = 1.0) of the two mineral polymorphs. As the 

oceans continue to absorb anthropogenic CO2, the aragonite saturation horizon (ASH) has 

already become 80 to 150 m shallower in parts of the North Atlantic Ocean over the past 

two centuries (Chung et al., 2003; Feely et al., 2004). In areas of the Indian Ocean, 

including the Arabian Sea and Bay of Bengal, the ASH has become 100 and 200 m 

shallower, respectively, than preindustrial values (Sabine et al., 2002), and shoaling of 

the ASH by 50 to 100 m has occurred in the North Pacific Ocean (Feely et al., 2008). 

Modeling studies predict that the ASH will continue to shoal in the future across various 

water basins, with the magnitude depending on the anthropogenic CO2 projections used 

(IPCC, 2007).     
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The biogeography of numerous calcifying species is believed to be controlled by 

the saturation states of the calcium carbonate minerals aragonite (Ωarag) and calcite (Ωcal) 

(Doney et al., 2009). The available habitat for cold-water corals and other benthic 

calcifiers is expected to be profoundly reduced over time with the sustained shoaling of 

the ASH (Guinotte et al., 2006). Current data show that some species of cold-water corals 

already persist near or below the ASH (Davies and Guinotte, 2011; Thresher et al., 2011).  

If the depth of the ASH becomes less than the depth of occurrence of existing cold-water 

coral reefs, a decrease in net calcification is expected with potential dissolution of 

existing structures. Recent work has shown that calcification is strongly correlated to 

CaCO3 saturation state with decreased calcification rates observed at low saturation states 

in numerous species of zooxanthellate corals (Hofmann et al., 2010). While similar 

results are expected in cold-water corals, there have been few experiments testing the 

effects of ocean acidification on calcification in this group (but see Maier et al., 2009; 

Form and Riebesell, 2012). The most well-known cold-water scleractinian is Lophelia 

pertusa, which is found throughout the world’s oceans and forms cold-water coral reefs, 

defined as long-lived biogenic structures that form local topographic highs and alter 

hydrodynamic and sedimentary regimes (Roberts et al., 2009). These cold-water coral 

reefs are recognized as economically and ecologically valuable through their support of 

diverse communities including numerous commercially important fishes and 

invertebrates (Roberts et al., 2009).  

Compounding the lack of information regarding the response of cold-water corals 

to ocean acidification is a general paucity of carbonate system data in deep waters and 

specifically in the vicinity of cold-water coral reefs. The only published record of the 
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carbonate system in the deep Gulf of Mexico (GoM) comes from a single conductivity-

temperature-depth (CTD) rosette cast from a cruise in 1991 that collected control data to 

investigate the potential input of methane-derived dissolved inorganic carbon (DIC) from 

cold seeps (Aharon et al., 1992). This study found pH = 7.62, DIC = 2064 µmol kg-1, and 

total alkalinity (TA) = 2278 µmol kg-1, from which we can estimate an Ωarag of 2.13 (from 

DIC and TA) at approximately 400 m depth. Oceanographic data from the Hebrides 

Islands region near the Mingulay Lophelia reef complex suggest DIC concentration of 

approximately 2126 µmol kg-1 and TA of 2231 µmol kg-1 (Key et al., 2004), which would 

result in an Ωarag of 2.25 (Maier et al., 2009). Oceanographic data obtained near the 

Lophelia reefs of the Skagerrak indicate DIC values between 2120 and 2170 µmol kg-1 

(Bozec et al., 2006), and Ωarag was estimated to be 1.89 (Maier et al., 2009).  Recently 

published data from the Oslofjord and Sula Reef complexes in Norwegian waters reveal 

aragonite saturation states of 1.39 and 1.74, respectively (Form and Riebesell, 2012). 

Existing modelling studies agree with these empirical data and show that aragonite and 

calcite saturation states are among the most important drivers of cold water coral 

distributions (Davies and Guinotte, 2011), and that L. pertusa likely occurs near the 

aragonite saturation horizon at numerous locations world-wide (Davies and Guinotte, 

2011). Due to the limited number of data sets on carbonate chemistry near cold-water 

coral reefs and the oceanographic complexity of semi-enclosed bodies of water, model 

predictions of shoaling of the aragonite saturation horizon are forced to omit most 

marginal seas containing cold-water coral reefs (Guinotte et al., 2006, Davies and 

Guinotte, 2011). This includes the GoM, a region that harbors numerous deepwater 

structures formed primarily by the scleractinian L. pertusa.  
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In this study, we described the carbonate system from the water column and deep 

waters of the GoM to augment the existing global data set of oceanographic carbonate 

chemistry, particularly in marginal seas such as the GoM. Additionally, we sought to 

better understand the distribution of Ωarag in the context of cold-water coral presence in 

the GoM. Related to this objective, we tested two hypotheses regarding Ωarag and L. 

pertusa distribution ― that areas of L. pertusa presence have higher Ωarag values than 

areas lacking L. pertusa, and that L. pertusa skeletal density positively correlates with 

Ωarag. With the establishment of baseline values of Ωarag in deep waters, especially near 

sensitive biological communities such as cold-water coral reefs, we will be able to detect 

future changes in carbonate chemistry resulting from ongoing acidification.  

 

2.3 Methods 

2.3.1 Study Area  

The study area includes water column and hard-bottom sites along the upper 

continental slope of the northern GoM and extends 700 km offshore of Mississippi, 

Louisiana, and Texas, encompassing roughly 70,000 km2. Sites in this study are referred 

to by their respective lease block locations according to the U.S. Bureau of Ocean Energy 

Management.  The known L. pertusa bioherms in the GoM occur from 300-600 m depth 

within several lease areas: Viosca Knoll (VK), Mississippi Canyon (MC), Green Canyon 

(GC), and Garden Banks (GB) (Cordes et al., 2008).  The VK bioherms (lease blocks 

VK826 and VK906, depth 390-550 m) are the most developed habitats in the GoM 

(Cordes et al., 2008), and feature expansive L. pertusa thickets along exposed carbonates. 

The VK906 lease block also includes a cold-water coral mound 250 m in diameter 
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cresting at approximately 390 m depth, which was discovered in 2009 and is the first 

cold-water coral mound discovered on the continental slope of the northern GoM. The 

summit of the VK906 coral mound is densely populated with L. pertusa framework, 

while the periphery of the mound features numerous colonies of antipatharian corals. The 

bioherms in MC (MC751, depth 430 m; MC885, depth 600 m) exhibit sparsely 

distributed patches of L. pertusa. The MC885 site is an area of low-lying carbonate ridges 

containing chemosynthetic tubeworms, gorgonian colonies, and small patches of L. 

pertusa (Cordes et al., 2006). The MC751 site, discovered in 2008, features L. pertusa 

co-occurring with chemosynthetic tubeworms and bacterial mats that indicate the 

presence of hydrocarbon seepage. The site primarily consists of dead coral framework, 

with live colonies of L. pertusa interspersed amongst the coral rubble. Several low-lying 

carbonate mounds also harbor colonies of the gorgonian Callogorgia sp. The GC354 

(Cordes et al., 2006; Cordes et al., 2008) and GB535 (Cordes et al., 2006) sites are less-

developed than the VK bioherms and feature patchy outcrops of live L. pertusa 

interspersed among dead coral framework and coral rubble, with patches of natural 

hydrocarbon seepage nearby.  
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Figure 2.1. Study stations in the northern Gulf of Mexico, October-November 2010. 

Bathymetry contours (from north to south) shown are 50, 200, 500, 1000, 2000, and 3000 

meters. 

 

2.3.2 Sample Collection 

All water samples (n = 143) were collected during the Lophelia II 2010 

expedition using a CTD rosette (water column) and the remotely-operated vehicle (ROV) 

Jason II (bottom water) deployed from the National Oceanographic and Atmospheric 

Association ship Ronald H. Brown (15 October – 05 November 2010). Fourteen deep-

water stations (depth > 300 m) in the GoM were sampled (Figure 2.1).  Lophelia pertusa 
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was present at eight of these sites: GC354, GB535, MC751, MC796, MC885, VK826, 

VK862, and VK906).  Water column samples (n = 79) were collected using a CTD 

rosette (SBE-32 submersible array firing assembly, 2.5 L bottle-1).  Bottom water samples 

(n = 64) were collected using a custom-made hydraulically-powered 7-Niskin bottle (1.7 

L bottle-1) array fitted to the remotely-operated vehicle. Upon recovery of the ROV and 

CTD rosette, water samples were collected from the Niskin bottles and stored in 500 mL 

polyethylene containers in a cool, dark location until analysis (<2 hours after reaching the 

surface).   

 

2.3.3 Analytical Methods 

 The pH (total hydrogen scale) of each sample was measured in duplicate at ~22°C 

using an Orion 5 Star pH meter with Ross electrode calibrated with Tris-HCl buffer 

(Dickson Lab, Batch 4, Scripps Institution of Oceanography). Precision for pHT analyses 

was 0.002 units (S.D.).  pHT values were corrected for pressure and temperature effects 

using CO2SYS (Oak Ridge Laboratory, Pierrot et al., 2006).  Total alkalinity of each 

sample was measured in duplicate at 22°C according to SOP3b (Dickson et al., 2007) 

using a Mettler-Toledo DL15 autotitrator with 0.1 mol L-1 HCl in 0.6 mol L-1 NaCl 

solution and calibrated against certified reference materials (Dickson Lab, Batch 105, 

Scripps Institution of Oceanography). Precision for total alkalinity analyses was 4.6 µmol 

kg-1 (S.D.). Temperature (°C), salinity, and pressure (Pa) were obtained in situ using a 

SBE19 CTD (for bottom water samples on Jason) and a SBE 9/11+ CTD (for water 

column samples).  Total alkalinity was normalized to 35.06 (mean salinity of study sites) 

according to Millero et al. (1998). The aragonite and calcite saturation states (Ωarag and 
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Ωcal), dissolved inorganic carbon (DIC), and carbonate ion concentrations ([CO3
2-]) were 

calculated at in situ pressure using CO2SYS. The dissociation constants for carbonic acid 

(K1 and K2) are from Mehrbach et al. (1973) as refit by Dickson and Millero (1987) and 

the aragonite solubility product (Ksp) is from Mucci (1983).  

 

 2.3.4 Skeletal Density 

 Density of L. pertusa skeletons was measured on specimens collected at the same 

time as water sampling described above.  Samples (n = 19) were soaked in 10% bleach 

for 3 days to remove residual tissue, followed by 7 days in acetone to remove trapped air 

bubbles (Bucher et al., 1998).  Samples were transferred to distilled water, then weighed 

using a Denver Instruments SI-64 analytical balance to obtain a buoyant weight.  Dry 

weight was subsequently measured on samples after being oven-dried overnight at 65°C.  

Skeletal density was calculated using the equation 

   𝑆𝐷 =    !!
!!  !!

!!

          (2.1)  

where SD = skeletal density, Dw = density of weighing medium, Ww = buoyant weight of 

coral skeleton, and Wa = dry weight of coral skeleton (Jokiel et al., 1978). All statistical 

analyses were conducted using JMP 8 (SAS). Normality was tested using the Shapiro-

Wilk W test, with p > 0.05 indicating normally distributed data. When assumptions of 

normality were not met, non-parametric statistics were employed.   
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2.4 Results 

 2.4.1 Total Alkalinity, pHT, and [CO3
2-] 

Total alkalinity (TA) in surface waters ranged from 2349.1-2411.5 µmol kg-1 

(mean: 2387.74). In deep waters (> 300 m depth), TA ranged from 2264.2-2381.5 µmol 

kg-1 (mean: 2315.8). TA was significantly different among sites (Wilcoxon 1-way test, χ2 

= 32.3, p < 0.001). Salinity-normalized TA (nTA, S = 35) also significantly differed 

among sites (Table 1, Wilcoxon 1-way test, χ2 = 36.4, p < 0.001). nTA was lowest at 100-

200 m depth and began to increase at 200 m depth (Figure 2.2A). 

Surface pHT ranged from 8.08-8.16 (mean 8.11).   At depth, pHT  ranged from 

7.84-8.03 (Figure 2.2B) and varied significantly among sites (Table 1, one-way ANOVA, 

F10,49 = 4.65, p < 0.001). The highest mean pHT was observed at the two deepest sites, 

DC673 (2500 m) and GC852 (1400 m).   Dissolved inorganic carbon (DIC) at depth 

ranged from 2135.03-2231.05 µmol kg-1 (mean: 2185.46) and [CO3
2-] ranged from 92-

123 µmol kg-1 (Figure 2.3C).  

 

2.4.2 Aragonite Saturation State and Skeletal Density 

Surface Ωarag ranged from 4.02-4.36 (mean: 4.18). At depths greater than 300 m, 

Ωarag for all stations ranged from 0.98-1.69 (Table 1, Figure 2.3D), with the values under 

1.0 measured at 2596 m depth. Aragonite saturation states for L. pertusa sites ranged 

from 1.28-1.69. The Ωarag varied significantly among sites where L. pertusa was present 

(one-way ANOVA, F5,31 = 7.38, p < 0.001), with highest values found in the eastern-most 

sites, including the VK bioherms (Figure 2.3D). Mean skeletal density of L. pertusa was 
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2.81 g cm-3 and ranged from 2.72-2.89 g cm-3. We did not observe a significant 

correlation between Ωarag and skeletal density (Figure 2.4, r = -0.072, p = 0.791).
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Table 2.1. Carbonate chemistry parameters of deep-water sites in the northern Gulf of Mexico 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* Denotes presence of Lophelia pertusa. 
 

Site 
ID 

Lease 
block 

Depth  
(m) 

Latitude 
(°N) 

Longitude 
(°W) 

nTA  
(µmol kg-1) 

 
pHT 

[CO3
2-]  

(µmol kg-1) 
 

Ωarag 

1 DC673 2387-
2597 28.31 87.31 2312.25-2324.55 7.94-7.98 105.60-108.79 0.98-1.13 

2* VK826 455-526 29.15 88.01 2288.69-2334.74 7.89-8.03 95.64-123.31 1.33-1.69 

3* VK906 390-441 29.07 88.38 2253.82-2332.04 7.85-7.95 92.49-113.85 1.31-1.61 

4* VK862 307 29.11 88.38 2304.13 7.92 115.5 1.66 

5* MC885 620 28.06 89.72 2321.37-2343.03 7.87-7.93 87.97-98.35 1.19-1.33 

6* MC796 530 28.14 89.76 2315.29 7.91 100.6 1.38 

7* MC751 437 28.19 89.79 2304.5 7.93 105.5 1.48 

8 GC249 787-832 27.74 90.52 2326.07-2331.12 7.92-7.95 96.22-102.33 1.26-1.33 

9 GC246 868 27.71 90.65 2315.71-2322.83 7.91-7.94 93.2-99.7 1.20-1.29 

10 GC852 1485 27.11 91.17 2333.86-2341.5 7.97 105.6-106.4 1.20-1.21 

11 GC140 283-320 27.81 91.54 2303-2312.49 7.89-7.92 107.86-115.61 1.55-1.67 

12* GC354 551 27.59 91.82 2297.6-2310.93 7.86-7.88 89.35-93.17 1.22-1.28 

13 GB299 338 27.69 92.23 2285.48-2297.69 7.91-7.92 108.15-113.26 1.54-1.62 

14* GB535 510-534 27.43 93.58 2297.8-2387.45 7.87-7.92 94.17-102.25 1.31-1.41 
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Figure 2.2. Water column profiles of (A) normalized total alkalinity (nTA)  

(µmol kg-1), (B) pH (total hydrogen scale), and (C) the aragonite saturation state (Ωarag).  

Solid line represents the function Ωarag = aebx(depth) + c (see Section 2.4.3). 

 

2.4.3 Comparisons within L. pertusa Depth Range 

Within the depth range of L. pertusa in the GoM (300-600 m), total alkalinity was 

lower at sites where L. pertusa was present (Wilcoxon 1-way test, χ2 = 5.09, p = 0.024); 

however, this relationship does not hold when total alkalinity is normalized to salinity 
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(Wilcoxon 1-way test, χ2 = 2.76, p = 0.096), as salinity is slightly lower at sites where L. 

pertusa is present (presence mean salinity: 35.05, absence mean salinity: 35.38, 

Wilcoxon 1-way test, χ2 = 17.5, p < 0.001). Furthermore, there was no significant 

difference in pHT where L. pertusa was present and absent (Wilcoxon 1-way test, χ2 = 

0.289, p = 0.5907).  

Since Ωarag covaries with depth, an exponential decay function was used to model 

changes in Ωarag with depth,   

Ωarag = aebx(depth) + c        (2.2)  

where a = 3.13122, b = -0.00573, and c = 1.15589. Analysis of the residuals between the 

function and empirically-derived values shows no significant difference in depth-

corrected Ωarag between sites of L. pertusa presence and absence (Wilcoxon 1-way test, χ2 

= 0.529, p = 0.467). 
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Figure 2.3. Distributions of (A) normalized total alkalinity (nTA) (µmol kg-1), (B) pH 

(total hydrogen scale), (C) carbonate ion concentration ([CO3
2-]) (µmol kg-1), and (D) the 

aragonite saturation state (Ωarag). Areas in white represent no data. 
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2.5 Discussion 

 2.5.1 Surface TA and pHT 

 Total alkalinity measurements from the surface layer agree well with prior work 

in the Gulf of Mexico.  Our TA measurements fall within the range reported by Keul et 

al. (2010, 2333.0-2411.9 µmol	  kg-1) in the same region, but do not fit the TA-salinity 

relationship established by Lee et al. (2006).  However, this relationship was nearly 

significant at p < 0.05 (r2 = 0.225, p = 0.0632) and it is likely that the limited number of 

surface samples in our study (n = 16) impedes this relationship.  Salinity-normalized TA 

in our study (mean: 2374.5 µmol	  kg-1) was higher than average nTA in sub-tropical 

Atlantic seawater (2291 µmol	  kg-1, Millero et al., 1998). However, neither alkalinity 

relationships calculated from Lee et al. (2006) nor Millero et al. (1998) included data 

from the Gulf of Mexico. 

An additional source of the TA-salinity disparity could be the role of the 

Mississippi-Atchafalaya system. Riverine input from this system exports high amounts of 

bicarbonate as a result of rock weathering along the river’s track (Suchet et al., 2003). 

This flux facilitates a delivery of high TA-low salinity water to the northern GoM, 

potentially distorting the TA-S relationship generally observed in oceanic waters. 

Recently, Guo et al. (2012) described the carbonate chemistry dynamics of the 

Mississippi River plume in the Gulf of Mexico. They observed elevations in TA due to 

input from the Mississippi River of up to 400 µmol kg-1 compared to ambient surface 

seawater (TA = 2330 – 2700 µmol kg-1 at S = 0).  While our study area was outside of the 

Mississippi-Atchafalaya river system, the GoM’s carbon cycle is strongly influenced by 

inputs from this plume (Guo et al., 2012).  
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Recently published results from a 2007 survey of the GoM carbonate system 

agree well with our dataset (Wang et al., 2013), suggesting minimal change to the surface 

carbonate chemistry of the GoM over the past several years. The buffering capacity of 

seawater may be inferred by the ratio of TA to DIC (TA:DIC). At high TA:DIC, the 

effects of CO2 influx may be offset by the buffering actions of alkaline species such as 

bicarbonate and carbonate. The TA:DIC ratio in the GoM is relatively high compared to 

other coastal systems, including the Gulf of Maine (Wang et al., 2013). According to the 

Global Ocean Data Analysis Project (GLODAP), open-ocean surface pH typically ranges 

from 7.95-8.35 (mean: 8.11, Sabine et al., 2005).  However, this wide-scale analysis did 

not include samples from the Gulf of Mexico.  Mean surface pH in our study is identical 

to the global average (8.11) and very close to the North Atlantic Ocean average (8.12) 

and is consistent with a 0.1 unit decline in pH from pre-Industrial estimates of surface 

ocean pH (Raven et al., 2005). While this value is expected to further decline over the 

next century as anthropogenic ocean acidification continues, disparate effects may be 

observed across different water bodies with different TA:DIC parameters. Establishment 

of the baseline carbonate chemistry parameters in the Gulf of Mexico from this study, as 

well as those of Wang et al. (2013), will permit observation of future changes in pH and 

associated carbonate variables. 

  

2.5.2 Carbonate Chemistry of the Deep GoM  

In addition to the processes described above, the increase in anthropogenic CO2 is 

likely to contribute to pH declines throughout the water column. Elevated CO2 in the 

atmosphere leads to direct changes in surface water chemistry, and these changes may be 
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translated to depth relatively quickly if the rate of vertical exchange via vertical mixing 

and eddy diffusion approaches the rate of lateral exchange by deep-water currents. The 

Loop Current of the GoM frequently sheds large cyclonic eddies that are propagated 

westward (Sturges et al., 2010). These eddies, coupled with wind-induced shallow-water 

currents, combine to produce downwelling along the northern GoM shelf break 

increasing the rate of vertical exchange (Chang and Oey, 2010). There is a relatively low 

level of lateral exchange of deep water among the GoM, the Caribbean, and the Atlantic 

Ocean resulting from the relatively shallow sill depths of the two openings to the GoM: 

the Yucatan Strait at approximately 2000 m and the Florida Strait at approximately 700 

m. In a relatively closed oceanographic system subjected to strong anthropogenic forcing 

such as the GoM, these processes could potentially contribute to the observed decreases 

in pH and aragonite saturation state with depth.  

 Several factors are known to influence the inorganic carbon system in deep 

waters.  One of the primary controls on total alkalinity is the precipitation and dissolution 

of CaCO3. In the surface ocean, precipitation of CaCO3 by planktonic calcifiers removes 

bicarbonate, a predominant substrate for calcification (Hofmann et al., 2010). As these 

organisms die, the shells and tests descend to the seafloor, resulting in a net accumulation 

of alkaline species with increasing depth (Milliman et al., 1999). This process may 

increase normalized total alkalinity, which was observed initially at 200 m in the Gulf of 

Mexico (Figure 2.2A); however, other processes such as nitrification, denitrification, and 

the decomposition of organic matter cannot be excluded (Stumm and Morgan 1981).  The 

decomposition of organic matter throughout the water column also influences carbonate 

chemistry dynamics at depth through the release of CO2 resulting in a decline in pH with 
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depth.  In the Gulf of Mexico, lowest pH values were observed within the depth range of 

the oxygen minimum zone (300-800 m, Guo et al., 1995), reflecting the interaction 

between organic matter decomposition and pH. 

 The variability in carbonate chemistry observed in this study may be due in part to 

the microbial oxidation of methane from hydrocarbon seepage. Hydrocarbon seepage 

occurs at select locations along the continental slope of the Gulf of Mexico, and results 

from sub-seafloor salt tectonic activity that mobilizes pore fluids and hydrocarbons 

(Roberts and Carney, 1997; Rowan et al., 1999). In areas where the flux of hydrocarbons 

is slow, bicarbonate is produced by the oxidation of methane and other hydrocarbons by 

anaerobic microbes (Roberts, 2001; Fisher et al., 2007), which may become 

supersaturated and result in the precipitation of authigenic carbonates. The occurrence of 

authigenic carbonates permits the settlement of various larvae, including that of seep-

endemic fauna such as ventimentiferan tubeworms and bathymodiolin mussels, and after 

seepage has slowed or stopped, corals such as L. pertusa (Schroeder et al., 2005). Several 

of the sites surveyed in this study feature L. pertusa co-occurring with chemosynthetic 

tubeworms, implicating at least some degree of present-day hydrocarbon seepage. These 

sites include VK826, MC751, and MC885, which feature wide variation in total 

alkalinity and pH (Table 2.1). Local elevation of bicarbonate concentrations by microbial 

activity will increase total alkalinity; therefore, it is possible that some of the variability 

in carbonate chemistry observed in this study is due to microbial activity. Future work 

should include the measurement of methane from water samples in addition to pH and 

total alkalinity. 
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 Progressive ocean acidification will alter the carbonate parameters of the water 

column of the global ocean. Recently published data show that pH decreased by 0.026-

0.043 units from 1991-2010 in intermediate waters (500-1100 m) of the Rockall Trough 

(McGrath et al., 2012). This change was induced by an estimated influx of anthropogenic 

CO2 of roughly 15 µmol kg-1 over two decades. Like the Gulf of Mexico, the Rockall 

Trough provides habitat for several species of cold-water corals, including the 

scleractinians L. pertusa and Madrepora oculata (White and Dorschel, 2010). If similar 

changes in pH occur in the GoM, Ωarag would be expected to decrease as much as 0.1 in 

deep waters. Sustained ocean acidification at this rate could potentially result in 

undersaturation of aragonite in the deep GoM by the end of this century. 

 
Figure 2.4. Correlation of aragonite saturation state to L. pertusa skeletal densities.  Data 

are individual skeletal densities of L. pertusa samples from 4 different cold-water coral 

reefs in the deep Gulf of Mexico (n = 3 for GC354; n = 2 for GB535; n = 5 for VK826; n 

= 6 for VK906). 

 

 2.5.3 Aragonite Saturation State and L. pertusa 

 The aragonite saturation state is increasingly recognized as one of the most 

important drivers of framework-forming cold-water coral presence (Davies and Guinotte, 
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2011). A key concern for the persistence of cold-water coral reefs and their associated 

communities is the shoaling of the aragonite saturation horizon as a result of ocean 

acidification. According to the results presented here for the Gulf of Mexico, the cold-

water coral reefs formed by Lophelia pertusa presently lie above the aragonite saturation 

horizon; however, shoaling of the ASH is expected to continue as a result of ongoing 

anthropogenic ocean acidification (Guinotte et al., 2006). While it is not known how 

natural populations of L. pertusa will cope with aragonite-undersaturated conditions, 

experimental evidence suggests a potential for acclimation to CO2-induced acidification.  

Over the course of six months, L. pertusa from the North Atlantic was able to grow under 

laboratory conditions at Ωarag of 0.93 (Form and Riebesell, 2012).  However, this study 

was limited in its number of genetic replicates (n = 2), so it remains unclear if a 

population of genetically-distinct individuals will respond similarly. Populations from the 

Porcupine Seabight and Darwin Mounds have been shown to be highly clonal (Waller 

and, Tyler 2005), and these and the rest of the North Atlantic populations are genetically 

isolated from the Gulf of Mexico (Morrison et al., 2011). Although our findings suggest 

that L. pertusa in the GoM are tolerant of the current saturation states described here, its 

response to acidification may be different from individuals of the North Atlantic 

populations. Future work should explore the effects of ocean acidification on L. pertusa 

to determine if acclimation to decreasing pH is possible in populations beyond the North 

Atlantic. 

The skeletal densities obtained in the present study are comparable to L. pertusa 

individuals obtained from the Oslo Fjord in the North Atlantic (mean of 2.77 g cm-3, 

Voigt, 2010), where Ωarag is 1.39 (Form and Riebesell, 2012). However, we did not 
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observe a significant correlation between L. pertusa skeletal density and aragonite 

saturation state (Figure 2.4). This result may suggest a potential resiliency in L. pertusa to 

changes in aragonite saturation state, as proposed by McCulloch et al. (2012). It is 

possible that L. pertusa employs compensatory mechanisms to maintain skeletal density 

despite changes in carbonate chemistry. While explicit evidence for such a mechanism in 

L. pertusa is currently lacking, Hoegh-Guldberg et al. (2007) notes that corals may 

maintain both skeletal growth and density under lowered saturation states by allocating 

increased energy to calcification. Studies in several species of corals show that increased 

nutrition mitigates the effects of elevated CO2 conditions on calcification (reviewed in 

Cohen and Holcomb, 2009). Nutrition in cold-water corals is mostly derived from surface 

productivity, and stable isotope data from L. pertusa in the Gulf of Mexico support a 

dependency on phytodetritus (Becker et al., 2009; A. W. J. Demopoulos unpubl.). In the 

eutrophic northern GoM, it is possible that L. pertusa reefs are receiving sufficient food 

resources from surface waters to sustain their skeletal densities spanning the range of 

Ωarag found here. However, it is also possible that the overall range of Ωarag  encountered 

here is not broad enough to induce changes to skeletal density in L. pertusa. In a related 

study, Thresher et al. (2011) found no significant correlations of skeletal density to 

carbonate ion concentrations in the framework-forming cold-water corals Enallopsammia 

rostrata and Solenosmilia variabilis despite spanning an Ωarag gradient of 0.83 to 1.10.        

When comparing sites only within the depth range of L. pertusa, Ωarag was lower 

at sites where L. pertusa was present than at sites where it was absent, conflicting with 

our hypothesis that high Ωarag would coincide with L. pertusa presence. This result is 

likely due to the depth constraints on Ωarag discussed above. L. pertusa was absent at sites 
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just below 300 m (GB299 and GC140, 320-340 m depth). This suggests that Ωarag is 

unlikely to exclusively control L. pertusa presence, and that other environmental factors 

not accounted for in the present study may significantly contribute to L. pertusa’s 

distribution and abundance in the GoM. Factors other than ocean chemistry shown to 

limit cold-water coral distribution include temperature, availability of hard substrata for 

larval settlement, and current speeds adequate to provide sufficient food resources 

(Roberts et al., 2009).  As ongoing anthropogenic activities, including ocean 

acidification, are likely to threaten cold-water coral distribution, it is prudent to further 

constrain the factors limiting their distributions and understand how they will respond to 

future changes. 

 



55 
	   	   	  

CHAPTER 3 

 
DESIGN, DEVELOPMENT, AND IMPLEMENTATION OF RECIRCULATING 

AQUARIA FOR MAINTENANCE AND EXPERIMENTATION 

OF DEEP-SEA CORALS AND ASSOCIATED FAUNA 

 

3.1 Abstract 

Here, the development and construction of recirculating aquaria for the long-term 

maintenance and study of deep-water corals in the laboratory is described. Since 2009, 

numerous colonies of Lophelia pertusa as well as several species of associated 

invertebrates from the Gulf of Mexico have been maintained. Additionally, these systems 

were used for the manipulation of pH and dissolved oxygen for short-term experiments 

using L. pertusa. The detailed manipulation of carbonate chemistry in artificial seawater 

is described for use in ocean acidification experiments. This system may be utilized for 

the maintenance and experimentation on deep-sea organisms in the absence of a natural 

seawater supply.  

 

3.2 Introduction 

Numerous studies over the past two decades have investigated organismal 

responses to environmental stressors associated with climate change. In the marine 

environment, research has predominately focused on easily-accessible, tractable, 

nearshore systems such as rocky intertidal communities (e.g. Helmuth et al., 2006), coral 

reefs (e.g. Hughes et al., 2003), seagrass beds (e.g. Orth et al., 2006), and kelp forests 

(e.g. Henkel et al., 2009). Investigations of climate change impacts in extreme 
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environments are considerably less common, particularly due to the logistical and 

financial constraints associated with collection and maintenance of target species. In the 

past several years, investigations of climate change effects in remote environments (e.g. 

high-latitude regions and deep-sea communities) have emerged as new priorities for 

study (Hofmann et al., 2010), as well as presently poorly-understood biological impacts 

of ocean acidification (Garrard et al., 2012). 

Physiological investigations of deep-sea organisms in the laboratory typically 

require sophisticated holding aquaria that replicate the natural environments of the study 

species. This has primarily been manifested in the form of flow-through aquaria that 

receive high-quality and presumably uncontaminated natural seawater from offshore 

areas (e.g. Mortensen, 2001; Olariaga et al., 2009; Naumann et al., 2011). However, 

flow-through systems require close proximity to a natural seawater source, restricting 

most research to coastal research facilities. Furthermore, flow-through systems may be 

compromised in the event of an unforeseen disturbance to the seawater supply, such as an 

oil spill, pathogen outbreak, or changing seawater chemistry due to ocean acidification. 

An alternative to the flow-through system is a recirculating, or “closed” system, which 

functions independently of an offshore seawater supply and remains under the complete 

autonomy of the facility or researchers maintaining it.  

Recirculating aquaria require efficient and vigorous filtration to prevent the 

accumulation of toxic waste products and detritus within the system. Three primary 

modes of filtration are generally used for recirculating aquaria: biological, chemical, and 

mechanical. Biological filtration refers to the decomposition of organic and inorganic 

wastes produced by the aquarium inhabitants, and relies heavily on microbial processes 
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such as nitrification (the oxidation of ammonium to nitrite then nitrate by aerobic 

bacteria) and denitrification (the reduction of nitrate to nitrite by anaerobic bacteria). 

Both aerobic and anaerobic bacteria proliferate within sediments and on complex 

structures with high surface area, thus necessitating platforms such as sand, gravel, or 

convoluted surfaces as substrata within the system. Chemical filtration involves the 

removal of organic compounds lacking nitrogen, such as dissolved organic carbon 

(Delbeek and Sprung, 2005), and can be accomplished via granular activated carbon 

(GAC), phosphate adsorption media, and protein skimming. While any of these methods 

are commonly used, protein skimming is considered to be the most effective as it 

removes intact organic molecules prior to decomposition (Delbeek and Sprung, 2005). 

Finally, mechanical filtration is the physical removal of particulate matter within the 

aquarium, and relies heavily on sponge pads and other fibrous, screened materials that 

can trap particulate matter. Mechanical filtration can also be supplemented by an 

ultraviolet light sterilizer, which kills pathogenic bacteria that can accumulate and harm 

the aquarium livestock.    

In order to manipulate variables relevant to climate change, several methods are 

available. To simulate changes in seawater pH, common perturbations include CO2 

bubbling and strong acid addition. However, only bubbling of CO2 accurately replicates 

the effects of ocean acidification via increases in pCO2 and dissolved inorganic carbon. 

Addition of strong acids to reduce pH results in a decrease in total alkalinity, a parameter 

that is not expected to change as a result of ocean acidification. Therefore, the 

recommended method for simulating ocean acidification in the laboratory is bubbling of 

pure or pre-mixed CO2 into aquaria (Gattuso et al., 2010). However, one caveat of using 
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synthetic seawater in recirculating aquaria is the high buffering capacity characteristic of 

synthetic sea salts. Artificial salt manufacturers intentionally augment the buffering 

capacity of artificial salts primarily via bicarbonate additions to prevent the pH crashes 

that occur frequently in recirculating aquaria with high livestock loads, particularly due to 

the release of hydrogen ions during denitrification (Delbeek and Sprung, 2005). This 

excess buffering capacity results in an abnormally high total alkalinity of the seawater 

(around 3600 µmol·kg-1 compared to 2300 µmol·kg-1 of natural seawater at a salinity of 

35 ppt), therefore limiting the environmental relevance of acidification experiments using 

synthetic sea salts. 

Manipulating dissolved oxygen in the laboratory is primarily accomplished by 

degasification, which involves bubbling an inert gas, such as nitrogen, into the seawater. 

This method has been used previously in several laboratory studies of aquatic organisms 

(e.g. Breitburg et al., 1997; Geist et al., 2006), including cold-water corals (Dodds et al., 

2007). However, methods for maintaining targeted concentrations of dissolved oxygen in 

the absence of mass-flow controllers are largely absent from the literature.  

Here we describe the development and maintenance of recirculating aquaria for 

maintaining deep-sea corals and associated fauna independent of a natural seawater 

supply.  We also describe the development, maintenance, and manipulation of smaller, 

recirculating aquaria used for short-term experiments on the cold-water coral Lophelia 

pertusa. We share our findings and experiences from this work with the goal of 

promoting experimental investigations on traditionally under-studied organisms, 

particularly with respect to new directions in climate change research.    

 



59 
	   	   	  

3.3 Methods 

3.3.1 Maintenance Aquaria Design and Setup 

Two replicated aquaria systems were constructed as primary holding tanks for the 

animals. The two systems were maintained in different locations in the laboratory: one 

system was constructed in a constant-temperature room, and the other was constructed in 

the laboratory. Temperature of the laboratory system was controlled by a flow-through 

chiller (TECO®), and a drop-in coil chiller (Aqua Logic®) was installed in the constant-

temperature room system to prevent temperature fluctuations in the event of thermostat 

failures in the room. Each system consisted of a 100 gallon holding tank and a 50 gallon 

sump tank – the constant-temperature room system consisted of all-glass aquaria and the 

laboratory system consisted of fiberglass insulated tanks (Aquatic EcoSystems) to 

achieve temperature stability. The sump tank was divided into three compartments using 

½” plexiglass baffles for the different filtration applications (biological, chemical, 

mechanical). Circulation was controlled by a Quiet One 6000 submersible pump, with a 

flow rate of 1000 gallons per hour and a turnover rate of ~seven times per hour. A 

Koralia® Hydor™ powerhead (1050 gallons per hour) interfaced with an OceanPulse® 

Duo™ wavemaker provided water movement within the holding tank in 90-second 

cycles.  

 Tank filtration was identical in each system, and was accomplished via several 

methods. Biological filtration in the sump was accomplished via a Jaubert plenum 

(Jaubert, 1989). The plenum itself was constructed using 0.3” plastic egg crate lighting 

panel wrapped in fiberglass window screen. The plenum was positioned 1” from the 

bottom of the sump by ¾” inner diameter PVC pipes. Florida crushed coral (20 pounds) 
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was placed directly above the plenum, and sand (90 pounds, sieved at 250 µm) collected 

from the New Jersey shore was placed directly above the crushed coral. Two small rocks 

(2-3 pounds each, 3” in diameter) with macroalgal growth, also collected from the New 

Jersey shore, were added to the sand bed. Lighting of the sump was provided by a 40 watt 

incandescent bulb operating on 12-hour light/dark cycles. A small 50 watt submersible 

heater (Tetra®) was added beneath the plenum to facilitate water diffusion through the 

sand bed.  Mechanical and chemical filtration was accomplished using a protein 

skimmer/foam fractionator (Coralife® Super Skimmer™ 125G), which was cleaned 

weekly. Two sponge filters placed in the holding tank provided supplementary 

mechanical filtration. Finally, a UV sterilizer (Coralife® Turbo Twist 3X™ with 9 watt 

UV bulb) was placed immediately before the submersible return pump to control algal 

growth and water-borne pathogens. Biweekly water changes (15-20% system volume) 

were also performed to limit nitrogenous and organic waste buildup and to replace trace 

minerals and metals. 
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Figure 3.1. Rendering of recirculating aquaria set-up. The system components are: A, 

animal holding tank; B, sump tank biological filtration compartment with Jaubert 

plenum; C, sump mechanical filtration compartment with protein skimmer; D, UV 

sterilizer; E, sump return compartment with submersible pump; F, chiller unit.   

 

3.3.2 Experimental Aquaria Design and Setup 

 In order to maintain stability and consistency within the maintenance tanks, three 

smaller, all-glass aquaria were used for experimental testing. This design provided tight 

control and manipulation of environmental parameters, as well as a cost-effective means 
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to perform replicated experiments. The experimental aquaria used were 20 gallon all-

glass aquaria (24" x 13" x 17") covered with ¼” plexiglass and fitted with individual 

filtration units (AquaClear® 30) in a constant-temperature room. Each filtration unit 

contained components for the three primary filtration types: a foam insert to remove 

debris and particulates (mechanical filtration), a granular-activated carbon insert 

(chemical filtration), and ceramic porous “bio-balls” to foster growth and proliferation of 

beneficial bacterial communities (biological filtration). To supplement water circulation 

provided by the filter, each aquarium was fitted with a circuit of Tygon® tubing powered 

by a submersible pump (Maxi-Jet).  

 

3.3.3 Animal Collection, Maintenance, and Processing 

 All animals were collected from the Viosca Knoll leasing area in the northern 

Gulf of Mexico using the remotely-operated vehicle Jason II on two separate cruises in 

2009 and 2010 with the necessary permits from the U.S. Department of Interior and 

NOAA National Marine Fisheries Service. The primary sampling locations within the 

area were lease blocks VK906 and VK826 (390-550 m depth). The VK826 L. pertusa 

reef is one of the most well-studied in the Gulf of Mexico (e.g. Cordes et al., 2008; 

Davies et al., 2010), and long-term data (11 months) show temperatures ranging from 

6.5-11.6°C, salinity from 34.9-35.4, and mean current speed to be 8 cm s-1 (with peaks at 

38 cm s-1, Mienes et al., 2012). At VK906, long-term (8 months) data show temperature 

ranging from 8-12.4°C and short-term data (12 hours) show salinity ranging from 34.9-

35.5 (TDI-Brooks Intl., unpublished). To reflect these in situ conditions, the aquaria were 

maintained at a temperature of 8°C and a salinity of 35 ppt. Seawater was prepared 
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regularly using distilled water and Instant Ocean® sea salt. Temperature was measured 

daily using a glass thermometer and salinity was measured daily using a refractometer 

(VitalSine®) that was calibrated daily.  

Animals were transported to the laboratory in 4 liter screw-top polypropylene 

containers on ice via overnight air and ground transportation (total transit time was less 

than 24 hours). Upon return to the laboratory, each container was bubbled for 3 minutes 

with air and received 250 mL of maintenance aquaria seawater every hour for four hours. 

After transfer to the maintenance aquaria, corals were broadcast-fed MarineSnow® 

plankton diet three times weekly. MarineSnow® is a commercially-available mixture of 

zooplankton and phytoplankton that replicates the naturally-occurring particulate organic 

matter (typically known as “marine snow”) that is found suspended throughout the water 

column, and is frequently observed at cold-water coral habitats (Frederiksen et al., 1992; 

Brooke et al., 2009). Mechanical filtration was suspended for one hour following each 

feeding. Galatheoid crabs in the aquaria were target-fed crushed frozen Mysis shrimp 

(Hikari Sales U.S.A., Inc.).   

 

3.3.4 Carbonate Chemistry Manipulations 

 To reduce the elevated total alkalinity characteristic of synthetic seawater, 12.1 N 

HCl was added to seawater used in acidification experiments in order to reach a total 

alkalinity of 2300 µmol·kg-1, the mean total alkalinity of natural cold-water coral reefs in 

the Gulf of Mexico (Lunden et al., 2013). The amount of HCl added was determined by 

the following equation 

VHCl  =
TAi-TAf *msw

NHCl
       (3.1) 
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where 

VHCl is the volume of HCl to be added in mL 

TAi is the initial total alkalinity of Instant Ocean at salinity 35 ppt in µmol·kg-1 

TAf is the final (desired) total alkalinity of 2300 µmol·kg-1 

msw is the mass of seawater to be acidified in kg  

NHCl is the normality (molarity) of HCl in µmol·mL-1 

To acidify a given volume of seawater in gallons, one would first determine the 

mass of seawater by: 

msw  = 3.785Vsw*Dsw       (3.2) 

where  

msw is the mass of seawater 

Vsw is the volume of seawater in gallons 

Dsw is the density of seawater, 1.029 kg·L-1 

3.785 is a conversion factor to convert gallons to liters 

As an example, to acidify 20 gallons of Instant Ocean seawater at salinity 35 ppt 

and a total alkalinity of 3600 µmol·kg-1 with hydrochloric acid at a concentration of 

12100 µmol·mL-1, solve equation 3.2 by 

msw  =   3.785*20 *1.029    

msw  =  77.895 kg 

and solve equation 3.1 by 

VHCl  =
3600-2300 *77.895

12100
 

VHCl  =  4.51 mL 



65 
	   	   	  

Therefore, 4.51 mL of 12.1 N HCl would bring 20 gallons of 35 ppt Instant Ocean 

seawater to a total alkalinity of 2300 µmol·kg-1.  

 Total alkalinity was measured at 22°C according to SOP3b (Dickson et al., 2007) 

using a Mettler-Toledo DL15 autotitrator with 0.1 mol L-1 HCl in 0.6 mol L-1 NaCl 

solution and calibrated against certified reference materials (Dickson Lab, Scripps 

Institution of Oceanography). After seawater was brought to the target total alkalinity of 

2300 µmol·kg-1, it was aerated overnight with an air pump and air stone to drive off 

excess CO2 from the acid addition step. After 48 hours of aeration, the seawater reached 

an ambient pH of 7.90 and was ready to be used for the experimental trials.  

 The recommended pH scale for ocean acidification experiments is the total 

hydrogen scale, which accounts for both free hydrogen ions as well as hydrogen ions 

complexed with water (H2O) and sulfate (SO4
2-) (Dickson, 2010). In order to control pH 

on the total scale, Tris/HCl buffers of a similar ionic strength of seawater (0.7 M) can be 

used. For these purposes, all pH electrodes were calibrated weekly with Tris/HCl buffers 

using the recipes of Nemzer and Dickson (2005).  

Manipulation of pH was accomplished via bubbling of pure CO2 gas into the 

aquarium. CO2, purchased from Airgas, was delivered from a five-pound cylinder to the 

aquaria through a CO2 dosing system purchased from Drs. Foster and Smith. Bubbling of 

CO2 was controlled by a pH monitor (Pinpoint, American Marine Inc.) interfaced with a 

pH electrode in the aquarium and a solenoid valve on the gas regulator. When pH rose 

above a pre-determined setpoint appropriate for the experiment, the solenoid valve would 

open, releasing CO2. CO2 would then dissolve into the aquarium seawater through a CO2 

reactor. The flow rate of CO2 was adjusted by a needle valve on the solenoid regulator, 
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and monitored with a bubble counter. Using this system, we sought to control pH at 7.90, 

7.75, and 7.60 for a period of two weeks. pH was recorded daily over the course of each 

experimental trial. 

 

3.3.5 Dissolved Oxygen Manipulations 

 Dissolved oxygen concentrations were controlled via bubbling with oxygen-free 

nitrogen gas independently into each aquarium. Control of nitrogen flow was 

accomplished via CGA 580 dual-stage gas regulators with output valve controls (Airgas). 

First, the output valve was opened slightly to release a slow bleed of nitrogen into the 

aquarium, followed by adjusting the output pressure to 4 psi. Since the experimental 

aquaria were open systems (i.e. not closed off from atmospheric gas exchange), oxygen 

was able to re-enter the aquarium through surface diffusion. To achieve targeted 

dissolved oxygen concentrations, the output valve was carefully positioned to allow the 

bleed of nitrogen (and subsequent removal of oxygen) to equilibrate with the surface 

diffusion of oxygen and achieve the desired dissolved oxygen concentration. Using this 

system, we sought to control dissolved oxygen at 5, 3, and 1 mL·L-1 for a period of two 

weeks. 

 

3.4 Results 

3.4.1 Maintenance Aquaria 

 The maintenance aquaria described above provide a stable setting that closely 

resembles the physical conditions (with the exception of pressure) experienced by cold-

water corals and associated fauna in the Gulf of Mexico. Temperature has remained 
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stable (8.5 ± 0.5 ºC) in both recirculating aquaria, partially due to the back-up support of 

aquarium chillers on emergency power in the event of malfunctions. Salinity has 

remained stable (35.12 ± 0.35 ppt) through daily checks and occasional additions of 

distilled water. Nutrients (ammonia, nitrate, nitrite) have remained undetectable for 

several years, and have been controlled primarily via our filtration setup with 

supplemental partial water changes.  

 

3.4.2 Experimental Aquaria 

 The experimental aquaria described above also provided a stable setting for 

experiments on L. pertusa. Temperature remained constant throughout all experiments, 

and the ¼” plexiglass lids effectively reduced evaporation and thus changes in salinity. 

Furthermore, the filtration units described above were effective in keeping ammonia, 

nitrate, and nitrite levels below 1.0 ppm at all times. The Tygon® tubing circuit powered 

by the Maxi-Jet pump facilitated complete circulation of the water and prevented 

accumulation of “dead zones” within each experimental aquarium. 

 

3.4.3 Animal Collection, Maintenance, and Processing 

Based on our observations, animals collected within 48 hours of shipping had the 

lowest mortality rates upon return to the laboratory. There was also a noticeable effect of 

transportation mode, with animals shipped via air having significantly higher 

survivorship (100%) than animals shipped via ground (30-40%). Corals began expanding 

their polyps approximately three days after the initial transfer to the maintenance aquaria, 

and were fully expanded within seven days of transfer. When transferred to experimental 
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aquaria, corals began expanding their polyps within one hour and all polyps were fully 

expanded within twelve hours. 

Several species of deep-water invertebrates have survived continuously since 

2009 in our holding tanks, supporting their efficacy. Time-lapse imagery of the aquaria 

shows episodic opening and closing of Lophelia pertusa polyps, although this was not 

periodic and was closely aligned with feeding intervals. Time-lapse imagery also showed 

movement of the associated gastropod Coralliophila sp. and the crustacean Eumunida 

picta, opening and closing of serpulid worms, and construction of parchment tubes on 

coral skeletons and aquarium glass by the polychaete Eunice sp. We also observed 

several molting events of the crustacean E. picta, suggesting it received sufficient 

nutrition to maintain growth in the aquarium. While in situ behavioral analyses of cold-

water coral communities are currently lacking, these observations agree with prior 

aquarium observations of these fauna in flow-through systems (Mortensen, 2001; Mueller 

et al., 2013).  

 

3.4.4 Carbonate Chemistry Manipulations 

 The addition of hydrochloric acid to synthetic seawater effectively reduced the 

total alkalinity to the targeted value of 2300 µmol·kg-1. Because the method used to 

measure total alkalinity generally applies to the typical oceanic range of 2000 to 2500 

µmol·kg-1 (Dickson et al., 2007), our initial measurements of total alkalinity in synthetic 

seawater were often underestimated by up to 400 µmol·kg-1. This often necessitated a 

second addition of a smaller volume of HCl to reach 2300 µmol·kg-1. Once the target 



69 
	   	   	  

total alkalinity was reached, it remained stable with a mean drift of ~50 µmol·kg-1 over 

the course of the experimental trials.  

The off-the-shelf CO2 systems used here were primarily designed to control CO2 

levels for plants in freshwater aquaria; however, they provided an effective means to 

reach the targeted pH values within the scope of this study. One five-pound cylinder of 

CO2 per aquarium was sufficient to complete all pH experiments over the course of our 

experimental trials, which lasted over several months. Measured pH for each trial was 

7.90 ± 0.08, 7.78 ± 0.04, and 7.67 ± 0.10 (mean ± S.D.). The variance in pH from our 

experimental trials is of a similar order to other recent ocean acidification studies using 

CO2 bubbling (e.g. Rodolfo-Metalpa et al., 2011; Edmunds 2012; Form and Riebesell 

2012). We observed the greatest variance in pH in the lowest treatment (pH 7.60), where 

CO2 bubbling was most active. In rare, isolated occasions during the pH 7.60 trial, CO2 

bubbling was temporarily disrupted due to faults with the CO2 controller. However, daily 

checks of the systems were sufficient to identify deficient controllers in our trials and 

maintain our targeted pH values. 

 

Figure 3.2. Actual and target values of pH in carbonate chemistry manipulations. Error 

bars represent standard deviation of mean actual (observed) pH values. 
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Figure 3.3. Actual and target values of total alkalinity in carbonate chemistry 

manipulations. Error bars represent standard deviation of mean actual (observed) total 

alkalinity values. 

 

3.4.5 Dissolved Oxygen Manipulations 

 Dissolved oxygen was maintained at target levels for each treatment. Measured 

DO for each trial was 5.32 ± 0.28 mL·L-1, 2.92 ± 0.21 mL·L-1, and 1.57 ± 0.28 mL·L-1 

(mean ± S.D.). Although we sought to reach 1 mL·L-1, the minimum oxygen 

concentration that we were able to achieve was 1.57 mL·L-1. It is likely that the diffusion 

of atmospheric oxygen back into the aquarium restricted reaching our minimum target 

DO. Nevertheless, our methods provided an effective way to manipulate and control DO 

values without the use of a mass-flow controller. 
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Figure 3.4. Actual and target values of dissolved oxygen in oxygen manipulations. Error 

bars represent standard deviation of mean actual (observed) dissolved oxygen values. 

 

3.5 Discussion 
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Riebesell, 2012; Maier et al., 2012; Maier et al., 2013a; b), compared to the greater than 

twenty related studies of tropical and sub-tropical corals (as reviewed in Andersson et al., 

2011). While several factors are responsible for this incongruity – including financial and 

logistical limits to the access of deep-water sites - it is our hope that improvements and 

developments in the husbandry of deep-water corals, including this work, will lead to 

greater insight into their responses to variables relevant to global climate change.  

It is well-known that experiments in the laboratory cannot fully replicate the 

consortium of physical and biological variables observed in the field (e.g. pressure, 

alterations in current regimes and associated pulses of particulate material, interspecific 

interactions, etc.). However, laboratory studies are useful in characterizing responses to 

discrete perturbations and can help generate new avenues of investigation for future 

studies. Additionally, it is our hope that laboratory experiments such as those described 

here will aid in identifying potential thresholds of tolerance or mechanisms of resilience 

for important taxa in order to inform the management of sensitive deep-sea habitats. 

One of the pivotal variables we found to affect cold-water coral endurance in the 

maintenance aquaria was water flow. We initially utilized two powerheads running 

simultaneously in the maintenance aquaria, but observed very few expanded coral polyps 

with this setup. We observed increased polyp expansion after installing a wavemaker to 

cycle power between the two powerheads, which clearly reduced the turbulence 

experienced by the corals. However, we observed maximal polyp expansion after 

removing one of the powerheads altogether, resulting in oscillations of turbulence and 

rest on 90-second cycles. On a related note, we also observed maximal polyp expansion 

when the sump outlets were positioned horizontally to distribute water across the surface 
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layer of the aquarium. This positioning resulted in weakened water turbulence as opposed 

to vigorous turbulence when the outlets were positioned vertically, and the corals in our 

system appeared to be sensitive to this arrangement. Investigators seeking to utilize 

similar systems may need to modify one or both of these controls on water flow to 

simulate the natural environment or needs of species acclimatized to different flow 

regimes. 

During the course of our studies, we used several shipping methods for 

transporting animals to our laboratory in 2009 and 2010. We found that shipping via 

next-day air resulted in 100% survivorship of animals. While often more economical, 

ground transportation generally exposes the animals to greater disturbance during transit. 

We recommend air travel whenever appropriate and possible. 
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CHAPTER 4 
 

ACUTE RESPONSES OF LOPHELIA PERTUSA TO OCEAN  

ACIDIFICATION, WARMING, AND DEOXYGENATION  

 
4.1 Abstract 
 
 A series of short-term experiments were employed to test the survivorship and 

calcification responses of L. pertusa to stressors associated with ocean acidification, 

warming, and deoxygenation. We identified a threshold for calcification in L. pertusa 

from the Gulf of Mexico at pH 7.73 and aragonite saturation state of 1.06. Furthermore, 

we observed significant effects of temperature and dissolved oxygen on L. pertusa 

survivorship, with complete mortality observed at 16°C and 1.56 mL·L-1 O2. The results 

obtained in this set of experiments are important in the detection of physiological 

thresholds for L. pertusa, and future work should investigate the role of genetic 

variability and acclimation potential to these stressors. 

 

4.2 Introduction 

Ocean change is expected to manifest itself in a variety of ways. Due to the high 

density and specific heat of seawater, the oceans store a large portion of the heat 

produced by the greenhouse effect and global warming (Levitus et al., 2000). Since the 

1950s, most of this storage has occurred within the upper 700 meters of the Atlantic 

Ocean (Levitus et al., 2005), with observed temperature increases ranging from 0.1 to 

0.2ºC (Barnett et al., 2005).  Increasing seawater temperature decreases the solubility of 

oxygen and enhances thermal stratification of the water column (Keeling et al., 2010). 

Finally, the increased flux of anthropogenic CO2 to the surface ocean results in ocean 
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acidification (Raven et al., 2005). These changes, acting both independently and 

collectively, may challenge the persistence of marine organisms and their associated 

communities in the future global ocean.  

Maximal performance of physiological functions in a number of marine 

organisms occurs within a relatively narrow range of environmental conditions. 

Temperature is perhaps the primary physical driver of the limits to species distribution 

and abundance (Gaston, 2003). The stability of both proteins and cell membranes are 

dependent on temperature (reviewed in Hofmann and Todgham, 2010), thereby exerting 

considerable effects on organismal survivorship. Dissolved oxygen concentrations are 

critical to the maintenance of respiration, and the energetic requirements of most 

eukaryotes are sustained by aerobic respiration. pH is of similar significance to 

physiological functioning, particularly with respect to acid-base balance (Pörtner et al., 

2005), and the regulation of this balance is often correlated to an organisms’ metabolic 

rate (e.g. Goffredi and Childress, 2001; Pane and Barry, 2007). As a result of ocean 

acidification, changing seawater pH will distort the carbonate chemistry of seawater with 

particularly negative effects on the growth of calcareous species.  

Given the relatively narrow range of physical conditions associated with the 

habitat of L. pertusa, changes in these variables may alter its current distribution via 

negative effects on survivorship and growth. Temperature likely controls both the upper 

and lower bathymetric limits of L. pertusa worldwide (Frederiksen et al., 1992; Roberts 

et al., 2006). Recent long-term data from the Viosca Knoll L. pertusa reefs show ranges 

of 6.5-11.6ºC with seasonal fluctuations of up to 5ºC  (Mienis et al., 2012); furthermore, 

daily fluctuations of up to 1ºC have also been reported within the area (Davies et al., 
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2010). Dissolved oxygen is relevant to L. pertusa persistence because the corals appear to 

be near their lower limits in the GoM. Near L. pertusa habitats on Viosca Knoll, DO was 

measured between 2.6 and 3.2 mL·L-1 (Schroeder, 2002), while in the North Atlantic it is 

commonly between 3 and 6 mL·L-1 (Dodds et al., 2007). pH is widely considered to be 

one of the most important factors related to coral calcification (Doney et al., 2009), and 

data from the L. pertusa reefs in the GoM show pH ranging from 7.86-8.03, with a mean 

around 7.90 (Lunden et al., 2013). The purpose of the present study was therefore to 

employ short-term experiments in the laboratory to investigate L. pertusa’s responses to 

changes in temperature, dissolved oxygen, and pH (and aragonite saturation state).  

  

4.3 Methods 

4.3.1 Sample Collection, Preparation, and Maintenance 

Colonies of Lophelia pertusa were collected during the 2010 Lophelia II cruise 

using ROV Jason II. Coral branches were placed in temperature-insulated bioboxes 

(volume = ~20 L) at depth.  Upon return to the surface, corals were kept alive in 5 gallon 

aquaria in the ship’s constant-temperature room.  Upon return to port, coral samples were 

immediately transported overnight to Temple University (TU). 

At TU, corals were maintained in one of two holding tanks (recirculating, 120 

gallons and 90 gallons) at temperature 8°C and salinity 35 ppt. Regular partial water 

changes (15-20%) were performed with seawater made using Instant Ocean® sea salt. 

Submersible power heads were placed in each holding tank to ensure water movement 

and turbulence sufficient to cause swaying of coral polyps.  Corals were fed three times 
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weekly using a combination of MarineSnow® Plankton Diet (Two Little Fishies, Miami 

Gardens, FL) and freshly hatched Artemia nauplii.  

 Prior to experimental manipulations, coral branches were fixed to 1” PVC male 

adapters using HoldFast epoxy to minimize handling (Figure 4.1).  Monofilament line 

(diameter = 0.30 mm) was looped through each PVC adapter to allow for buoyant 

weighing of the coral branch (see growth measurements below).  All coral branches 

weighed less than 60 g in water.  For the experiments, corals were first fragmented into 

nubbins using bone cutters. The nubbins were then fixed to ¾” PVC male adapters with 

HoldFast® epoxy resin and secured to a PVC support base. All nubbins were 

subsequently swabbed for genotypic analyses; no mortality resulted from swabbing of 

nubbins. After accounting for differences in genotype, nubbins were randomly assigned 

to one of three tanks for each experimental treatment.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.1. Lophelia pertusa attached to 1” PVC male adapter pieces in the maintenance 

aquarium. 
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4.3.2 Experimental Design and Setup 

Each experiment was conducted in a constant-temperature room at TU. Three 20 

gallon aquaria (“tall” type: 24" x 13" x 17") with individual filtration units (AquaClear 

30) and pH controllers (Pinpoint®, American Marine Inc.) were used for each treatment 

(3-5 depending on experiment) within each experiment (pH, temperature, dissolved 

oxygen) (Figure 4.2). Three individual coral nubbins of unique genotype were randomly 

assigned to each of the three replicate tanks for a total of nine nubbins per treatment. 

Each treatment lasted for a total of fifteen days, with an initial eight-day conditioning 

period to allow the corals to acclimate to the tank conditions. Growth was measured 

between days eight and fifteen to obtain a daily growth rate. Mortality was measured 

daily and at the conclusion of each treatment.  

The following experiments were conducted: 

1. pH: ambient (7.90), low (7.75), very low (7.60) 

2. temperature: 8, 10, 12, 14, 16°C 

3. dissolved oxygen: hyperoxic (5 mL·L-1), normoxic (3 mL·L-1), hypoxic (1 mL·L-1) 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.2. Experimental aquarium (20 gallons) with pH controller setup.  
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The pH experiment consisted of three treatments to compare growth of L. pertusa 

at ambient pH (7.90), low pH (7.75), and very low pH (7.60). Each treatment was 

conducted on two separate groups (henceforth “group 1” and “group 2”) of 9 coral 

nubbins in 3 tanks. Experimental incubations were maintained at temperature 8°C and 

salinity 35 ppt. pH was controlled by injection of CO2 using a Pinpoint® pH controller 

(American Marine Inc., Ridgefield, CT). pH electrodes were calibrated weekly using 

Tris-HCl and AMP-HCl buffers (Dickson et al., 2007).  

The temperature experiment consisted of five treatments to compare growth and 

mortality of L. pertusa at 8°C, 10°C, 12°C, 14°C, and 16°C. Each treatment was 

conducted on 9 coral nubbins in 3 tanks. Experimental incubations were maintained at pH 

7.90 and salinity 35 ppt. The experimental aquaria were maintained in a constant-

temperature room, and the temperature of the room was adjusted as appropriate for each 

treatment.  

The dissolved oxygen experiment consisted of three treatments to compare 

mortality of L. pertusa under hypoxia (1 mL·L-1), normoxia (3 mL·L-1), and hyperoxia 5 

(mL·L-1). Each treatment was conducted on 9 coral nubbins in 3 tanks. Experimental 

incubations were maintained at temperature 8°C and salinity 35 ppt. In order to 

manipulate dissolved oxygen concentrations, oxygen-free nitrogen (OFN) gas was 

bubbled into each tank through a CO2 reactor (Aqua Medic 1000). Flow of nitrogen was 

controlled with CGA 580 regulators (Airgas). Dissolved oxygen concentration in each 

aquarium was recorded each day with an Orion 5 Star DO/pH meter (calibrated daily).  
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4.3.3 Seawater Preparation and Analyses 

Experimental seawater was prepared using Instant Ocean® sea salt at a salinity of 

35 ppt.  Since Instant Ocean® produces seawater with a total alkalinity of approximately 

3600 µmol·kg-1 (1.5X that of natural oceanic values), 12.1 N HCl was added to reduce 

the total alkalinity to 2300 µmol·kg-1 (mean total alkalinity at GoM L. pertusa reefs, 

Lunden et al., 2013). The seawater was then bubbled with oxygen for ~24 hours to drive 

off excess CO2 and to restore pH to ambient conditions (7.90).   

Total alkalinity was measured twice weekly in each aquarium by potentiometric 

open-cell titration using a Mettler-Toledo DL15 automatic titrator according to SOP3b 

(Dickson et al., 2007) with certified reference materials courtesy of A. Dickson (Scripps). 

pH (total hydrogen scale) was recorded daily using the Pinpoint® pH controller.  The 

aragonite saturation state was calculated using CO2SYS (Pierrot et al., 2006) with total 

alkalinity, pH, temperature, and salinity as input variables. Nutrient concentrations 

(ammonia [NH3], nitrate [NO3
-], and nitrite [NO2

-]) were measured weekly using API® 

aquarium test kits. 

 

4.3.4 Survivorship Measurements 

Survivorship was assessed by daily observations of polyp tissue presence and 

behavior. Final survivorship counts were taken 3 to 4 days following the end of an 

experiment after transfer to the maintenance tank, as in Brooke et al., (2013).    
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4.3.5 Growth Measurements 

Each coral nubbin was weighed at the start and end of the experimental period 

(seven days) by the buoyant weight technique (Davies et al., 1989) using a Denver 

Instruments SI-64 analytical balance (d = 0.1 mg).  A weighing chamber was constructed 

using ½” plexiglass to prevent air movement from disturbing the balance.  Each coral was 

transported from its respective aquarium to the weighing chamber in a four liter Pyrex® 

beaker and suspended from the balance.  The buoyant weight was recorded only after the 

coral nubbin stabilized (typically after 2 minutes).  Each coral nubbin was weighed three 

times to determine measurement precision (~2-3 mg).  Seawater density was determined 

by buoyantly weighing a 2.5 cm2 aluminum block with known density (2.7 g·cm-3).    

Coral weight in air (i.e. dry weight) was calculated by the following equation:                                                       

𝑊! =   
!!

!!  !!!"
         (4.1)  

Where 

Wa = coral weight in air (dry weight)  

Ww = coral weight in water (buoyant weight) 

Dw = density of seawater 

SD = coral skeletal density (= 2.82 g·cm-3, taken from Lunden et al., 2013) 

Coral growth rate is reported as percent growth per day (%·d-1), which was calculated by 

the equation: 

𝐺! = 100  ×    !!!!  !!!
!!!(!!!!!)

       (4.2) 

Where  

Gt = growth rate as %·d-1 

Mt2 = mass (mg, dry weight) at time 2 (end of experimental period, day fifteen) 
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Mt1 = mass (mg, dry weight) at time 1 (start of experimental period, day eight) 

T2 = time 2 (end of experimental period, day fifteen) 

T1 = time 1 (start of experimental period, day eight) 

 

4.3.6 Statistical Analyses  

We used one-way ANOVA and Tukey’s HSD (honestly significant differences) to 

test for significances in survivorship and growth rates across experimental treatments 

where assumptions for parametric tests were met. When parametric assumptions were not 

met, we used the nonparametric Mann-Whitney and Kruskal-Wallis tests. All statistical 

analyses were performed using JMP10® statistical software. 

 

4.3.7 Tank Effects 

The effect of individual experimental tanks (n = 3) on coral growth was tested by 

one-way ANOVA of growth rate against tank for each treatment. No significant 

differences in coral growth rate were detected among individual tanks (see Table 4.10). 

Since no tank effects were observed in any treatment (Table 4.10), all individuals (n = 9) 

were treated as separate replicates. 

 

4.4 Results 

4.4.1 pH Experiment 

In order to determine L. pertusa’s calcification and mortality responses to 

acidification, pH was lowered to target treatments of 7.90, 7.75, and 7.60. The pH was 

maintained at target levels for each treatment (see Table 4.1 and Figure 4.3).  For the 
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group 1 coral experiments, pH varied significantly across all three treatments (Kruskal-

Wallis test, H = 19.7, p < 0.001). pH was 7.90 ± 0.05 for the ambient pH treatment, 7.79 

± 0.06 for the low pH treatment, and 7.67 ± 0.15 for the very low pH treatment. Pairwise 

comparisons reveal significant differences in pH between each treatment (see Table 4.2). 

For the group 2 coral experiments, pH varied significantly across all three treatments 

(Kruskal-Wallis test, H = 30.1, p < 0.001). pH was 7.90 ± 0.08 for the ambient pH 

treatment, 7.78 ± 0.04 for the low pH treatment, and 7.67 ± 0.10 for the very low pH 

treatment. Pairwise comparisons reveal significant differences in pH between each 

treatment (see Table 4.3).  

 

Figure 4.3. pH conditions (mean ± S.D.) for groups 1 (n = 3) and 2 (n = 3) for the pH 

experiments. 

 

The target aragonite saturation state (Ωarag) was maintained for each treatment 

(see Table 4.1 and Figure 4.4). For the group 1 coral experiments, Ωarag varied 

significantly across all three treatments (Kruskal-Wallis test, H = 20.4, p < 0.001). Ωarag 

was 1.47 ± 0.17 in the ambient pH treatment, 1.18 ± 0.18 in the low pH treatment, and 
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0.97 ± 0.39 in the very low pH treatment. Pairwise comparisons reveal significant 

differences in Ωarag between each treatment (see Table 4.4). For the group 2 coral 

experiments, Ωarag varied significantly across all three treatments (Kruskal-Wallis test, H 

= 30.9, p < 0.001). Ωarag was 1.47 ± 0.23 in the ambient pH treatment, 1.11 ± 0.10 in the 

low pH treatment, and 0.92 ± 0.23 in the very low pH treatment. Pairwise comparisons 

reveal significant differences in Ωarag between each treatment (see Table 4.5).  

 

Figure 4.4. Ωarag conditions (mean ± S.D.) for groups 1 (n = 3) and 2 (n = 3) for the pH 

experiments. 

 

Average growth rates for L. pertusa group 1 corals were 0.011 ± 0.003, 0.006 ± 

0.002, and -0.008 ± 0.03 %·d-1 for ambient, low, and very low pH treatments, 

respectively (mean ± S.E., n = 9). One coral nubbin became detached from its PVC 

fitting and was excluded from the analysis. Growth rate was not significantly different 

between the ambient and low pH treatments (Mann-Whitney U test, U =  -1.31, p = 

0.1893). Growth rate was significantly affected (relative to ambient) in the very low pH 
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treatment, where net dissolution was observed. Survivorship was 100% across all 

treatments over the seven day trials for all treatments. 

 

Figure 4.5. Calcification of L. pertusa (over 7 days, mean ± S.E., n = 9) from the group 1 

pH experiments. 

 

Average growth rates for L. pertusa group 2 corals were 0.039 ± 0.01, -0.012 ± 

0.004, and -0.005 ± 0.003 %·d-1 for ambient, low, and very low pH treatments, 

respectively (mean ± S.E., n = 9). One coral nubbin became detached from its PVC 

fitting and was excluded from the analysis). Growth rate was significantly affected 

(relative to ambient) in both the low and very low pH treatments, where net dissolution 

was observed. Growth rate was not significantly different between the low and very low 

pH treatments (Mann-Whitney U test, U =  -0.99, p = 0.318). Survivorship was 100% 

over the seven day trials for all treatments. 
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Figure 4.6. Calcification of L. pertusa (over 7 days, mean ± S.E., n = 9) from the group 2 

pH experiments. 

 

Coral growth rates differed significantly between group 1 and group 2 in the 

ambient treatment (Mann-Whitney U test, U = -2.47, p = 0.014) and the low treatment 

(Mann-Whitney U test, U = 3.31, p = 0.0009).  In the very low treatment, both 

experimental groups responded similarly (Mann-Whitney U test, U = -0.473, p = 0.637) 

by undergoing net dissolution. In order to constrain the critical threshold for calcification 

to occur beyond the a priori observations from the pH treatments, a linear regression of 

calcification of each coral to the measured pH and aragonite saturation state of each tank 

was performed (Figures 4.8 and 4.9). Results from this analysis suggest a threshold pH of 

7.73 ± 0.06 and aragonite saturation state of 1.05 ± 0.2 for net calcification to occur.  
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Figure 4.7. Calcification of L. pertusa (over 7 days, mean ± S.E., n = 9) from both groups 

1 and 2 for the pH experiment. 

 

Figure 4.8. Linear regression of individual L. pertusa calcification rates against measured 

pH from both groups 1 and 2 from the pH experiment. Each color represents a unique 

genotype. The solid red line represents the line of best fit (p = 0.002) and dashed black 

lines represent 95% confidence intervals. 
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Figure 4.9. Linear regression of individual L. pertusa calcification rates against measured 

Ωarag from both groups 1 and 2 from the pH experiment. Each color represents a unique 

genotype. The solid red line represents the line of best fit (p = 0.002) and dashed black 

lines represent 95% confidence intervals. 

 

4.4.2 Temperature Experiment 

 Temperature was maintained at target levels for each treatment (see Table 4.6 and 

Figure 4.10). Temperature was significantly different across all treatments (Kruskal-

Wallis test, H = 92.1, p < 0.001). Pairwise comparisons revealed significant differences 

in temperature between each treatment (see Table 4.7). In the 16°C experiment, pH was 

significantly higher than all other temperature treatments (Figure 4.11, Kruskal-Wallis 

test, H = 10.7, p = 0.0303). Ωarag varied significantly among treatments (Figure 3.5, 
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Kruskal-Wallis test, H = 63.5, p < 0.0001) but was statistically similar between the 8°C 

and 10°C experiments (Mann-Whitney test, U = 0.028, p = 0.978).  

  

 

Figure 4.10. Temperature conditions (°C, mean ± S.D., n = 3) for the temperature 

experiments. 

 

 

Figure 4.11. pH conditions (mean ± S.D., n = 3) for the temperature experiments. 
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Figure 4.12. Ωarag conditions (mean ± S.D., n = 3) for the temperature experiments. 

 

Survivorship of L. pertusa differed significantly among temperature regimes 

(Kruskal-Wallis test, H = 30.2, p < 0.0001) after 8 days. Survivorship was 100% in the 

control treatment (8°C). At 10°C, survivorship was 86.73 ± 6.21% (mean ± S.E., n = 9). 

At 12°C, survivorship was 94.44 ± 3.67% (mean ± S.E., n = 9). At 14°C, survivorship 

was 76.39 ± 8.62% (mean ± S.E., n = 9). Percent survivorship was 0% in the 16°C 

treatment. Compared to the control, significant changes in survivorship occurred at 10°C 

(Mann-Whitney U test, U = -2.12, p = 0.0339), 14°C (Mann-Whitney U test, U = -2.467, 

p = 0.0136), and 16°C (Mann-Whitney U test, U = -4.07, p < 0.0001). 
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Figure 4.13. Cumulative survivorship of L. pertusa (over 7 days, mean ± S.E., n = 9) 

from the temperature experiments. 

 

Average L. pertusa growth rates were 0.002 ± 0.002, -0.012 ± 0.009, 0.0002 ± 

0.007, 0.002 ± 0.003, and -0.006 ± 0.005 %·d-1 for the 8°C, 10°C, 12°C, 14°C, and 16°C 

experiment, respectively (mean ± S.E., n = 9). Relative to the control (8°C), growth rate 

was significantly decreased at 10°C (Mann-Whitney test, U = -2.15, p = 0.0313) and 

16°C (Mann-Whitney test, U = -1.97, p = 0.0485). No tank effects were observed in any 

treatment (see Table 4.11). 
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Figure 4.14. Calcification of L. pertusa (over 7 days, mean ± S.E., n = 9) from the 

temperature experiment. 

 

4.4.3 Dissolved Oxygen Experiment 

Dissolved oxygen was maintained at target levels for each treatment. Average DO 

concentration was 5.32 ± 0.28 mL·L-1, 2.92 ± 0.21 mL·L-1, and 1.57 ± 0.28 mL·L-1 for 

the hyperoxic, normoxic, and hypoxic treatments, respectively (mean ± S.D., Figure 

4.15). DO was significantly different across all treatments (Kruskal-Wallis test, H = 

474.7, p < 0.001). Pairwise comparisons revealed significant differences in DO between 

each treatment (see Table 4.9). 
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Figure 4.15. Dissolved oxygen conditions (mean ± S.D., n = 3) for the dissolved oxygen 

experiments. 

 

Survivorship of L. pertusa was 100% at both the hyperoxic and normoxic 

treatments. However, survivorship decreased to 0% in the hyperoxic treatment (DO = 

1.57 ± 0.28 mL·L-1, Figure 4.16). No mortality was observed in between treatments.  

 

 

 

 

 

 

 

Figure 4.16. Percent survivorship of L. pertusa (over 7 days, mean ± S.E., n = 9) from the 

dissolved oxygen experiments. 
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4.5 Discussion 

 4.5.1 pH Experiment and Ocean Acidification 

Mortality due to pH stress has not been reported in the literature. In fact, 

acidification experiments over 12 months resulted in no mortality in the scleractinian 

species Oculina patagonica and Madracis pharencis; however, complete dissolution of 

the skeleton was observed in both species (Fine and Tchernov, 2007). This implies that 

low pH may not necessarily contribute directly to mortality in scleractinian corals 

including L. pertusa, but may subject the corals to increased exposure to predators such 

as the gastropod Coralliophila sp.  

Our growth rate results from the ambient pH treatments agree well with published 

data for L. pertusa from the North Atlantic Ocean (Maier et al., 2009) and the 

Mediterranean Sea (Orejas et al., 2011; Form and Riebesell, 2012; Maier et al., 2012). 

The growth rates between the two groups were significantly different at ambient 

conditions, and this difference may be attributed to the biological variation between the 

two groups. Furthermore, variability in L. pertusa growth rate has been reported in recent 

papers (Maier et al., 2009; Form and Riebesell, 2012; Maier et al., 2012). Factors such as 

polyp rank (i.e. age) and size are recognized as major contributors to coral growth rate, 

with younger, higher ranked polyps growing faster than older polyps (Mortensen, 2001; 

Brooke and Young, 2009; Gass and Roberts, 2010). While both groups in our experiment 

consisted of similarly-sized coral nubbins, no data is available on polyp age.  

The results from this set of experiments suggest a complex set of responses to 

ocean acidification in L. pertusa from the Gulf of Mexico. Perhaps the most striking 

result in this set of experiments is the disparate response of the two groups in the low pH 
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(7.75) treatment. While the two groups did not experience statistically significant 

different conditions in pH or aragonite saturation state, mean pH and mean Ωarag were 

slightly lower (by 0.1 pH units and 0.08 in Ωarag) in the group 2 treatments (Figures 4.3 

and 4.4, Table 4.1). These slight differences, though not statistically significant, may be 

biologically relevant to calcification in L. pertusa. The results from these experiments 

also show that individuals vary in their responses to acidification near a threshold pH 

(7.73 ± 0.06), with some individuals able to sustain calcification beneath a pH of 7.73, 

while others cannot.  

The variability of individual responses to ocean acidification observed in the 

present study may be attributed to the genotypic variation of the individuals within the 

two experimental groups. Variation among responses to ocean acidification with respect 

to genotype has also been observed in bryozoans (Pistevos et al., 2011), oysters (Parker et 

al., 2012), and coccolithophores (Langer et al., 2009). Recently, Schaum et al. (2013) 

found that geographic location and life history (i.e. ecotype) are vital contributors to 

plastic responses to ocean acidification in picoplankton. Since all coral specimens used in 

our pH treatments were from the same geographic location (VK906), it is likely that 

genotype played a larger role than ecotype in this experiment. 

Thresholds for calcification in a variety of calcifying species often do not often 

coincide with an aragonite saturation state equal to 1.0. For example, various studies in 

shallow-water corals identify the threshold for calcification to occur at 2.0 (reviewed in 

Doney et al., 2009). Because L. pertusa is most often observed at in situ aragonite 

saturation states significantly below 2.0 (Form and Riebesell, 2012; Lunden et al., 2013), 

its threshold for calcification must fall under its observed environmental range.  The 
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present study identifies a calcification threshold near Ωarag = 1.05, significantly lower 

than the threshold observed in shallow-water taxa (Langdon and Atkinson, 2005; 

Fabricius et al., 2011). Form and Riebesell (2012) observed positive net calcification at 

an aragonite saturation state of 0.93 in a long-term study, suggesting acclimation to 

reductions in aragonite saturation state; however, the samples used in this study come 

from only two biological replicates. In the present study, one L. pertusa genet sustained 

net positive calcification at an aragonite saturation state of 0.75. While L. pertusa may in 

fact be able to acclimate to ocean acidification, it is not clear if the results obtained in 

Form and Riebesell (2012) are due entirely to acclimation or to an as yet unidentified 

mechanism, potentially under genetic control, that confers resistance to ocean 

acidification. Results from a boron systematics study show L. pertusa’s capability to up-

regulate pH and aragonite saturation state at the calcification site (McCulloch et al., 

2012); however, it is unclear if this mechanism applies universally to L. pertusa 

individuals across a range of populations. Future work should further investigate the role 

of genetic variability to ocean acidification responses.  

 

4.5.2 Temperature Experiment and Ocean Warming 

Previous work in L. pertusa from the Gulf of Mexico shows that the upper 

mortality limit is approximately 15°C (Brooke et al., 2013), and our data support these 

findings. While Brooke et al. (2013) found that exposure at 15°C resulted in ~20% 

mortality in L. pertusa, our data show that prolonged exposure at 10°C, 12°C, and 14°C 

results in limited mortality (see Figure 4.13). However, these effects may be due to the 

corals prolonged exposure to 8°C in the maintenance tanks, and these observations may 
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be an effect of short-term thermal stress in animals acclimated to relatively stable 

conditions.  

As of this study, results showing temperature effects on cold-water coral growth 

are completely absent from the literature. Our data show that L. pertusa significantly 

decreases its growth rate when exposed to temperature stress at 10°C and 16°C. 

However, growth rate gradually approaches the control (8°C) at 12°C and at 14°C, 

suggesting a potential resiliency to temperature stress over time. It is possible that an 

initial stress of 10°C was sufficient to induce the drastic reduction in growth rate 

observed here; furthermore, the reduction in growth rate at 16°C mirrors a stress response 

that is also observed in our survivorship experiments (see Figure 4.14). 	  

 

4.5.3 Dissolved Oxygen Experiment and Ocean Deoxygenation 

Results from 2008, 2009, and 2010 cruises show spatial and temporal variability 

in dissolved oxygen at L. pertusa sites in the GoM, with a minimum oxygen 

concentration of 1.5 mL·L-1 observed at VK906 in 2009. This suggests that, at a 

minimum, L. pertusa at VK906 is episodically exposed to hypoxic conditions; however, 

these exposures likely do not last long enough to inflict significant mortality. Previous 

work has explored the metabolic tolerance of L. pertusa to various oxygen 

concentrations, and found that L. pertusa is unable to maintain aerobic respiration at 

oxygen concentrations less than 3.26 mL·L-1 at 9°C (Dodds et al., 2007).  However, this 

work was performed on samples from the Northeast Atlantic, where the mean local 

oxygen concentration was 6.10 mL·L-1.  Oxygen concentrations ranging from 2.6-3.2 

mL·L-1 have been reported from the Gulf of Mexico surrounding L. pertusa mounds 
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(Schroeder, 2002; Davies et al., 2010), and field results from this project show dissolved 

oxygen reaching a minimum of 1.5 mL·L-1 near L. pertusa mounds. These results suggest 

a lower oxygen threshold for L. pertusa aerobic respiration in the Gulf of Mexico; 

however, our mortality data show that long-term exposure (8 days) to sustained hypoxic 

conditions near 1.57 mL·L-1 results in complete mortality. While L. pertusa is able to 

employ anaerobic respiration for periods up to 96 hours (Dodds et al., 2007), our data 

suggest that this strategy is not sufficient to maintain energetic requirements over longer 

periods. Future experiments should utilize respirometry to study the oxygen demands of 

GoM L. pertusa, and potentially will be able to resolve the maximum timeframe that L. 

pertusa is able to utilize anaerobic respiration to maintain physiological processes. 

 
Table 4.1. Experimental conditions (mean ± S.D., n = 3) of pH experiment  
 pH Ωarag 

Treatment Group 1 Group 2 Group 1 Group 2 
Ambient 7.90 ± 0.05 7.90 ± 0.08 1.47 ± 0.17 1.47 ± 0.23 

Low 7.79 ± 0.06 7.78 ± 0.04 1.18 ± 0.18 1.11 ± 0.10 
Very low 7.67 ± 0.15 7.67 ± 0.10 0.97 ± 0.39 0.92 ± 0.23 

 
Table 4.2. Pairwise comparisons (α = 0.05) of pH among treatments in group 1 pH 
experiment  
 Ambient  Low Very low 

Ambient    
Low 0.0004   

Very low 0.0007 0.0034  
 
Table 4.3. Pairwise comparisons (α = 0.05) of pH among treatments in group 2 pH 
experiment  
 Ambient Low Very low 

Ambient    
Low <0.0001   

Very low <0.0001 0.0004  
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Table 4.4. Pairwise comparisons (α = 0.05) of Ωarag among treatments in group 1 pH 
experiment  
 Ambient Low Very low 

Ambient    
Low 0.0002   

Very low 0.0007 0.0036  
 
Table 4.5. Pairwise comparisons (α = 0.05) of Ωarag among treatments in group 2 pH 
experiment  
 Ambient Low Very low 

Ambient    
Low <0.0001   

Very low <0.0001 0.0007  
 
Table 4.6. Experimental conditions (mean ± S.D., n = 3) of temperature experiment 

Treatment (ºC) Temperature (ºC) pH Ωarag 
8 8.36 ± 0.23 7.92 ± 0.04 1.53 ± 0.14 
10 9.91 ± 0.52 7.92 ± 0.04 1.54 ± 0.12 
12 11.93 ± 0.28 7.89 ± 0.07 1.68 ± 0.21 
14 14.02 ± 0.29 7.93 ± 0.03 1.92 ± 0.14 
16 16.03 ± 0.48 7.95 ± 0.04 2.08 ± 0.18 

 
Table 4.7. Pairwise comparisons (α = 0.05) of temperature among treatments in the 
temperature experiment 

 8 10 12 14 16 
8      
10 <0.0001     
12 <0.0001 <0.0001    
14 <0.0001 <0.0001 <0.0001   
16 <0.0001 <0.0001 <0.0001 <0.0001  

 
Table 4.8. Experimental conditions (mean ± S.D., n = 3) of dissolved oxygen experiment 

Treatment Dissolved oxygen (mL·L-1) 
Hyperoxic 5.32 ± 0.28 
Normoxic 2.92 ± 0.21 

Anoxic 1.57 ± 0.28 
 
Table 4.9. Pairwise comparisons (α = 0.05) of dissolved oxygen among treatments in the 
dissolved oxygen experiment 
 Hyperoxic  Normoxic Hypoxic 

Hyperoxic    
Normoxic <0.0001   
Hypoxic <0.0001 <0.0001  
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Table 4.10. Results from Kruskal-Wallis tests (α = 0.05) on tank effects in pH 
experiment 

 H p 
Treatment Group 1 Group 2 Group 1 Group 2 
Ambient 0.6944 0.5556 0.7066 0.7575 

Low 0.2222 0.0278 0.8948 0.9862 
Very low 5.1389 0.2222 0.0766 0.8948 

 
Table 4.11. Results from Kruskal-Wallis tests (α = 0.05) on tank effects in temperature 
experiment 
Treatment (°C) H p 

8 1.444 0.4857 
10 0.4722 0.7897 
12 1.1111 0.5738 
14 2.25 0.3247 
16 1.0667 0.5866 
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CHAPTER 5 
 

CONCLUSIONS  

 

The signature objective of the present study was to advance existing knowledge 

and promote awareness of ocean acidification in the deep sea. This objective was 

completed through the investigation of OA’s impacts on the cold-water coral Lophelia 

pertusa in the Gulf of Mexico, a region that until recently remained absent from OA 

investigations. When this project began in 2008, the state of knowledge and awareness of 

OA in the deep sea was in its infancy. In fact, ocean acidification itself “exploded” as a 

new branch of marine science in 2008-2009, and the first NSF request for proposals 

specific to OA was held in 2010.  Now, in 2013, numerous studies have propelled the 

field forward on several fronts, including increased pH and carbonate chemistry 

monitoring across the globe, investigations of the biological responses and ecological 

impacts of OA throughout the marine environment, and examinations of the 

biogeochemical consequences of OA (reviewed in Chapter 1). The synthesis of these 

studies has contributed to a growing discussion of the challenges facing society due to 

OA, particularly with respect to the impacts on various economies and food supplies. 

Reflecting these advances in the OA field, the present study contributed to OA research 

in the deep sea via a combination of field and laboratory work that investigated the 

current state of ocean acidification in the deep Gulf of Mexico and elucidated the short-

term biological responses (mortality and growth) of L. pertusa to OA.  

One of the specific aims of the present study was to characterize the carbonate 

chemistry parameters (pH, total alkalinity, calcium carbonate saturation state) of the 
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water column and benthos at several locations in the Gulf of Mexico. Prior to the 

completion of this project, the only published water column carbonate chemistry data for 

the GoM came from a cruise in 1991 investigating dissolved inorganic carbon signatures 

at two hydrocarbon cold-seeps (Aharon et al., 1992). Therefore, significant effort was 

dedicated to characterizing the carbonate chemistry parameters of the deep GoM, with a 

special focus on the cold-water coral reefs structured by Lophelia pertusa. This work, 

detailed in Chapter 2, identified the lowest calcium carbonate saturation states at L. 

pertusa reefs anywhere in the world (Ωarag 1.25-1.69), and established baseline data 

which may be used to detect future changes in the deep GoM due to ongoing OA.  

In addition to the establishment of baseline data for the GoM, the carbonate 

chemistry data obtained here will contribute to the prediction of future pH changes due to 

ocean acidification. While it is important to characterize the current carbonate chemistry 

conditions in the Gulf of Mexico, it is equally important to predict future changes that 

may occur in the region as a result of ongoing global change. This may be accomplished 

using modeling approaches that utilize carbonate chemistry data, in addition to other 

oceanographic parameters, to identify areas that may undergo significant pH changes in 

the near future (e.g. Guinotte et al., 2006). Furthermore, the results presented here may 

contribute to habitat suitability modeling, an emerging method that uses a combination of 

oceanographic and geographic properties to identify areas of probable cold-water coral 

occurrence (e.g. Davies and Guinotte, 2011).  The results of this work were recently used 

in two such modeling studies in the Gulf of Mexico – habitat suitability modeling of 

Lophelia pertusa (Georgian et al., in prep) and Callogorgia spp. (Quattrini et al., 2013). 

Future studies may also leverage these data for similar investigations. 
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The present study also produced reliable recirculating aquarium systems for the 

husbandry and experimentation of cold-water corals and associated fauna. Prior to this 

work, cold-water coral laboratory experiments were largely conducted in flow-through 

aquarium facilities, which are generally dependent on local sources of natural seawater. 

Researchers far from a coastline are therefore at a disadvantage in this respect, and the 

methods described and tested in Chapter 3 should enable future efforts to proceed in 

laboratories beyond coastal research facilities. Furthermore, recirculating aquaria are 

generally immune to local disturbances to the seawater supply, such as upwelling (and 

associated reductions in pH), hydrocarbon spills, and harmful algal blooms, and as such 

may be utilized in areas where oceanographic conditions may be unstable. Furthermore, 

the recirculating aquaria described here will continue to be used by future graduate 

students in their research in the Cordes lab. 

   The live L. pertusa experiments described in Chapter 4 constitute a significant 

portion of the work performed on this project. Results from the perturbation experiments, 

including pH, temperature, and dissolved oxygen, identify sensitive thresholds for 

calcification (pH) and mortality (temperature and dissolved oxygen) in L. pertusa over 

the short term. Furthermore, this study presents evidence of variation in responses among 

individual genotypes of L. pertusa – the first such finding for any coral species – and may 

be the largest contribution of this work. Standing genetic variation within natural 

populations remains a poorly understood, yet important factor to consider in the study of 

organismal resilience to ongoing climate change. If individuals of a particular genotype 

are better able to withstand certain stressors than others, selection for increased resistance 

to stressors in these individuals may occur. This selection may facilitate persistence of L. 
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pertusa in the Gulf of Mexico under ongoing ocean acidification. Future work should 

investigate the potential for acclimation of L. pertusa in the GoM under long-term 

exposure to reduced pH, which has been shown in populations in the North Atlantic 

(Form and Riebesell, 2012), as well as the molecular mechanisms that may convey some 

resistance to OA.    

In conclusion, the body of work presented in this dissertation contributed to the 

present understanding of ocean acidification’s potential impacts on a key foundation 

species in the deep sea, Lophelia pertusa. This project established a baseline appraisal of 

the state of OA in the deep GoM, and identified thresholds for dissolution and mortality 

of live L. pertusa due to climate change stressors. While projections of future pH change 

in the deep Gulf of Mexico are lacking, the data presented here will facilitate efforts to 

model changes of pH through the rest of the century and beyond.  Furthermore, the 

variation of calcification responses due to genotype effects observed in the live 

experiments corroborate existing data that suggest that OA will not have “one-size fits 

all” consequences. Ultimately, the conservation of individual variation appears to be the 

driving biological force that may allow species to persist in the face of global climate 

change.  
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NOTES 

 

 

 

 

 

Chapter 2 was originally published in Limnology and Oceanography in January 

2013. Sam Georgian and Erik Cordes were co-authors on this study and contributed to 

editing the original manuscript. Sam Georgian helped perform seawater analyses and Erik 

Cordes assisted with parameterizing the omega-depth function and contributed to writing 

sections of the Introduction and the Discussion.  

Chapter 3 was completed with the help of Jeff Turner, Conall McNicholl, Chloe 

Glynn, and Erik Cordes. Jeff Turner helped construct the maintenance aquaria. Conall 

McNicholl helped with the carbonate chemistry and dissolved oxygen manipulations. 

Chloe Glynn performed the time-lapse photography work. Erik Cordes provided helpful 

advice with the design of the aquaria and with the experimental manipulations.  

Chapter 4 was completed with the help of Conall McNicholl, Chris Sears, Cheryl 

Morrison, and Erik Cordes. Conall McNicholl helped with the survivorship and growth 

measurements, as well as in maintaining the experimental conditions for each treatment. 

Chris Sears performed total alkalinity analyses. Cheryl Morrison performed the 

genotyping for the coral samples. Erik Cordes secured the funding that made this study 

possible, contributed to the experimental design, and provided helpful direction with the 

statistical analyses. 
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