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ABSTRACT

Deep-water or cold-water corals are abundant and highly diverse, greatly increase habitat
heterogeneity and species richness, thereby forming one of the most significant
ecosystems in the deep sea. Despite this remote location, they are not removed from the
different anthropogenic disturbances that commonly impact their shallow-water
counterparts. The global decrease in seawater pH due to increases in atmospheric CO2 are
changing the chemical properties of the seawater, decreasing the concentration of
carbonate ions that are important elements for different physiological and ecological
processes. Predictive models forecast a shoaling of the carbonate saturation in the water
column due to OA, and suggest that cold-water corals are at high risk, since large areas of
suitable habitat will experience suboptimal conditions by the end of the century. The
main objective of this study was to explore the fate of the deep-water coral community in
time of environmental change. To better understand the impact of climate change this
study focused in two of the most important elements of dee-sea coral habitat, the reef
forming coral Lophelia pertusa and the octocoral community, particularly the gorgonian
Callogorgia delta. By means of controlled experiments, I examined the effects of longand short-term exposures to seawater simulating future scenarios of ocean acidification
on calcification and feeding efficiency. Finally In order to understand how the
environment influences the community assembly, and ultimately how species cope with
particular ecological filters, I integrated different aspects of biology such functional
diversity and ecology into a more evolutionary context in the face of changing
environment. My results suggest that I) deep-water corals responds negatively to future
iii

OA by lowering the calcification rates, II) not all individuals respond in the same way to
OA with high intra-specific variability providing a potential for adaptation in the longterm III) there is a disruption in the balance between accretion and dissolution that in the
long term can shift from net accretion to net dissolution, and IV) there is an evolutionary
implication for certain morphological features in the coral community that can give an
advantage under stresfull conditions. Nevertheless, the suboptimal conditions that deepwater corals will experience by the end of the century could potentially threaten their
persistence, with potentially negative consequences for the future stability of this already
fragile ecosystem.
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CHAPTER 1
INTRODUCTION

1.1. Biology and ecology of deep-water/cold-water corals
1.1.1 Generalities
The deep ocean is the largest ecosystem on earth, yet one of the less understood
(Herring 2002). Deep-water corals also referred as cold-water corals are an important
component of deep-water ecosystems, which have been known for hundreds of years,
however until recently they have been systematically studied, in terms of biology,
ecology and oceanography (Roberts et al 2009). Since the early expeditions in 1800’s
with the H.M.S Challenger, deep-water fauna has been collected and documented down
to a depth of 5.5 km, indicating that the deep ocean is composed of a considerably
number of species globally distributed in a rather stable environment (Rogers 1999).
Cold-water corals (CWCs) represent an important functional group due to their ability to
change the substrate composition creating a more complex and heterogeneous
environment that will increase species diversity (Jensen and Frederiksen 1992, Fosså et al
2002). Following the classification and definition proposed by Cairns (2007), corals are
constituted by paraphyletic groups of marine cnidarians from the classes Anthozoa and
Hydrozoa that secretes calcium carbonate skeletons in the form of either continuous or
individualized structures, or that have a proteinaceous axis. This classification identifies
the four major groups found in deep-sea environments such as Scleractinia, Zoanthidea,
Anthipathara, Octocorallia and Stylasteridae that accounts for 65% of the total species
found, where approximately 42% of scleractinian, 75% of octocorals, 75% of
1

antipatharians and 89% of stylasterids are being found in the deep sea (Cairns 2002,
2007).
Cold-water corals are globally distributed and normally found in the depth range
of 200 – 1500 m (Rogers 1999). In some locations such as fjords in Chile, Norway and
British Columbia scleractinian corals can be found as shallow as 40 m (Fosså et al. 2002,
Forsterra et al. 2005, Stromgren 1976) due to the unique characteristic of this habitats and
the relatively cold waters that are found shallower than any other place in the world
(Roberts et al. 2009). Six species of cold-water scleractinian corals are of particular
interest because the capacity to form reef-like structures: Lophelia pertusa, Madrepora
oculata, Dendrophyllia cornigera, Solenosmilia variabilis, Goniocorella dumosa, and
Desmophyllum dianthus and all have been mentioned as important foundational species
(Cairns 2007). Lophelia pertusa is one of the most conspicuous habitat-forming, with a
wide geographic distribution (Rogers 1999, Freiwald et al. 2004, Cairns 2007). In the
North Atlantic, L. pertusa form dense aggregations in the northern fjords of Norway
(Fosså et al. 2002) stretching south to West Africa along the western margin of the
Atlantic where it can be found as deep as 2800 m (Zibrowius 1980, Freiwald et al. 2004).
It normally associates with other deep-sea scleractinian corals including Madrepora
oculata, Desmophyllum dianthus and Solenosmilia variabilis (Cairns 2007).
Other important functional group in deep oceans is Octocorallia, which includes
seafan-like corals or soft-corals that are common and abundant on the seabed, with
spatially wider distribution than scleractinians (Cairns and Bayer 2009). Octocorals are
recognized by their polyps, which have 8 pinnate tentacles (Bayer 1961). There are three
main group of octocorals in deep-sea environments based on the type of axis: Holoxian,
2

Calcaxonian, Scleraxonian and Alcioniina, which form the basis of the taxonomic
classification (Bayer 1961). More often, large colonies such as Paragorgia, Corallium,
Primnoa, Callogorgia, and bamboo corals such as Isidella and Keratoisis form distinct
habitats, which are important benthic component (Freiwald et al 2004). In some parts of
the deep ocean where scleractinian corals are less conspicuous, octocoral-dominated
fauna also described as octocoral gardens become the foundation species (Freiwald et al.
2004, Auster et al. 2013). Of the 3650 species described for octocorals, 65% belongs to
deep habitats (Cairns 2007). Gorgonian octocorals are more abundant in hard substrate
where they anchor to the bottom by a holdfast from which it grows a central flexible axis
(Bayer and Macintyre 2001). In some part such as the North Atlantic and North Pacific,
they can be the dominant functional group with different associated fauna such as
crustaceans, hydroids, fish and echinoderms (Buhl-Mortensen et al. 2010) including an
obligated relationship with ophiuroids (Mosher and Watling 2009). It has been suggested
that the associated fauna of deep-sea octocorals is higher than shallow-water octocorals
(Bulhl-Mortensen and Mortensen 2005).
Deep-water corals are more commonly found on 1) continental slopes, 2)
canyons, and 3) oceanic banks and seamounts (Freiwald et al. 2004). The continental
slope is known as the bathyal zone (200 – 2000 m) and is characterized by inclined
seabed with different features such as canyons that can direct sediment and organic
matter from the shelf to the deeper part of the ocean providing settings for rich coral
populations (Freiwald et al. 2004). Oceanic banks form submerged islands of enough size
capable of modifying ocean currents creating zones of rich plankton communities used
for cold-water corals as food source (Freiwald et al. 2004). Different banks in the north
3

Atlantic, south-west Pacific and off Spain are known to support an important community
of deep-sea corals of L. pertusa, Madrepora oculata, Solenosmilia variabilis and
Enallopsammia rostrate (Cairns 1994). Seamounts are normally extinct volcanoes that
exist as isolated, clustered or as chains with rocky bottom where current acceleration
provides perfect habitat for cold-water corals and associates (Genin et al. 1986, Freiwald
et al. 2004). If environmental conditions are optimal, small-branched colonies growing at
the top of older/thicker branches with dark-brown coloration at the bases, start forming a
characteristic thanatocoenosis of dead coral rubble and skeletal framework, involving
sediment accumulation and substrate stabilization through time (Roberts et al. 2009).
Habitat suitability has previously been investigated with the purpose of identifying
species vulnerability as a managing tool for conservation. For scleractinian corals, the
variables that best predict species distributions are temperature, aragonite saturation
(Ωarag), depth and salinity (Guinotte et al. 2006, Davies and Guinotte 2010). In general,
Ωarag values for L. pertusa range between 1–2, temperature range is restricted between 7 –
10ºC, and >90% of the species distribution is found shallower than 1500 m (Davies and
Guinotte 2011). On a global scale, Yesson et al. (2012) found that for octocorals,
temperature, salinity, slope, productivity, oxygen and calcite saturation were important
factor that determine species distribution, and most species of CWC’s requires hard
substratum to attach and growth (Roberts et al. 2009).

1.1.2 Relevance of deep-water corals on biodiversity
It is known that one main characteristic of deep-water corals is the positive impact
it has in the local biodiversity (Fosså et al. 2002, Henry and Roberts 2007, Cordes et al.
4

2008, Buhl-Mortensen et al. 2010). Our understanding of the ecological significance of
deep-water coral ecosystems including Lophelia pertusa bioherms, have largely increased
in the past two decades due to improved ocean exploration, and confirms the importance
of cold-water corals as hot spots of species richness (Jensen and Frederiksen 1997; Fosså
et al. 2002; Henry and Roberts 2007). Corals has the capacity to transform the
surrounding and create habitat heterogeneity, which normally translate into a range of
microhabitats or niches with different characteristics for different associated species (i.e.
current speed, food sources, substrates, etc) (Buhl-Mortensen et al. 2010). In a study that
compares the composition of macrofaunal diversity on deep-sea coral mounds with areas
off-mound, found that the species richness was three time greater on mounds than offmounds with increased both diversity and evenness (Henry and Roberts 2007). In the
North-East Atlantic, ~300 species of macrofaunal that live within the framework of L.
pertusa mounds have been described (Jensen and Frederiksen 1997).
Deep-sea octocoral associated fauna is dominated by echinoderms, specially
ophiuroids that can form special symbiotic associations; however, decapods, amphipods,
polychaets and mollusks are also frequently found within gorgonian colonies, some of
which form an obligate relationship (Buhl-Mortensen et al. 2010). In the North Atlantic
the brittle star Ophiocreas Oedipus is found in close association with the gorgonian
Metallogorgia melanotrichos where the two species form an obligate relationship
(Mosher and Watling 2009). Lophelia pertusa forms dense aggregations in Norwegian
waters forming extensive reefs of tens to several hundreds of meters wide and tens of
meters thick. As a generality, on the upper slopes, L. pertusa forms dense accumulation
of living polyps and different taxa such as gorgonian octocorals, sponges and actinarians,
5

all with an associated diverse fauna (Freiwald et al. 2004). However, the highest species
richness happens on the dead coral framework underneath the living corals (Freiwald et
al. 2004). Primnoides and Scleraxonians host a rich associated fauna of suspension
feeders that use the coral as a substratum or refuge against predators, some of them being
highly specialized parasites that have preferences for one or more deep-sea coral species
(Buhl-Mortensen and Mortensen 2005). The abundance and species richness are
correlated with host morphology complexity and also the habitat provide within and
between colonies (Buhl-Mortensen et al. 2010).

1.1.3 Deep-water corals in the Gulf of Mexico
Deep-water corals in the Gulf of Mexico are widespread and are found along the
continental shelf between 250 m down to 2500 m (Schroeder et al. 2005, Quattrini et al.
2014). Thick authigenic carbonate crops that form as a result of the microbial methane
oxidation of hydrocarbon seepage, serve as suitable substrate for a variety of octocorals
and scleractinian coral species that attach and grow over these layers (Schroeder 2002).
Lophelia pertusa is the main scleractinian species in the GoM along with Madrepora
oculata (Schroeder et al 2005). It was first described in 1955 when the US Bureau of
Commercial Fisheries M/V Oregon (Fish and Wildlife Service) dragged skeletons that
were forming an extensive reef over half mile on the continental slope east of the
Mississippi River Delta between 420 – 512 m (Moore and Bullis 1960). One of the most
developed L. pertusa outcrops occur in the upper De Soto slope around 420 m depth with
colonies displaying bushy morphology growing as aggregated irregular, dendritic and
anastomosed coral skeleton that form “thickets” up to 2 m in height and 3 – 4 m wide
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(Schroeder 2005). Cordes et al. (2008) documented the presence of coral communities on
the upper continental slope off the Mississippi and Louisiana coast between 315 – 535 m
depth, where corals growing on the authigenic carbonates creating complex structures
that provides habitat for at least 68 taxa of different marine invertebrates. Lunden et al
(2013) characterized for the first-time the carbonate chemistry at some sites structured by
L. pertusa in order to incorporate this information into a wider and more compelling data
set for carbonate chemistry for the Gulf of Mexico. These results showed that L. pertusa
live in a range of pH between 7.85 and 7.95 and Ωarag values between ~1.2 – 1.7.
Additionally, Georgian et al. (2016b) expanding the work by Lunden et al (2013) found
that L. pertusa outcrops tend to be distributed between by the density layer of 27 kg m-3,
which is characteristic of the North Atlantic Central Water (NACW). Important factors
conditioning animal distribution are the presence of multiple water layers that create
different physical – chemical conditions, which can be characterized in terms of water
temperature, salinity, dissolved oxygen, pH and carbonate saturation (Georgian et al.
2014). The Gulf of Mexico is home of a high diversity of octocorals from shallow waters
to a depth of 3000 m (Quattrini et al. 2014). Approximately 162 species of octorocorals
have been described with faunal check list and museum collections currently available
(Cairns et al. 1993, Cairns and Bayer 2009) this group has a wider distribution from ~250
to ~2500 m (Quattrini et al. 2014) and it is believed that approximately 48% of the total
species are found in deep waters (Cairns and Bayer 2009). Recent exploratory studies
have targeted a wide collection of octocorals have been used to characterize the fauna in
terms of abundance, phylogenetic relationships, and ecological factors that control
species distributions and species assemblage (Quattrini et al. 2013, 2014, 2017).
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1.2 Anthropogenic stressors
Human activity has been modifying marine environments causing negative impact
at different biological levels. There is a generalizable decline of marine ecosystems that
has been happening since the last century due to different anthropogenic disturbances. As
their shallow-water counterparts, deep-water ecosystems have been subjected to
anthropogenic pressures that are starting to be evident (Roberts and Cairns 2014);
however, there are still many gaps in our knowledge of how this ecosystem can respond
in the near future. The hydrocarbon industry is a clear threat to deep-water coral habitats.
The deep-water horizon oil spill in the Gulf of Mexico caused important damage to coral
communities that exposed to the oil plume, showing necrotic tissue and partial mortality
(White et al. 2012). Additionally, deep-sea mining has become another concern for deepwater communities for the potential negative effects of drilling and pit mining where
sediment plumes and toxic minerals released to the water column will cause habitat
destruction (Freiwald et al. 2004). Trawling fishing industry has been causing extensive
damage to dee-sea ecosystems and is forecast to cause even more as technology, gear use,
and bigger vessels improve (Roberts and Cairns 2014). Lastly, increase water
temperature, deoxygenation of the water column and ocean acidification have become
one of the main concerns in deep-sea research due to the significant ecological role of
these ecosystems and its vulnerability to different stressors (Levin and Le Bris 2015).
1.2.1 Climate Change
Climate change is dramatically altering the marine environments, with
ocean acidification expected to elicit some of the more severe alterations to marine
organisms (Keeling et al. 1976; Parmesan et al. 2003; Hoegh-Guldberg and Bruno 2010).
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Carbon dioxide (CO2) is currently being emitted into the atmosphere at a rate of
approximately 49 ± 4.5 GtCO2 year-1, and approximately one-third of these emissions are
ultimately absorbed by the world’s oceans (Sabine et al. 2004; IPCC 2013). Global mean
values of atmospheric CO2 have increased since pre-industrial times from 280 ppm (parts
per million) to about 405 ppm in 2017, which have been occurring at much faster rate
than have occurred in the last 650,000 years (Siegenthaler et al. 2008). The absorption of
this excess CO2 drives a series of chemical reactions that alter the carbonate chemistry of
the seawater causing significant reductions in seawater pH and carbonate ion
concentration (CO3-2) making the seawater more “acidic” (Caldeira & Wickett 2003)
(Fig. 1.1). Therefore, there is a projected decrease in the carbonate saturation states (Ω)
for different mineral forms of CaCO3 with important consequences at the organismal as
well as ecosystem levels (Kleypas et al 1999). The aragonite saturation horizon (ASH) is
a boundary in the water column at which the carbonate saturation state is equal to 1
(Ω=1) and is found at different depths corresponding to the different carbonate
polymorphs of aragonite (Ωarag), calcite (Ωcal) or high-magnesium calcite (MgCO3) (ΩMg)
(Feely et al. 2004). If the water is supersaturated (Ω>1) calcification is favored, whereas
if it is undersaturated (Ω<1) dissolution is favored over calcification (Gattuso et al., 1998;
Langdon & Atkinson 2005). In a biological context, the lower the saturation state, the
more energy required for calcification. Although global ocean calcium carbonate
saturation states remain above 1 for most shallow portions of the ocean, models forecast a
significant shoaling of the saturation horizon (ASH) by mid and end-century (Orr et al.
2005). This will have negative impacts to deep-water ecosystems, since these organisms
live in habitats that already experience lower saturation states than their shallower
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counterparts. The deep ocean has the capacity to absorb considerable amounts of heat and
CO2 thus being vulnerable to the combined stresses of warming, acidification and
deoxygenation (Levin and Le Bris 2015). It is estimated that approximately 30% of the
CO2 released to the atmosphere since the preindustrial revolution has been incorporated
into the world’s oceans (IPCC 2013) and has penetrated the deep ocean down to a 2500
m (Tanhua et al 2007). The Intergovernmental Panel on Climate Change (IPCC) has
specified several models of anthropogenic CO2 and sea surface temperatures expected to
happen by the end of the century, which agreed with increments of mean annual
temperature of +1 – 2ºC and a double of the concentrations of atmospheric CO2 relative
to pre-industrial time (IPCC 2013).

Figure 1.1. Carbonate system in the seawater. When atmospheric carbon dioxide
(CO2) enters the seawater, it reacts with water molecules (H2O) to produce a weak acid
(H2CO3) that dissociates into bicarbonate ions (HCO3) shifting the equilibrium towards
more bicarbonate decreasing the concentrations of carbonate ions (CO3) therefore
decreasing the pH of the system.
10

1.2.1.1 Biological response to ocean acidification
Calcification is one of the most important biological process by which corals
produce calcium carbonate. Coral net calcification is the result of the delicate balance
between accretion (growth) and erosion (dissolution) that over long-time scales
accumulates and form coral reef structures (Glynn 1997). However, it is expected to
decrease by 30% by the end of the century, relative to pre-industrial times due to the
massive incorporation of CO2 to the oceans, which will cause loss of reef framework
because erosion/dissolution will outpace accretion rates (Kleypas et al. 1999). Coral
skeleton is produced in a biological controlled and isolated environment rich in proteins,
polysaccharides, lipids and other essential components referred as organic matrix
(Constantz and Weiner 1988, Allemand et al. 2011). Organic matrix plays a major role in
biomineralization process where crystal formation, crystal morphology and mineral
characteristic take place (Wheeler and Sikes 1984). Scleractinian corals in general,
including deep-water corals such as L. pertusa, produce skeletons made of calcium
carbonate (CaCO3) crystallized as aragonite, and in order for this process to happen, the
coral needs a supply of calcium and carbonate ions from the external medium as well as
some proton pumping mechanism to allow for homeostatic control that can be mediated
through passive and active channels for ion transport (Bénazet-Tambutté et al. 1996, AlHorani et al. 2003, Allemand et al. 2011). Paracellular transport can occur between the
cells driven by the chemical gradient, therefore it is passive, while in the transcellular
transport the molecule needs to enter the cells, therefore it is active against the chemical
gradient and requires energy (Bénazet-Tambutté et al. 1996). Moreover, it has been found
that the enzyme carbonic anhydrase (CA) speed up the calcification process by promoting
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the formation of HCO3 that later is going to be incorporated into CO3 at the calcification
sites (Goreau 1959).
One important goal of the scientific community is to be able to predict the effects
of environmental change (ocean acidification) in different physiological processes such
as calcification and how it can be extrapolated to the ecological level. It is well
understood that increase temperature and CO2 have a negative effect on the performance
of corals (Hoegh-Guldberg et al. 2007), which has been documented for a variety of taxa
(Kroeker et al. 2010). Aragonite saturation (Ωarag) is an important variable to understand
the biological response of ocean acidification in deep-water corals due to the evidence
that >95% of CWCs are distributed in places where the saturation of calcium carbonate is
above 1 (Ω>1) (Guinotte et al. 2006). Nevertheless, recent deep-sea explorations have led
to new observations of scleractinian corals at aragonite undersaturation, such as the
Central North Pacific (Baco et al., 2017, ASH < 550 m), Chilean Fjords (Fillinger &
Richter 2013; Jantzen et al., 2013, ASH < 200 m), and the Central South Pacific
(Thresher et al., 2011, ASH < 1000 m). The mechanisms underlying this apparent ability
to live under conditions that are not favorable for calcification are not fully understood,
since experimental studies with coral species from those places have not been performed
in a wider scale. However, the capacity to alter the internal carbonate chemistry in favor
of calcification has been proposed as a plausible explanation (Raybaud et al. 2017).
Using micro-electrodes, Al-Horani et al. (2003) were able to observe elevations of the
Ca+2 and changes in the internal pH at the calcification sites with the net increase of the
aragonite saturation states. Therefore, deep-water corals exert a strong biological control
on the calcification sites by modifying the internal carbonate chemistry in the
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compartments were the calcification occurs, suggesting that CWCs are still able to
produce calcium carbonate at low pH/Ωarag (McCulloch et al 2012). Moreover, Raybaud
et al. (2017) provided a numerical framework of internal carbonate chemistry in several
species of scleractinian corals, and they found that CWCs exert the strongest control on
Ωarag, elevating it up to 10 times that of the surrounding seawater. Due to the significant
ecological role of these deep-water habitats, understanding the complex relationship
among the biology, physiology, and ecology of cold-water corals with their realized
distribution is of prime importance.
There has been a number of studies that have investigated the effects of ocean
acidification in scleractinian corals exposed to elevated levels of CO2 for both shallowwater (see meta-analysis Kroeker et al. 2010, Chan and Connolly 2013) and more
recently for deep-sea corals (Lunden et al. 2014, Movilla et al. 2014, Hennige et al. 2015,
Büsher et al. 2017). Laboratory and mesocosms studies have shown that the calcification
rates in different calcifying organisms is negatively impacted by increases of atmospheric
CO2 (Gattuso et al. 1998, Langdon and Atkinson 2005, Chan and Connolly 2013). In the
past decade, the interest in predicting the physiological response of cold-water corals to
future levels of ocean acidification has increased dramatically, driven mainly by two
factors: 1) increasing access to these difficult places made available by the new
technological development and 2) from an ecological point of view, because these
species inhabit deep-sea waters where aragonite saturation states (Ωar) are naturally low,
thus will be experiencing corrosive waters sooner than shallow water organisms (Orr et
al. 2005; Guinotte et al. 2006). Despite the general consensus that there is a negative
effect on cold-water corals and specifically L. pertusa as ocean acidification proceeds,
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these studies remain variable and contrasting. While short-term experiments have
documented significant reductions in net calcification of L. pertusa (Maier et al. 2009;
Form and Riebesell 2012; Lunden et al. 2014a), long-term experiments have suggested
that L. pertusa can withstand low pH conditions (Form and Riebesell 2012; Maier et al.
2013) (see Hennige et al. 2015). For example, Form and Riebesell (2012) found that for
short-term exposures L. pertusa has a reduction in calcification equivalent to ~30% for
every 0.1 pH unit decrease, while for long-term exposures enhanced calcification rates
even in undersaturated conditions were evident, which lead the authors to hypothesize
that L. pertusa has the potential to acclimate to ocean acidification. Some of the
discrepancies among studies may result from natural differences in the populations
investigated (Georgian et al. 2016b). There is evidence that deep-sea corals in the Gulf of
Mexico, specifically L. pertusa, live close to the aragonite saturation horizon (Ωarag ~ 1)
with [CO3-2] about 94 µmol kg-1 (Lunden et al. 2013, Georgian et al. 2016a). This is
particularly important because this species naturally exhibit slow growth and calcification
rates, which ranged between ~2 mm yr-1 to 9 mm yr-1 (Brooke and Young 2009; Larcom
et al. 2014; Lartaud et al. 2014) making them vulnerable to the effects of future ocean
acidification. Emerging evidence for a variable response in calcification to ocean
acidification and differential response in susceptibility and recovery rates will support
and alternate scenario (Pandolfi et al. 2011) in which the expected variability between
species and even between organisms of the same population will drive adaptation with
losers and winners as the more likely future scenario (Fabricius et al. 2011).
Octocorals on the other hand have received little attention in the context of ocean
acidification, even though they an important component on both shallow and deep-coral
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reefs worldwide. There are only few studies that have addressed this question (Bramanti
et al. 2013, Cerrano et al. 2013, Gabay et al. 2013 Gómez et al. 2015, Lopes et al. 2018).
Although most of the studies have concluded that increased CO2 had little to no effect on
different physiological variables related to metabolic performance (Gabay et al. 2013;
Lopes et al. 2018), or variables related to sclerite calcification (Gómez et al. 2015;
Enochs et al. 2016), Bramanti et al. (2013) and Cerrano et al. (2013) evaluated the longterm effects of low pH in the Mediterranean red coral Corallium rubrum and found a
detrimental effect of pH on calcification rates and sclerite morphology. Gómez et al.
(2015) found that coral fragments from the octocoral Eunicea fusca grown under levels
for ocean acidification expected by the end of the century did not show a negative
response, however, when levels dropped to undersaturation, there was a negative
relationship in calcification. These results were later corroborated by Enoch et al (2015)
in a study with Eunicea flexuosa, where they found that pH/CO2 did not significantly
affect both growth and the structure of their sclerites at pH expected by the end of the
present century, suggesting a degree of resilience to OA stress.
Studies concerning other aspects of coral physiology and energetics in a climate
change context are becoming more important in experiments with ocean acidification and
climate change (Doods et al. 2007, Ferrier-Pages et al. 2009, Schoepf et al. 2013, Gori et
al. 2016), nevertheless there are still many gaps that make the process still poorly
understood. Within the studies of coral biomineralization, carbonic anhydrase (CA) plays
a key role in the process of coral calcification (Tambutté et al. 2007, Moya et al. 2008,
Bertucci et al. 2013). Carbonic anhydrase has been found in all kingdoms of life, and are
involved in numerous physiological processes, which include respiration, calcification,
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pH regulation, and facilitation of the transport of carbon dioxide and protons in the
intracellular space, among others (Surupan et al. 2008).
To better understand the likely impacts of ocean acidification, this proposal will
focus on the most important elements of the deep-sea in the Gulf of Mexico, such as the
reef-forming scleractinian coral Lophelia pertusa and the octocoral Callogorgia delta,
both of which are important functional species. Moreover, in order to integrate the
process of functional diversity into the community assemblage, a morphological matrix
of different traits in the octocoral community will be developed in order to understand
how the species are assembled in a spatial depth gradient. Thereby, the present document
presents information of some ecological and physiological aspects of deep-water corals
performed mainly in controlled conditions through manipulative experiments and is divided
in four subsequent chapters, each one aimed to answers specific hypothesis. For chapter 2
and chapter 3 I focused on the globally distributed cold-water coral Lophelia pertusa from
two different contrasting regions: The Gulf of Mexico and the California margin in the South
Atlantic Bight. In the first study, different genotypes of L. pertusa were exposed to two pH
treatments (pH=7.60, and 7.90) over a long (six-month) experimental period in order to
assess the differential response to altered carbonate chemistry at a genotype level. The
physiological response was measured as net calcification rate and the activity of carbonic
anhydrase, a key enzyme in the calcification pathway. In the second chapter, the
physiological response of L. pertusa from the California margin were studied under
controlled conditions over a series of short-term experiments to examine the calcification and
feeding behavior of corals collected from the Southern California Bight. Fragments of L.
pertusa were grown under conditions that simulated the present-day scenario in situ
(aragonite undersaturation) hereafter referred to as “unfavorable” vs. saturated aragonite
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conditions (corresponding to >95% of the present-day global distribution of L. pertusa)
hereafter referred to as “favorable”. We hypothesized that corals growing in unfavorable
conditions (Ωarag <1) will calcify less than corals grown in favorable conditions (Ωarag >1), but
we still expect calcification rates to be positive (accretion > erosion). The present conditions
in the California Current System are similar to those that are expected to occur by the end of
the century in other areas (Gruber et al., 2012), so the information regarding how these corals
are responding is crucial to understanding the whole ecosystem response in the CCS and
beyond. Chapters 4 and 5 were dedicated to other important component of deep-water corals
such as the functional group Octocorallia in order to 1) understand multiple processes of

community assembly, species interactions, and ultimately how an ecosystem can respond
to environmental disturbances, and 2) to explore the fate of deep-sea octocorals to future
levels of ocean acidification in order to get an holistic idea of climate change perturbance
on deep-sea coral community. Part of the fundamental framework of these works is to
integrate different aspects of coral biology to have understanding of the ecology and
physiology of the deep-sea corals and their environment in changing conditions, with
special reference in the group of octocorals that will ultimately be used as a tool to assess
ecosystem resilience. Octocorals are an interesting group to test for these hypotheses
because the species are composed of a wide array of morphological features, which can
be genetically or environmentally mediated, which allow them to succeed in certain
conditions (Cavender-Bares et 2009, Ackerly and Cornwell 2007). This part of my
dissertation was made as part of a large collaborative study to document deep-sea coral

habitat in the Gulf of Mexico (GoM) that tried to disentangle the influence of the
environmental filters on the structural assembly of the octocoral community living in the
deep sea by analyzing a species-by-traits matrix coupled with evolutionary information.
17

Ecological and evolutionary processes are important factors in community assembly that
determine the type of species that live in a certain habitat, and thus they are responsible
for the patterns of community structure seen in natural environments. In the deep-sea,
these mechanisms are poorly studied, especially in coral communities. In the Northern
Gulf of Mexico, octocorals are among the most conspicuous organisms that sort along a
depth gradient creating different assemblages segregated by depth. In order to understand
the influence of this segregation.
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CHAPTER 2
LONG-TERM CALCIFICATION RESPONSE OF THE COLD-WATER
CORAL Lophelia pertusa TO OCEAN ACIDIFICATION CONDITIONS

2.1 Abstract
Ocean acidification, the decrease in seawater pH due to the absorption of
atmospheric CO2, profoundly threatens the survival of a wide number of marine species.
Cold-water corals (CWCs) are considered to be a group of vulnerable organisms to future
projections of ocean acidification because they are already exposed to relatively low pH
and corresponding low calcium carbonate saturation states (Ω). Lophelia pertusa is a
globally distributed cold-water scleractinian coral that provides critical three-dimensional
habitat for many ecologically and economically significant species. In this study,
different genotypes of L. pertusa were exposed to two pH treatments (pH=7.60, and 7.90)
over a long (six-month) experimental period. Their physiological response was measured
as net calcification rate and the activity of carbonic anhydrase, a key enzyme in the
calcification pathway. In the 6-month experiment, average calcification was significantly
reduced at low pH, with corals exhibiting net dissolution of skeleton. Interestingly, one
genotype maintained positive net calcification longer than the other genotypes, however,
there was no significant difference between genotypes in the long run analysis. Average
carbonic anhydrase activity was not affected by pH, although some genotypes exhibited
small, and not statistically significant increases in activity after the six-month period. Our
results suggest that net calcification in L. pertusa is adversely affected by ocean
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acidification to values representing undersaturation of aragonite, which will pose a threat
for the future stability of these important ecosystems.

2.2 Introduction
Climate change is dramatically altering the Earth’s terrestrial and aquatic
environments, with ocean acidification expected to elicit some of the more severe
alterations to marine environments (Keeling et al. 1976; Parmesan et al. 2003; Feely et al.
2004; Hoegh-Guldberg and Bruno 2010). Carbon dioxide is currently being emitted into
the atmosphere at a rate of approximately 49 ± 4.5 GtCO2 year-1, and approximately onethird of these emissions are ultimately absorbed by the world’s oceans (Sabine et al.
2004; IPCC 2013). The absorption of this excess CO2 drives a series of chemical
reactions that alter the carbonate chemistry of the seawater causing significant reductions
in seawater pH and carbonate ion concentration (CO3-2) (Kleypas and Langdon 2006).
Consequently, ocean acidification lowers the saturation state for carbonate ions (Ω), such
that some marine calcifiers are no longer able to produce calcium carbonate, or do so at
much greater energetic cost resulting in compromised biological and ecological functions
such as reduced calcification (Gattuso et al. 1998; Kleypas et al. 1999; Langdon and
Atkinson 2005), failed larval development (Kurihara 2008), impairment of predator-prey
interactions (Cripps et al. 2011; Gaylord et al. 2014), and changes in acid-base regulation
(Pörtner et al. 2004). It is estimated that ocean pH will drop by 0.3-0.5 pH units within
the century, with estimates as high as 0.7 pH units (Caldeira and Wickett 2003). One of
the most drastic changes however, will likely be the reduction in the calcification process
of a wide variety of marine organisms (Kroeker et al. 2010).
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Cold-water corals are one of the most important foundation species in the deepsea, providing habitat for a large number of associated species including many
commercially important fish and invertebrates (Rogers 1999; Roberts et al. 2006). In the
last years, there has been great interest in predicting the physiological response of coldwater corals to future levels of ocean acidification, mainly because these species inhabit
deep-sea waters where aragonite saturation states (Ωar) are naturally low, thus will be
experiencing corrosive waters sooner than shallow water organisms (Orr et al. 2005;
Guinotte et al. 2006). There is evidence that deep-sea corals in the Gulf of Mexico live
close to the aragonite saturation horizon (Ωar ~ 1) with [CO3-2] about 94 µmol kg-1
(Georgian et al. 2016a). Moreover, these species naturally exhibit slow growth and
calcification rates, which ranged between ~2 mm yr-1 to 9 mm yr-1 (Brooke and Young
2009; Larcom et al. 2014; Lartaud et al. 2014) making them particularly vulnerable to the
effects of future ocean acidification. Nevertheless, recent evidence from experimental
studies suggests that cold-water corals are resistant to low levels of aragonite saturation,
and may even be able to calcify in undersaturated conditions (Form and Riebesell 2012;
Maier et al. 2013; Hennige et al. 2015), though at a reduced rate (Maier et al. 2009,
Lunden et al. 2014). The ability to maintain calcification has been explained as a capacity
to up-regulate the internal environment at the calcifying site elevating the internal pH up
to 0.8 unit (McCulloch et al. 2012; Wall et al. 2015).
The scleractinian coral Lophelia pertusa (Linnaeus, 1758) is probably one of the
most common foundation species in the deep-sea (Rogers 1999), and one of the most
studied cold-water species. There has been a great interest in understanding how this
species will respond to anthropogenic disturbances such as increase in atmospheric CO2
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and ocean acidification with a growing number of studies that have been conducted
recently (e.g.; Form and Riebesell 2012; Lunden et al. 2014a; Movilla et al. 2014;
Hennige et al. 2015). Despite the general consensus is that there will be a negative effect
on cold-water corals and specifically L. pertusa as ocean acidification progresses, these
studies remain variable and contrasting (Georgian et al. 2016b). While short-term
experiments have documented significant reductions in net calcification of L. pertusa
(Maier et al. 2009; Form and Riebesell 2012; Lunden et al. 2014a; Georgian et al.
2016b), long-term experiments have suggested that L. pertusa can withstand low pH
conditions (Form and Riebesell 2012; Maier et al. 2013; Hennige et al. 2015) (see
Hennige et al. 2015). For example, Form and Riebesell (2012) found that for short-term
exposures L. pertusa has a reduction in calcification equivalent to ~30% for every 0.1 pH
unit decrease, while for long-term exposures enhanced calcification rates even in
undersaturated conditions were evident, which lead the authors to hypothesize that L.
pertusa has the potential to acclimate to ocean acidification. Some of the discrepancies
among studies may result from natural differences in the populations investigated. In a
recent study, Georgian et al. (2016b) found a differential response in several
physiological variables such as respiration, feeding and calcification rates between
populations of L. pertusa from the North Atlantic and Gulf of Mexico, which provided
evidence for different behaviors and potentially unique adaptations in these relatively
isolated populations (Lunden et al. 2014).
In the present study, we performed a long-term (six months) assessment of the
physiological performance of L. pertusa collected in the Gulf of Mexico after exposed to
different levels of reduced pH. In order to assess the differential response to altered
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carbonate chemistry at a genotype level, six different genotypes were included in the
experiment. We hypothesized that overall, increased CO2/decreased pH would cause a
negative response in the physiological performance of L. pertusa, but further
hypothesized that some genotypes may exhibit differential response to the effects of
ocean acidification. If upheld, this would imply a capacity for an evolutionary response to
ocean acidification, and an increased probability of persistence for scleractinian corals as
they face future global climate and ocean change.

2.3 Materials and methods
2.3.1 Study species and sample collection
Lophelia pertusa is a scleractinian cold-water coral that is found throughout the
world’s oceans, typically between 200 and 1000 meters (Rogers 1999), although it occurs
as shallow as 40 meters in Norwegian fjords due to the upwelling of deep, cold water
(Strømgren 1971). In the Gulf of Mexico, L. pertusa is most commonly observed
between depths of 300 and 600 meters, where it creates habitat that greatly increases
local diversity (Cordes et al. 2008). Globally, its distribution is best explained by water
temperature (Davies and Guinotte 2011), while in the Gulf of Mexico, its distribution can
best be predicted by depth, local topography, and the availability of hard substrata
(Georgian et al. 2014).
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Table 2.1 Collection sites for each of the different genotypes used in the present study
with its respective in situ carbonate chemistry conditions.

Genotype

Lat.

Lon.

Depth

Temp

AT

pHT

Ωarag

G1
G2
G3
G4
G5
G6

29.1727
29.1727
29.1610
29.1729
29.1730
29.1561

-88.0189
-88.0187
-88.0157
-88.0190
-88.0186
-88.0150

490
492
451
489
494
489

9.88
9.78
9.66
9.78
10.01
9.58

2317
2317
2324
2316
2315
2318

7.84
7.87
7.87
7.86
7.88
7.86

1.27
1.32
1.33
1.31
1.38
1.30

L. pertusa were collected in the Gulf of Mexico in April and May 2014 on the R/V
Atlantis using the HOV Alvin (Woods Hole Oceanographic Institution). All corals were
collected at similar depths, temperature and carbonate chemistry conditions (Table 2.1)
from the Viosca Knoll 826 (VK826) site (Cordes et al. 2008), named for the oil lease
block governed by the U.S. Bureau of Ocean Energy Management (BOEM). Corals were
collected from six discontinuous reef patches within VK826 to increase the probability
that different genotypes were sampled (Fig 2.1)
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Figure 2.1 Map of the Gulf of Mexico showing the site of sample collection (VK826)

Each collection was carefully placed in a separate box on the submersible and
remained separate throughout the relocation and experiments. All live corals were kept in
natural seawater and shipped cold overnight in insulated containers to Temple University,
Philadelphia, Pennsylvania (Fig 2.2). At the time of arrival, all corals were randomly
assigned to two 550 L recirculating aquarium systems with artificial seawater (ASW)
prepared using Instant Ocean® (aquarium sea-salt mixture) and maintained at a
temperature of ~ 8º C, salinity 35 ppt, and total alkalinity (AT) ~2300 µmol kg-1. The
corals were fed 20 mL of artificial Marine Snow® (Two Little Fishies) three days a week.
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Figure 2.2 Lophelia pertusa fragments kept under controlled conditions and used for
experimentation. Fragments were collected at Vioska Knoll 896 (VK896) in the Gulf of
Mexico and kept in recirculating tanks at Temple University.

2.3.2 Manipulation of seawater chemistry
Because Instant Ocean® at salinity 35 yields seawater with a total alkalinity of
~3600 µmol kg-1, 12.1 N HCl was added to previously prepared artificial seawater
(ASW) in order to reduce the total alkalinity to ~2300 μmol kg-1 before adjusting the pH
(Lunden et al. 2014b). The manipulation of the pH was accomplished by bubbling pure
CO2 gas into the different treatment tanks using an automated CO2 injection system
(American Marine Inc, PINPOINT pH Monitor). The system was composed of a
commercially available pH controller attached independently to each tank, each of which
was connected to an automatic solenoid valve that delivered the desired concentration of
CO2 according to a pre-set pH value. The pH meters underwent a two-point Tris-HCl and
AMP-HCl calibration weekly (Dickson et al. 2007). The pure CO2 was then mixed into a
reaction chamber that dissolved the CO2 into seawater before being delivered into the
respective tanks.
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For the experiment, the pH treatments were chosen as 7.90, which approximates
the average in situ pH at the VK826 collection site (Lunden et al. 2013) and 7.6, which
generates seawater undersaturated with respect to aragonite (Ω<1).
The pHT (total scale) of the experimental tanks was gradually brought down to the
desired treatment conditions at a rate of ~ 0.1 pH unit day-1. Total alkalinity (AT) was
measured twice a week by acid-titration on an autotitrator (Mettler-Toldeo DL15, 0.1 mol
L–1 HCl). The autotitrator underwent a three-point pH calibration weekly, and certified
reference material (CRM) for total alkalinity was measured weekly to ensure the
accuracy of titrations (Dickson Lab, Batches 138 and 141). Salinity was measured daily
using a handheld refractometer, and temperature was recorded every 5 minutes using a
temperature logger (Onset HOBO Pendant®). CO2Calc software (Robbins et al. 2010)
was used to calculate pCO2, HCO3-, CO32-, and Ωara using pHT and AT as input variables
with the dissociation constants for boric acid and K1 and K2 from Mehrbach et al.
(1973) refit by Dickson and Millero (1987), KHSO4 from Dickson (1990), total boron
from Lee et al. (2000).
2.3.3 Experimental trial
In July 2014, the six collections were randomly split between two identical 550 L
recirculating units (fully described in Lunden et al. 2014b). The pHT was gradually
reduced in August 2014 to treatment conditions (control=pHT 7.90, acidified=pHT 7.60).
Fragments (n=4) from each genotype (n=6) of five to eight polyps were set-aside in each
tank for buoyant weighing (48 fragments in total). Figure 2.3 shows temperature, pHT,
Ωara and pCO2 parameters achieved during the experimental trial.
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Figure 2.3 Long-term plot for temperature, total pH (pHT), aragonite saturation (Ωarag)
and pCO2 (µatm) in the experimental tanks.

2.3.4 Net calcification
The buoyant weight (BW) technique (Jokiel et al. 1978; Davies 1989) was used to
measure net calcification using a Denver Instruments SI-64 analytical balance (Precision
of 0.1 mg). Each of the four fragments per genotype/treatment in the long-term were
weighed in triplicate during each buoyant weight trial to minimize error. All fragments
from each genotype/treatment were weighed before the gradual pH decline, when the pH
reached the desired level, and subsequently every two weeks until the completion of the
experiment. Net calcification of L. pertusa was calculated as the change in weight over
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each 2-week interval and were subsequently averaged monthly to yield a total of six-time
points. Values of calcification were expressed as growth (% d-1).

2.3.5 Carbonic anhydrase activity
At the beginning and end of the long-term experiment, coral fragments from each
genotype were selected to assess the potential effects of ocean acidification on enzyme
activity. Collected corals were frozen in liquid nitrogen and stored in -80ºC until analyses
were performed. Frozen coral polyps (2-3 polyps) from each genotype were extracted on
liquid nitrogen, ground with a mortar to disrupt membrane cells, and homogenized with
3.5 mL of sterilized artificial seawater (ASW). The homogenate was centrifuged in at 4ºC
for 3 min at 1500 g. 200 µL was reserved for total protein quantification using
bicinchoninic acid assay (PierceTM BCA assay kit), and 1.5 mL of the remaining
homogenate was transferred into a 7 mL scintillation vial and diluted 1:1 with 25 mM
veronal buffer. The in-vitro assay for carbonic anhydrase was performed according the
protocol described by Weiss et al. (1989) and was measured by the decrease in pH
resulting from the hydration of CO2 to HCO3- and H+ after the addition of substrate (CO2enriched distilled H2O, pH=3.5, 4ºC) (Figure 4). For each assay, 1 mL of buffered
homogenate was transferred to a scintillation vial equipped with a magnetic stir bar and
further diluted 1:1 with the same veronal buffer. The homogenate was maintained at
~3.5ºC all the time before the running assay. The mixture was constantly stirred, and 1
mL of substrate was added to the sample when the pH stabilized, and temperature
reached 13ºC. From this time, the drop in pH was recorded every 10s for a total of 120s.
As a negative control for CA activity, a subsample of the homogenate (~ 1.7 mL) was
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boiled to denature the enzyme and treated as above. Enzyme activity was calculated as
the difference in drop in pH between the sample with the active enzyme and the control
with the denatured enzyme and is given as enzyme units (EU) standardized to total
protein content in each sample (Figure 2.4).
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Figure 2.4 Flow chart for the carbonic anhydrase activity assay from L. pertusa
fragments. Analysis from individual polyps from low and normal pH were conducted
following the protocol proposed by Weis et al. (1989) and modified accordingly. Briefly,
individual polyps were mashed in artificial seawater (ASW) to form a homogenate (1),
which was subsequently buffered with Veronal 25 nM (homogenate 2). Samples were run
in the presence of enriched CO2 – H2O and the enzyme activity (EA) was calculated as
the ∆pH between the sample and the negative, which consisted of a denatured sample.
The enzyme activity (EA) was normalized by protein concentration that was obtained
with the BCA assay.
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2.3.6 Data analysis
Three-way factorial ANOVA was performed with growth (% d−1) as the
dependent variable, pH and time as fixed factors and genotype as a random effect, using
each individual fragment as a replicate (Quinn and Keough, 2002). Post-hoc Tukey’s
HSD was used to test for pairwise differences in the response of each genotype to the
different pH treatments, where fragments within genotypes (n = 24) were used as
replicates. Additionally, to investigate potential differences in the amount of time that a
given genotype could maintain positive calcification in undersaturated conditions,
survival curves were generated using Kaplan-Meier “time-to-event” analysis with
Mantel-Cox log rank test as overall effect followed by post-hoc Wilcoxon exact test if
found to be significantly different (Kaplan & Maier 1958). In this case, the “event” in
question was the change from positive to negative calcification rate, and the time when
negative calcification was first observed in each of the fragments of a given genotype
within a treatment was used as the data in the analysis.
Differences in enzyme activity at the end of the long-term experiment were
assessed with a two-way ANOVA with pH (two levels) and time (initial and final time)
as fixed factors and genotype as a random effect applied to the mean standardized values
of enzyme activity among replicate fragments of each genotype. Levene’s test was used
to check for homoscedasticity and normality was checked with a Kolmogorov-Smirnov
test. Results were considered significantly different with P<0.05. All data are presented
as average ± standard deviation unless otherwise indicated.
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2.4 Results
2.4.1 Aquaria conditions
Mean values of temperature, salinity and all the seawater chemistry parameters
for the different tanks were relatively stable during the course of the two experiments. All
parameters remained within the range around the target values of 8°C and pH of 7.90 or
7.65 (Table 2.2, Figure 2.3). These parameters, along with a total alkalinity near 2300
resulted in Wara values near 1.5, and 0.9 in the control and treatment tanks respectively.
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Table 2.2 Summary of carbonate chemistry parameters from each experimental
treatments. Values are given in mean ± SD.

Long-term (6 months)
Control

Treatment

Temperature °C

7.96 ± 0.06

7.84 ± 0.09

pHT

7.91 ± 0.04

7.65 ± 0.07

Salinity

35± 0

35.5 ± 0.7

AT (umol kg-1)

2292 ± 64

2434 ± 45

pCO2 (µatm)

560 ± 75

1161 ± 216

HCO3- (umol kg-1)

2052 ± 65

2314 ± 95

CO2(umol kg-1)

26 ± 3

54 ± 10

CO3-2 (umol kg-1)

95 ± 9

59 ± 9

Ωara

1.43 ± 0.14

0.90 ± 0.14
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2.4.2 Net calcification rates
The average calcification in the control treatment (pHT=7.90) was 0.006 ± 0.006
growth (% d-1), while in the low pH (pHT=7.60) treatment it was -0.008 ± 0.004 growth
(% d-1). Although variability in the response of different individuals was evident, the
overall trend of positive calcification at Ω>1 and dissolution at Ω<1 was still observed
(Figure 2.5). All genotypes in the pH 7.6 treatment started to exhibit negative
calcification rates as the experiment progressed, with net dissolution in 100% of the
fragments by the end of the experiment (Figure 2.5). The factorial ANOVA analysis
indicated significant differences in the main effects of overall growth rate in the two
treatments (F1,192=49.3, P = 0.001), and average growth rate over time (F5,192=8.56, P <
0.001), but no significant differences in overall growth rate between genotypes
(F5,192=1.25, P = 0.400).
In addition, the interaction terms between treatment and time as well as treatment
and genotype were significant (F5,192=5.30, P=0.002 and F5,192=3.00, P=0.030
respectively). The significant interaction between treatment and time was due to the fact
that growth did not decrease over time in the high pH treatment but showed a decline in
the low pH treatment.
The treatment x genotype interaction was explored using post-hoc pairwise
comparisons. In this analysis, pairwise comparisons between the overall average growth
rate (% d-1) of a given genotype in the pH 7.9 treatment and the same genotype’s average
growth rate at pH 7.6 was significant for 5 of the 6 comparisons (Tukey HSD, P<0.021),
except for G5, which did not show a significant decline in growth in the low pH
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treatment (Tukey HSD, P = 0.828) primarily be attributed to the high intra-genotype
variance in growth rate at some of the time points in the low pH treatment (Figure 2.5).

Figure 2.5 Time-series general response of L. pertusa to ocean acidification conditions
A) when the net calcification is standardized by initial weight – T0 (cumulative) and B)
when it is standardized by each time point. G1 through G6 is the time-series for each of
the different genotypes, standardized by each time point. Values as mean ± SD.

To further examine the potential differences in the response of genotypes to low
pH and Ωara, Kaplan-Meier time-to-event survival analysis was used to determine which
genotypes were capable of maintaining positive calcification (“surviving”) the longest.
Notably, out of the six genotypes being used in the experiment, two (G3 and G4)
maintained positive net calcification in the acidified (pH 7.6) treatment longer than the
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other genotypes (0.0115 and 0.00964 growth % d-1 respectively for the first 90 days)
(Mantel-Cox X2=19.148, P<0.01; post-hoc Wilcoxon exact test P<0.05; Fig. 2.6).

Figure 2.6. Kaplan-Meier cumulative survival curves for the long-term experiment
showing the month when the different genotypes reached negative calcification. Each
color represents a unique genotype denoted by the numbers G1 through G6. Red dots in
the small insert show the pair-wise comparison significant differences (P<0.05).
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2.4.5 Carbonic anhydrase activity
No significant differences were observed in the average carbonic anhydrase
activity for corals grown in the pH 7.9 versus pH 7.6 (P=0.6). The average activity at the
initial time point was 0.010 ± 0.003 EU for corals in the pH 7.9 and 0.006 ± 0.003 EU for
corals in pH 7.6 (Figure 7A). After six months the average activity was similar for
control conditions (pH 7.9) with an average 0.010 ± 0.006 EU, however, it increased in
the low pH treatment (7.6) with an average 0.012 ± 0.012 EU, although this was not
significant due to the high variability in the measurements. The maximum single
activities were measured at the low pH final time point for G2 and G5 with 0.052 EU,
and 0.028 EU respectively, while the highest overall average CA activity was found in
G5 with 0.020 ± 0.001 EU (Figure 2.7-B).
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Figure 2.7. Carbonic anhydrase activity for the long-term experiment. A) average
general response of enzyme CA for control and treatment pH for initial (T0) and final
time (Tf). B) enzyme activity by each of the different genotypes analyzed.
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2.5 Discussion
The present study examined the potential effects of long-term (six months) lowpH exposure on the physiological response of cold-water coral Lophelia pertusa from the
Gulf of Mexico. This ecosystem is particularly vulnerable to ongoing climate and ocean
change as many of these habitats are rapidly approaching undersaturated carbonate
conditions (Lunden et al. 2013; Georgian et al. 2016a). As cold-water coral habitats are
becoming increasingly affected by OA, the calcification of new skeleton is expected to
slow and existing skeletal structures may start dissolving (Andersson et al. 2008). This
would result in a loss of ecologically significant primary habitat and regional habitat
heterogeneity along continental slopes worldwide (Rogers 1999, Roberts et al. 2006). In
this study, we found an overall trend of decreased calcification rate under exposure to
under-saturated conditions, but this response took between 2 weeks and 3 months to be
manifested in the genotypes examined here. In addition, there was a relatively high
degree of variability in the response of individual genotypes across experiments.
This is the first long-term experiment performed in L. pertusa from the Gulf of
Mexico, although long-term experiments have been conducted using L. pertusa from the
North Atlantic (Form and Riebesell 2012; Hennige et al. 2015; Büscher et al. 2017), and
the Mediterranean sea (Maier et al. 2013; Movilla et al. 2014). Our results showed a
significant effect of time and pH, where corals in the control treatment (pH 7.9)
maintained positive net calcification, while, on average, corals in the acidified treatment
(pH=7.6) experienced declining growth rate and net dissolution by the end of the 6-month
period. On average, corals were not able to maintain calcification even after only 1 month
in the low pH treatments. After three months, every individual fragment exhibited net
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dissolution (Figure 2.6), despite a large amount of variation among genotypes at each
time point. Although this variation was seen in both treatments, it was amplified in the
low pH conditions. High variability within genotypes may have resulted from differences
in the overall health of the individual colonies, the number of polyps per fragment, or a
different response in the gene expression within the same genotype. Interestingly, G3 and
G4 displayed positive net calcification for approximately three months before net
dissolution started to occur, longer than any of the other genotypes (Figure 2.6).
Moreover, G4 had the least within-genotypic variation. These findings might suggest that
intra-specific variability in the L. pertusa populations from the Gulf of Mexico could
eventually confer a higher degree of resistance to ocean acidification and would improve
its probability of persistence under predicted levels of ocean acidification; however, this
hypothesis remains to be validated.
These results contrast with what has been found so far in other long-term
experiments where L. pertusa does not show negative calcification (Form and Riebesell
2012; Maier et al. 2013; Movilla et al. 2014; Hennige et al. 2015) and for other coldwater coral species (Carreiro-Silva et al. 2014; Rodolfo-Metalpa et al. 2015; Gori et al.
2016). However, the majority of the studies performed in cold-water corals to date have
used pH levels that still yielded Ωara at or near 1. Form and Riebesell (2012) found that in
the long-term (six months), corals exposed to low pH conditions (pH: 7.75; Ωara: 0.93)
experienced no significant change in calcification compared to control conditions
suggesting an acclimation potential. Movilla et al. (2014) and Maier et al. (2013) in
different experiments with L. pertusa and M. oculata, did not find any significant
difference in net calcification after six and nine-month experiments respectively,
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however, all of the treatments in those studies were saturated with respect to aragonite
(Ωara >1). Likewise, Carreiro-Silva et al. (2014) performed a long-term experiment (8
months) on the cold-water coral Desmophylum diantus subjected to two levels of pH that
simulated ambient (pH 8) and acidified conditions (pH 7.7) and found no significant
differences in average growth measured as the % change in buoyant weight, yet again,
the corals in their experiment were never subjected to undersaturation for aragonite. In
this study, none of the L. pertusa genotypes examined were capable of maintaining
positive net calcification beyond 90 days in undersaturated conditions. Although we did
not measure gross calcification in the present study, it is clear that dissolution is an
important factor controlling overall calcification and growth rates in the natural
environment, and measurements of gross calcification should be incorporated into future
studies (Rodolfo-Metalpa et al. 2015).
The most direct comparison to the present study measured net calcification in L.
pertusa populations from the North Atlantic subjected to undersaturated conditions
(Hennige et al. 2015). Although they did not find evidence for a significant response in
net calcification, their data showed a negative trend with calcification rates approaching
zero at Ωara < 1. However, it is important to bear in mind that the maintenance of
calcification under ocean acidification scenarios comes with a significant energetic cost.
Norwegian populations of L. pertusa are able to maintain calcification only by increasing
feeding and respiratory rates, while the Gulf of Mexico populations do not seem to be
capable of this physiological response (Georgian et al. 2016b). This may be attributable
to differences in energetic reserves due to food supply availability or differences in the
environmental settings of the North Atlantic vs Gulf of Mexico populations. Corals were
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collected from 400-500 m at an ambient pH of approximately 7.9 (Lunden et al. 2013,
Georgian et al. 2016a, Table 2.1) as opposed to a depth of 70-150 m and a pH of
approximately 8.0 to 8.1 (Maier et al. 2009) which is similar to the pH at similar depths
in the North Atlantic (Form and Riebesell 2012).
Even though the North Atlantic populations of L. pertusa are capable of
maintaining positive net calcification in undersaturated conditions, there may be more
subtle consequences of the increased energy expenditure. Positive calcification was only
maintained in these populations due to an increase in feeding rate and higher metabolic
rate (Georgian et al. 2016b), which will remain effective as long as food supplies are
sufficient. Model simulations indicate that L. pertusa reefs induce downwelling of
organic-carbon rich waters, which would serve to ensure a consistent food supply
(Soetaert et al. 2016), at least while surface productivity rates remain consistent. Even
though overall net calcification is positive in lab experiments at undersaturation of
aragonite, dissolution of coral fragments was noticeable, particularly in areas that were
not covered by tissue (Hennige et al. 2015). There was also a decreased in the breaking
strength of new skeletal structures, changes in the crystallographic organization, as well
as thinner corallites grown in high CO2 (Hennige et al. 2015). Furthermore, studies with
L. pertusa populations from the North Atlantic (Büscher et al. 2017) and Mediterranean
M. oculata populations (Maier et al. 2016) subjected to different concentrations of food
supply, do not appear to be able compensate for the adverse effects of ocean acidification
as energetic cost of calcification at low saturation states increase. These changes have the
capacity to alter the stability of reef frameworks in the future.
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We did not detect any significant change in the overall activity for carbonic
anhydrase in the long-term experiment. L. pertusa maintained stable activity after six
months exposure, but with higher variability in the low pH treatment. Our values ranged
between 0.002 and 0.031 units of enzyme activity, and although low compared to other
studies of zooxanthellate corals, it has been found that CA activity in zooxanthellate
corals can be as high as 29 times that of azooxanthellates species (Weis et al. 1989).
Reported values for CA activity in the azooxanthellate coral Tubastrea aurea were 0.08
units of enzyme activity (Tambutté et al. 2007), and Weis et al. (1989) reported similar
values of 0.06 units for different species of azooxanthellates, which are close to the
values obtained here.
In the low pH treatment, there was a slight increase in overall activity due to two
genotypes that showed increased activity despite a decrease in calcification. Calcification
in scleractinian corals is believed to occur in a biologically mediated environment
(Allemand et al. 2011) and carbonic anhydrase actively participate in the calcification
process (Tambutté et al. 2007; Moya et al. 2008; Bertucci et al. 2013). In symbiotic
scleractinians, reductions in calcification are correlated with decreased enzyme activities
(Goreau 1959; Weis et al. 1989), where calcification is tightly linked with photosynthesis
and CA acts as a CO2 supplier for the endosymbiont (Weis et al. 1989). However, it has
been suggested that metabolic CO2 is not the main source of DIC for calcification in
deep-water corals (Adkins et al. 2003, Mueller et al. 2013). An increase in CO2 will cause
an increase of DIC, specifically HCO3- + H+, which ultimately will alter the internal
chemistry and lower the pH inside the cells (Allemand et al. 1998). It is plausible that the
role of the isoform of ∝CA found in corals (Bertucci et al. 2013), is to regulate the build44

up of H+ ions that result from the hydration of CO2 to HCO3- in order to avoid internal
acidosis. This has been suggested for the scleractinians Stylophora pistillata (Moya et al.
2008), and the cold water coral Desmophyllum dianthus (Carreiro-Silva et al. 2014),
where an over-expression of the genes that encode for CA was found when high levels of
H+ were present in the internal compartments of the cells.
These data suggest that further ocean acidification will negatively impact
L. pertusa habitats in the Gulf of Mexico, although transient exposures may not have a
significant effect, and some genotypes might be more resilient than others. It has been
previously stated that ecosystems in the Mediterranean Sea are likely to show the first
signs of ocean acidification (Calvo et al. 2011), but results from previous work (Lunden
et al. 2014a, Georgian et al. 2016b) suggest that the deep-water coral ecosystems of the
Gulf of Mexico might be in a similar situation. Reductions in calcification rate and
increased dissolution of standing dead skeleton would cause instability and degradation
of the deep reef structures, which would lead to biodiversity loss and cascading effects
throughout the larger Gulf of Mexico ecosystem. However, the finding that some
genotypes have differential response in calcification in undersaturated waters up to 3
months may offer some insight for adaptive resilience for the population to future climate
change. Future work looking at the molecular level would provide a clearer picture of the
genotypic response to acidification and other stressors.
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2.6 Supplementary material
Table 2.3 Long-term calcification rates measured with the buoyant weight technique. For
comparative purposes, the calcification rates from the studies by Lunden et al. (2014a),
and Georgian et al. (2016b) conducted with Lophelia pertusa from the Gulf of Mexico
are also presented.

Paper

Duration
6 months

Present
Study

14 days

Georgian et
al. (2016b)

14 days

Lunden et al.
(2014a)

15 days

Treatment
(pHTotal)
7.60
7.90
7.60
7.75
7.90
7.60
7.75
7.90
7.60
7.75
7.90

46

% Growth day-1 ± SD
-0.0078 ± 0.004
+0.006 ± 0.006
-0.033 ± 0.032
+0.006 ± 0.003
+0.004 ± 0.011
-0.009 ± 0.003
+0.018 ± 0.01
+0.036 ± 0.01
-0.007 ± 0.002
-0.003 ± 0.003
+0.025 ± 0.006

Table 2.4 Long-term experiment three-way factorial ANOVA with calcification as the
dependent variable showing the effect of time, pH treatment, and genotype. Time and pH
were treated as fixed factors and genotype as random effect. Significant differences when
P< 0.05

Source of variation

df

SS

MS

F

P

Time

5

0.004

0.001

8.443

0.000

pH

1

0.011

0.011

49.098

0.001

Genotype

5

0.001

0.000

1.006

0.495

Time*pH

5

0.002

0.000

4.212

0.006

Time* Genotype

25

0.002

0.000

1.153

0.365

pH*Genotype

5

0.001

0.000

2.735

0.043

Time*pH* Genotype

24

0.002

0.000

1.065

0.388

Error

199

0.016

0.000
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CHAPTER 3
GROWTH AND FEEDING OF A COLD-WATER CORAL AT LOW
ARAGONITE SATURATION STATES
3.1 Abstract
The global decrease in seawater pH known as ocean acidification has important
ecological consequences and is an imminent threat for numerous marine organisms. Even
though the deep sea is generally considered to be a stable environment, it can be dynamic
and vulnerable to anthropogenic disturbances including increasing temperature,
deoxygenation, ocean acidification and pollution. Lophelia pertusa is among the betterstudied cold-water corals but was only recently discovered and is poorly understood
along the US West Coast. In the present study, coral fragments were collected at ~300 m
depth along the southern California margin and kept in recirculating tanks simulating
conditions normally found in the natural environment for this species. At the collection
site, waters exhibited persistently low pH and aragonite saturation states (Ωarag) with
average values for pH of 7.66±0.01 and Ωarag of 0.81±0.07. In the laboratory, fragments
were grown for three weeks in “favorable” pH/Ωarag of 7.9/1.47 (aragonite saturated) and
“unfavorable” pH/Ωarag of 7.6/0.84 (aragonite undersaturated) conditions. There was a
highly significant treatment effect (P<0.001) with an average % net calcification for
favorable conditions of 0.023 ± 0.009 % d-1 and net dissolution of -0.010 ± 0.014 % d-1
for unfavorable conditions. We did not find any treatment effect on feeding rates, which
suggests that corals did not depress feeding in low pH/ Ωarag in an attempt to conserve
energy. However, these results suggest that the suboptimal conditions for L. pertusa from
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the California margin could potentially threaten the persistence of this cold-water coral
with negative consequences for the future stability of this already fragile ecosystem.
3.2 Introduction
Global mean values of atmospheric carbon dioxide (CO2) have increased
dramatically since pre-industrial times from 280 ppm (parts per million) to about 405
ppm in 2017. This increase in atmospheric CO2 is unprecedented in at least the past 650
thousand years during the last four glacial cycles (Siegenthaler et al., 2005). As the
oceans come to equilibrium with the atmosphere, there is an alteration of carbonate
chemistry with an increase in the concentration of hydrogen ions and a decrease in
carbonate saturation states (Ω) (Kleypas et al., 1999; Caldeira & Wickett 2003). The
aragonite saturation horizon (ASH) is a boundary in the water column at which the
carbonate saturation state is equal to 1 (Ω=1) and is found at two different depths
corresponding to the different carbonate polymorphs of aragonite (Ωarag) and calcite
(Ωcal). If the water is supersaturated (Ω>1) calcification is favored, whereas if it is
undersaturated (Ω<1) dissolution is favored over calcification (Gattuso et al., 1998;
Langdon & Atkinson 2005). In a biological context, the lower the saturation state, the
more energy required for calcification. Although global ocean calcium carbonate
saturation states remain above 1 for most shallow portions of the ocean, models forecast a
significant shoaling of the saturation horizon (ASH) by mid-century (Orr et al., 2005).
This will have negative impacts to deep-sea ecosystems, since deep-water organisms live
in habitats that already experience lower saturation states than their shallower
counterparts.
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Lophelia pertusa is the most well-known cold-water coral (CWC) with
cosmopolitan distribution at depths normally between 40 and 800 meters (Roberts et al.,
2009). Hard substrate, local topography, temperature, current flow, and food supply have
been cited as factors that can affect its distribution (Davies & Guinotte 2011; Georgian,
Shed & Cordes 2014). Aragonite saturation (Ωarag) has also been proposed as an
important factor due to the evidence that >95% of CWCs are distributed in places where
the saturation of calcium carbonate is above 1 (Ω>1) (Guinotte et al., 2006).
Nevertheless, recent deep-sea explorations have led to new observations of scleractinian
corals at aragonite undersaturation, such as the Central North Pacific (Baco et al., 2017,
ASH < 550 m), Chilean Fjords (Fillinger & Richter 2013; Jantzen et al., 2013, ASH <
200 m), and the Central South Pacific (Thresher et al., 2011, ASH < 1000 m). The
mechanisms underlying this apparent ability to live under conditions that are not
favorable for calcification remain unknown, since experimental studies with coral species
from those places are not common. However, the capacity to alter the internal carbonate
chemistry in favor of calcification has been proposed as a plausible explanation (Raybaud
et al. 2017). Due to the significant ecological role of these deep-water habitats,
understanding the complex relationship among the biology, physiology, and ecology of
cold-water corals with their realized distribution is of prime importance.
The potential effects of future levels of ocean acidification on the physiological
performance of CWCs have shown some contrasting evidence, nevertheless, there is
good agreement about its potential negative effects (Maier et al 2009; Hennige et al.
2015; Georgian et al. 2016a; Kurman et al. 2017). On one hand, Form & Riebesell (2012)
studied the short and long-term response of Lophelia pertusa from the North Atlantic
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grown under different levels of pH and aragonite saturation states (Ωarag). They found that
in the long-term, corals were able to maintain and even increase calcification rates under
high CO2 conditions. Büscher et al. (2017) found no significant effects of low Ωarag on
growth rates of L. pertusa in the long-term, although they observed decreased
calcification. On the other hand, Kurman et al. (2017) showed significant detrimental
effects of ocean acidification on calcification of L. pertusa in the long-term (6 months),
and that in the short term (~2 weeks) some of the fragments experienced net dissolution
rates at undersaturated levels of aragonite, although these differences were not significant
due to a high variability in the response. Georgian et al. (2016a) found that different
populations of L. pertusa from the Gulf of Mexico and Norwegian Skagerrak had
different responses at undersaturated levels of aragonite, with the Norwegian population
capable of elevating feeding rate to maintain growth at low pH, while populations of the
Gulf of Mexico reduced feeding rate and calcification rates, presumably to save energy.
Moreover, Hennige et al. (2015) showed that L. pertusa can survive undersaturation but
with the cost of losing framework stability.
Upwelling systems are characterized by naturally higher CO2 concentrations, and
lower pH and Ωarag than non-upwelling areas (Feely et al., 2004). These are also areas
with high primary productivity, which has been shown to affect the structure and
composition of the benthic fauna, including increasing deep-sea coral diversity (Davies et
al., 2008; Jansen et al., 2018). The California Current System (CCS) is a key Pacific
Ocean current that moves equatorward throughout the year along the west coast of North
America (Lynn & Simpson 1987), and is one of the four major Eastern Boundary
Upwelling Systems, which has been associated with ocean acidification processes (Feely
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et al., 2008; Gruber et al., 2012). Modeled data have suggested that since preindustrial
times, the CCS has already experienced a dramatic decrease in pH of ~0.1 and Ωarag of
~0.4, with the current surface mean pH and Ωarag of 7.95 ± 0.04 and 1.67 ± 0.16
respectively (Gruber et al., 2012). This is especially relevant given the ecological,
biological, and economical importance of the CCS (Chan et al., 2008; Barton et al.,
2015). In summer, when the system experiences strong upwelling, models predict
undersaturation throughout the water column for coastal as well as off-shore waters
(Gruber et al., 2012).
In order to understand the physiological response of L. pertusa from the
California margin, we conducted a series of short-term experiments to examine the
calcification and feeding behavior of corals collected from the Southern California Bight.
Fragments of L. pertusa were grown under controlled conditions that simulated the
present-day scenario in situ (aragonite undersaturation) hereafter referred to as
“unfavorable” vs. saturated aragonite conditions (corresponding to >95% of the presentday global distribution of L. pertusa) hereafter referred to as “favorable”. We
hypothesized that corals growing in unfavorable conditions (Ωarag <1) will calcify less
than corals grown in favorable conditions (Ωarag >1), but we still expect calcification rates
to be positive (accretion > erosion). The present conditions in the California Current
System are similar to those that are expected to occur by the end of the century in other
areas (Gruber et al., 2012), so the information regarding how these corals are responding
is crucial to understanding the whole ecosystem response in the CCS and beyond.
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3.3 Materials and methods
3.3.1 Sample collection
Lophelia pertusa fragments were collected in the Southern California Bight
(SCB) between April and May 2015 (33°55’7.6794’’N; 119°28’18.84’’W) at ~300 m
depth under permit number CINMS-2015-002 (Fig. 3.1). After collection, all live corals
were kept in natural seawater at an ambient temperature of ~9 ºC using insulated
containers. They were transported to the lab in Charleston, SC where they were
maintained for over 1 year in a 550 L recirculating system containing custom-made
artificial seawater that simulates the natural seawater conditions. Corals were maintained
at a temperature of ~ 9 ºC, salinity 35, and total alkalinity (AT) ~2300 µmol kg-1. The
corals were fed every other day with a mixture of zooplankton-phytoplankton (Fauna
Marin®) and artificial Marine Snow® (Two Little Fishies).
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Figure 3.1 Map of the South California Bight showing the sampling station (red dot).
Yellow dots showing the CalCOFI stations used to complement the characterization of
the carbonate chemistry of the area where L. pertusa was collected.
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3.3.2 Seawater chemistry at the collection site
The California Current System (CCS) is an offshore water mass characterized by
waters with low temperature and salinity that flow equatorward along the west coast of
the US (Lynn & Simpson 1987). North Pacific Ocean water masses that influence this
system are relatively low in pH and hence carbonate saturation (Harris, DeGranpre &
Hales 2013; Hauri et al. 2013). Due to the periodic upwelling of deeper water masses, the
CCS experiences frequent periods of aragonite undersaturation, which are similar to the
future effects of ocean acidification in other areas (Feely et al., 2008; Hauri et al., 2009;
Gruber et al., 2012; Barton et al., 2015). In order to assess the carbonate chemistry near
the L. pertusa coral collection location, two inorganic carbon parameters (pHT and AT)
were measured from two different sources: 1) Discrete water samples obtained from
seven CTD casts (August 2014, March 2015, August 2015) and 2) CTD data from the
California Cooperative Oceanic and Fisheries Investigation program (CalCOFI) stations
that were sampled forming a grid within the northern part of the Southern California
Bight (SCB) that includes the sample collection sites (Fig 3.1). Refer to CalCOFI.org for
more information about the grid and stations.
The CTD rosette was deployed in the area of major coral aggregations at the
Piggy Bank and Footprint coral sites (33°55'7.32"N; 119°28'19.5594"W and
33°57'48.95"N; 119°29'22.2"W respectively) in order to characterize the carbonate
system in the environment in which L. pertusa grows. The CTD rosette was composed of
Niskin bottles and a Sea-Bird CTD unit that varied according to the year of collection. In
2014, the CTD rosette was composed of 4 Niskin bottles with CTD Sea-Bird SBE 19+, in
March 2015 it was composed of 12 Niskin bottles and a Sea-Bird SBE 9, and for August
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2015 it was composed of 6 Niskin bottles and Sea-Bird SBE 19+. Soon after collection,
water samples were transferred from the Niskin to an empty and clean Nalgene HDPE
bottle (250 ml) using silicone tubing, making sure no bubbles were added to the sample
and filled up to the top without headspace (Dickson, Sabine & Christian 2007). Water
samples were brought to room temperature and the pHT (total scale) measurement was
performed in replicate within 4 hours of collection (Dickson, Sabine & Christian 2007).
Immediately after pHT measurement, 50 µL of a saturated solution of mercuric chloride
was added to poison the sample and prevent alterations of the carbonate chemistry by
biological activity (Dickson, Sabine & Christian 2007). Samples were stored in a cool
and dark location until further analysis for total alkalinity (AT) at NOAA’s Center for
Coastal Environmental and Biomolecular Research. The other carbonate parameters were
calculated from pHT and AT using the software CO2calc (Robbins et al., 2010).
Additionally, CTD data (salinity, temperature, depth and oxygen) from CalCOFI
were used to provide a more complete spatial and temporal characterization of the
seawater chemistry variability of the South California Bight (SCB) for 2015, the year of
collection. CalCOFI is one of the most complete, large-scale, and high-quality
hydrographic sampling grids, and has been conducted since 1949 along the California
Current from San Francisco to Baja California. The grid consists of a series of stations in
parallel lines extending perpendicular to the coast (Bograd, Checkley & Wooster 2003).
Since 1964, CTD casts have been taken 3-4 times a year from the surface to a depth of
500 m (Lynn & Simpson 1987). In the Southern California Bight (SCB), stations are
approximately 30 km separated from each other, with a relatively high occupancy
compared to other stations in the grid (Lynn & Simpson 1987). Using the approximations
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given by Alin et al. (2012) specifically developed for the SCB from the CalCOFI data,
we approximated the ATes and pHTes in a grid of approximately 100 km2 that encompasses
the area where L. pertusa were collected in SCB (Table 3.1, Fig. 3.1). From the
approximated ATes and pHes, we obtained the carbonate parameter [Ωarag] using the
software CO2Calc (Robbins et al., 2010) with the dissociation constants for boric acid
and K1 and K2 from Leuker, Dickson & Keeling (2000), KHSO4 from Dickson (1990),
total boron from Lee et al. (2000) and pH on the total scale (pHT) (Table 3.1).
CTD data from 18 points that represented 10 different stations in the grid were
selected, from which ATes and pHes were approximated (CalCOFI Line 86.7: stations 3540-45-55-60 and Line 83.3: stations 40-42-51-55-60) (Fig. 3.1). Each station was
comprised of 4 points spanning one year of sampling (November 2014 – March 2015 –
August 2015 – November 2015) that were averaged in order to get one value per station
with a measure of variability. Since it is known that the shallower portions (0-80 m) are
more variable (Juranek et al., 2009; Alin et al., 2012), and L. pertusa has not been found
there, we excluded these depths and the analysis was performed from 80 – 400 m.
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Table 3.1 CalCOFI ancillary stations that were used to complement the characterization
of the area around L. pertusa collection sites. Values for temperature (T °C), salinity
(Sal), pH on total scale (pHT), total alkalinity (AT) and aragonite saturation (Ωarag)
represent those found at 295 m depth. Line and group station refer to the CalCOFI
original grid code, with the relative distance to L. pertusa collection sites. Values are
given as mean ± SD.

Physical - Chemical conditions at 295 m depth
Group
Station

Latitud

Longitude

Depth
range (m)

42
51
55
60
35
40
45
55
60

34°10'N
33°52'N
34°44'N
33°34'N
33°49'N
33°39'N
33°29'N
33°09'N
32°59'N

119°30'W
120°8'W
120°24'W
120°45'W
118°37'W
118°58'W
111°19'W
120°01'W
120°20'W

80 - 100
80 - 100
80 - 400
80 - 400
80 - 400
80 - 400
80 - 400
80 - 400
80 - 400

Distance to
collection
site (km)
27
58
85
118
76
56
51
94
131

T°C

Sal

pHT

AT

Ωarag

—:—
—:—
8.14±0.02
7.47±0.03
8.77±0.01
8.41±0.02
8.14±0.03
7.79±0.04
7.40±0.02

—:—
—:—
34.21±0.006
34.11±0.002
34.23±0.01
34.23±0.005
34.21±0.002
34.19±0.002
34.07±0.006

—:—
—:—
7.66±0.0004
7.68±0.0002
7.65±0.003
7.65±0.0004
7.66±0.0005
7.67±0.0006
7.69±0.0009

—:—
—:—
2286±0.82
2279±0.50
2282±0.84
2285±0.61
2285±0.01
2286±0.25
2277±0.99

—:—
—:—
0.84±0.001
0.85±0.002
0.84±0.004
0.83±0.001
0.84±0.004
0.84±0.001
0.86±0.001
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Table 3.2 Summary of in situ seawater carbonate chemistry conditions at Piggy Bank
where the samples were collected and carbonate chemistry conditions in the experimental
tanks. T1 through T3 refers to the treatment conditions. Values are given as mean ± SD.

Depth (m)
Temp (ºC)
AT (µmol kg-1)
pHT
pCO2 (µatm)
HCO3-2 (µmol kg-1)
CO3- (µmol kg-1)
Ωarag

Piggy Bank

T1

T2

T3

298
8.89 ± 0.6
2278 ± 3
7.62 ± 0.01
1109 ± 106
2145 ± 12
54 ± 5
0.81 ± 0.07

—:—
9.59 ± 0.41
2282 ± 30
7.89±0.04
580 ± 8
2037 ± 27
97 ± 2
1.47 ± 0.03

—:—
9.55 ± 0.28
2305 ± 66
7.62±0.06
1159 ± 34
2168 ± 64
55 ± 2
0.83 ± 0.03

—:—
10.11 ± 0.75
2184 ± 65
7.64±0.06
1031 ± 32
2042 ± 61
56 ± 2
0.85 ± 0.03
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3.3.3 Experimental set-up and seawater chemistry manipulation
Experiments were performed between June 20th and July 29th, 2016 in a
temperature-controlled cold-room (~9.5 °C) at Temple University (Table 3.2). To test the
physiological response of L. pertusa, we used six (6) independent 55 L tanks where the
seawater chemistry was manipulated via CO2 additions using commercially available
CO2/pH controller system (American Marine Inc., PINPOINT pH Monitor). The system
is composed of a pH controller attached independently to each tank, which is connected
to a solenoid valve that automatically delivers the desired concentration of CO2 according
to a pre-set pHT value. The pHT meters underwent a two-point Tris-HCl and AMP-HCl
calibration weekly (Dickson, Sabine & Christian 2007). During the time of the
experiment, a 25% water change was performed every other day to ensure good seawater
conditions in the recirculating tanks. The water used in this experiment consisted of
synthetic seawater (B-ionic® - ESV products) from which we were able to mimic the
composition and total alkalinity of the in situ seawater chemistry. The experimental
design consisted of two different pHT/Ωarag target treatments (7.60/0.8 and 7.90/1.5), and
two different total alkalinity values (2200 and 2300 µmol kg-1), which match in situ
conditions for this species in the California margin (Table 3.2). Total alkalinity was only
manipulated within the pHT/Ωarag 7.60/0.8 treatment due to space and CO2-system
restrictions. Total alkalinity was manipulated by adjusting the proportions of the different
components of the custom-made artificial seawater. In summary, our experimental design
consisting of two tanks per treatment, with 4 fragments per tank. We used two (2) tanks
with favorable pH/ Ωarag at 2300 µmol kg-1 AT, two (2) tanks with unfavorable pH/ Ωarag
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at 2300 µmol kg-1 AT, and two (2) tanks with unfavorable pH/ Ωarag at 2200 µmol kg-1 AT
which approximates in situ conditions (Fig. 3.2).
The pHT of the experimental tanks was gradually brought down to the desired
treatment conditions at a rate of ~0.1 pH units day-1. Total alkalinity (AT) was measured
three times a week by acid-titration (0.1 mol L–1 HCl) on an open-cell potentiometric
autotitrator (Mettler-Toledo DL15). The autotitrator underwent a three-point pH
calibration weekly (NBS, National Bureau of Standards scale), and certified reference
material (CRM) for AT was measured weekly to ensure the accuracy of titrations
(Dickson Lab, Batch 141), which were always within ±1% error. Salinity was measured
daily using a handheld refractometer, and temperature was recorded continually using a
temperature logger (Onset HOBO Pendant®). CO2calc (Robbins et al., 2010) was used to
calculate [pCO2], [HCO3-], [CO32-], and Ωarag using pHT, AT, salinity and temperature as
input variables with the dissociation constants for boric acid and K1 and K2 from Leuker,
Dickson & Keeling (2000), KHSO4 from Dickson (1990), total boron from Lee et al.
(2000) and pH on the total scale (pHT).

3.3.4 Physiological measurements
Net calcification was determined with the buoyant weighing technique originally
described by Jokiel, Maragos & Frazisket (1978). A Denver Instruments SI-64 scale with
a precision of 0.1 mg was used for this purpose. Briefly, the scale was mounted on an
enclosed acrylic chamber fitted with a sliding panel that prevented air movement during
weighing. By means of a tungsten wire, fragments of L. pertusa were weighed at the
beginning and at the end of the three-week exposure, hanging under the scale and
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immersed in a seawater bath. Fragments were never exposed to air in any of the different
measurements, and each one was weighed in triplicate to account for the variability in the
measurement and the scale. Salinity and temperature of the water bath at the time of the
buoyant weight were kept constant at 35 psu and 8.5 °C and were used to calculate the
density of the medium in order to get the standardized dry-weight for net calcification.
All fragments from each treatment were weighed when the pH reached the desired level
and after 21 days. The standardized dry weight of each fragment (Wa) was calculated
using the following formula:
Wa=Ww / (1-(Dw/SD))
where Ww is the measured buoyant weight, Dw is the density of the seawater
during measurement and SD is the coral skeletal density (2.62 g cm-3). Net calcification
(Nt) of L. pertusa was calculated as the change in weight over 3-week interval and is
expressed as % d-1. Net calcification was calculated by the equation:
Nt=100 x ((Ww2 – Ww1)/(Ww1(T2 – T1)))
where Ww2 and Ww1 are the final and initial standardized buoyant weights
respectively, and T1 and T2 equal time 1 and time 2, respectively.
Skeletal density of coral fragments was obtained following a modified protocol
proposed by Bucher, Harriot & Roberts (1998) in 22 coral fragments from the collection
site. Briefly, fragments were initially soaked in 10% bleach for three days in order to
remove living tissue. After this time, they were transferred to distilled water and left for 4
weeks to displace trapped air present in the skeletal voids. During this step, the container
in which the fragments were held was tapped daily to assist bubbles removal (Bucher,
Harriot & Roberts 1998). At the end of period, no bubbles were observable when tapping
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the container. Each fragment was buoyant-weighed in distilled water, oven dried for 24 h
at 60 °C and then dry-weighted using a Mettler Toledo scale model AB104-S with a
precision of 0.1 mg. Skeletal density was obtained with the following formula:
SD=Dw / (1-(Ww/Wa))
where SD = skeletal density, Dw = density of weighing medium, Ww = buoyant
weight, and Wa = dry weight of coral skeleton (Jokiel, Maragos & Frazisket 1978).

Feeding rates were determined for each of the coral fragments as capture rate of
freshly hatched Artemia salina nauplii (~0.5 mm in length) over 1-hour interval.
Experiments were conducted in a 0.8 l circular acrylic chamber with a stir bar in the
bottom (all trials were set to slow flow of about 2 – 3 cm s-1). The chamber was placed
inside a water bath that helped to maintain a constant temperature and set on top of a
magnetic plate. Fragments from each tank were starved for 24 h before each experimental
trial and feeding rates were assessed independently for each coral fragment (4 fragments
per tank). An individual coral fragment was placed inside the acrylic chamber that was
filled with seawater from the same treatment tanks and left for 30 min before starting the
trial. The starting density of A. salina was 128 ± 3 Artemia l-1 (mean ± SD). At the end of
the incubation period, the seawater from the chamber was filtered and the A. salina were
counted under the dissecting scope. Feeding rates were standardized to number of polyps
and are reported as number of prey polyp-1 h-1.
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Figure 3.2 Flow diagram of the experimental set-up used to measure the response of
fragments of L. pertusa to different Ωarag saturation states. The system was composed of
six 55 L tanks with its own independent CO2 system that allowed the manipulation of the
carbonate chemistry through the injection of CO2 gas to create future ocean acidification
conditions. “High pH/Ωarag” (aragonite saturation) referred here as “favorable conditions”
(> 95% distribution for this species worldwide), while “Low pH/Ωarag” referred here as
“unfavorable” conditions at which this population encounter year-round in the South
California Bight. Within the Low pH/Ωarag, two different levels of total alkalinity (AT)
were used. Feeding rates were measure as capture rates of Artemia nauplii (Ar) calculated
as the difference between initial concentration minus final concentration inside the 0.8 L
acryclic chamber. Net calcification (G) was obtained from the difference between final
time minus initial time (∆T) using the standardize dry weight (Wa).
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3.3.5 Data Analysis
The response of Lophelia pertusa grown under different pH/Ωarag levels was
obtained from the calcification and feeding rates. The effects of CO2 were analyzed in an
ANOVA model with pH/Ωarag levels as fixed factor (two levels). Replicate tanks were
treated as random effects nested within pH/Ωarag levels in order to test for possible tank
effects. Since the tank factor was not significant for both response variables (P>0.25),
data from replicate tanks were pooled, thus individual fragments were analyzed as
replicates (n=8 per treatment) (Underwood 1997). Shapiro-Wilk test was used to check
for normality (P=0.21) and Bartlett test for homogeneity of variances (P=0.06). Results
were considered statistically significant at a P<0.05.

3.4 Results
3.4.1 Carbonate chemistry and coral distribution in the in-situ collection
Lophelia pertusa in the Piggy Bank and Footprint areas span a range of depths
between 95 m and 296 m with a mean depth of 230 ± 73 m. The in situ carbonate
chemistry obtained from the targeted CTD-casts and the values approximated from the
temperature, oxygen, and salinity from the CalCOFI database revealed low pH and
aragonite saturation states year-round (Fig. 3.3 and 3.4). Aragonite saturation estimated
from Niskin bottle water sampling ranged from ~0.6 (545 m) to ~2.5 (surface 5 m), while
for the data approximated from CalCOFI values ranged from ~0.81 (400 m) to ~1.4 (80
m). Average temperature, pH and Ωarag at the site of sample collection (~300 m) were
8.77 ± 0.62 °C, 7.62 ± 0.03 and 0.81 ± 0.07 respectively, while conditions close to the
collection site as approximated from the CalCOFI data set were 8.06 ± 0.47 °C, 7.67 ±
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0.01 and 0.81 ± 0.01 respectively. Total alkalinity (AT) ranged from 2285 (300 m) to
2225 (80 m). The depth of the aragonite saturation horizon near the collection sites was at
approximately 120 m depth (Fig. 3.3 and 3.4).

Figure 3.3 Depth profiles of the main physical – chemical parameters obtained from in
situ CTD and Niskin bottles (red dots) and as approximated by the CalCOFI database
(solid line). Total alkalinity (AT µmol kg-1), pressure of CO2 (pCO2), temperature (Temp
°C), dissolved oxygen (O2), aragonite saturation (Ωarag) and pH in the total scale (pHT).
Black dash line shows the depth at sample collection in Piggy Bank, while blue dash line
in the Ωarag profile represents the approximated depth of the saturation horizon for
aragonite. Error bars for CalCOFI represent SD.
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Figure 3.4 Cross-sectional profiles for total pH (pHT), total alkalinity (AT) and aragonite
saturation (Ωarag) in the South California Bight where L. pertusa samples were collected.
Parameters were obtained from in situ CTD and Niskin bottles.
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3.4.2 Experimental conditions
All of the measured variables, including the seawater chemistry, were kept
relatively constant through the experiment with small variations due to tank maintenance
and water changes (Table 3.2). Physical and chemical conditions were similar to the in
situ seawater chemistry where L. pertusa is distributed in the South California Bight.

Table 3.3 Summary of the results from the response variables used to measure ocean
acidification effect on fragments of L. pertusa in the different experimental conditions of
aragonite saturation (Ωarag) and total alkalinity (AT). Values for net calcification (G % d1

) and feeding behavior (capture rates) are given as mean ± SD.

Treatment

N

Initial skeletal
weight

Polyp #

G (% d-1)

Capture
rates

Ωarag 1.4/AT 2300

8

9.69 ± 2.42

11 ± 4

0.0238 ± 0.009

4.09 ± 1.41

Ωarag 1.4/AT 2300

8

11.56 ± 3.60

10 ± 5

−0.0102 ± 0.014

2.65 ± 1.99

Ωarag 0.8/AT 2200

7

10.95 ± 4.24

9±5

−0.0085 ± 0.006

3.86 ± 4.36

3.4.3 Calcification rates
We found 100% survival of L. pertusa corals (n = 24 fragments) in the different
treatments studied. The corals still appeared to be in relatively good condition, as
indicated by their extended polyps. On average, corals grown in the favorable treatment
(pHT = 7.90, Ωarag = 1.5) calcified at a rate of 0.02 ± 0.009% day-1 (mean ± SD), while for
the corals grown in the unfavorable treatment (pHT = 7.60, Ωarag = 0.8), the value was 68

0.010 ± 0.014 % day-1 (mean ± SD) (Table 3.3). Corals grown in the unfavorable
treatment with low AT calcified at a similar rate to the corals grown in the unfavorable
treatment with high AT, with net calcification rates of -0.008 ± 0.006 % day-1 (mean ±
SD). We found a significant negative treatment effect on net calcification (ANOVA
F2,20=25.17 P<0.001) where corals grown in the unfavorable conditions experienced a
decreased calcification rate with net dissolution of the skeleton by the end of the threeweek period (Fig. 3.4A). However, there was no significant difference between AT
treatments at low pH. Skeletal density from the 22 fragments measured were in average
2.62 ± 0.28 g cm-3 (mean ± SD) with a range between 1.83 and 2.83 g cm-3. There was a
good linear relationship between the buoyant weight and dry weight measurements taken
for the calculations of the skeletal density (R2 = 0.98).

3.4.4 Feeding activity
The average capture rate of Artemia in the favorable treatment were 4 ± 1 Artemia
polyp-1 h-1 (mean ± SD) with a range of values between 2 – 6 Artemia polyp-1 h-1. For the
unfavorable treatment, the average capture rate was 3 ± 2 Artemia polyp-1 h-1 (mean ±
SD) with a range value between 1 – 7 Artemia polyp-1 h-1. The same pattern was observed
for the capture rates in the low alkalinity treatment, which were similar to the other
treatments with an average of 4 ± 4 Artemia polyp-1 h-1 (mean ± SD) and a range value
between 1 and 14 Artemia polyp-1 h-1 (Fig. 3.4B). There were no significant differences
for the capture rate of Artemia between treatments (ANOVA F2,21=0.58, P=0.57).
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Figure 3.4 Calcification rates (A) and feeding rates (B) of L. pertusa fragments grown in
different ocean acidification conditions. Values are average ± SD. Significant differences
when P<0.05.
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3.5 Discussion
This study shows that populations of Lophelia pertusa from the South California
Bight (SCB) are already experiencing negative effects of low pH and Ωarag. These
suboptimal conditions result in a decrease in net calcification rates in the laboratory.
These experiments were carried out under the conditions it normally experiences yearround, compared to the typical conditions in other parts of its range. Calcification rates
found in the present study for favorable conditions are in accordance with those found in
other studies performed with L. pertusa under similar conditions (pH 7.9, Ωarag 1.3, AT
~2300) (Maier et al. 2009; Hennige et al., 2014; Lunden et al., 2014; Georgian et al.,
2016b). However, the negative net calcification of -0.0102 and -0.008 G (% d-1) for the
low pH/ Ωarag treatments are unexpected. Given the conditions in which this species
grows in the SCB (pH ~7.6 and Ωarag ~0.8), we expected positive calcification rates of
coral fragments grown in the unfavorable treatment. Negative net calcification rates have
been also found for L. pertusa from the Gulf of Mexico under similar experimental
conditions (Lunden et al., 2014; Georgian et al., 2016a; Kurman et al., 2017), however
these populations live in Ωarag >1 and do not experience undersaturation yet (Georgian et
al., 2016b). It has been documented that L. pertusa populations from the North Atlantic
seems to be more resistant to OA effects, at least in the near future where the Ωarag levels
fall near the saturation horizon or slightly undersaturated (Form & Riebesell 2012;
Büscher, Form & Riebesell 2017). We found that 100% of the coral fragments exhibited
a net loss of skeleton in the acidified treatment, rendering an important concern of the
fate of these scleractinians and the communities they support on the California Margin.
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The findings of this study are in broad agreement with other investigations of the
effects of ocean acidification on L. pertusa, although a wide variety of responses have
been shown. Kurman et al. (2017) found a negative response for coral fragments from
the Gulf of Mexico at the end of a 6-month period under saturation states of 0.8, and by
the end of the experiment, 100% of the coral fragments showed negative calcification.
However, some genotypes in this study were capable of maintaining positive net
calcification significantly longer than others. In a short-term experiment using corals
from these same populations, Lunden et al. (2014) found different responses among
genotypes, with a change in the overall response around a pH of 7.75, corresponding to a
saturation state of almost exactly 1. The majority of studies that have found no effect in
decreasing aragonite/pH have used levels only slightly undersaturated (~1) or still above
saturation (>1) (Maier et al., 2012; Movilla et al., 2014; Büscher, Form & Riebesell
2017). Maier et al. (2016) found negative calcification rates for Madrepora oculata only
when the Ωarag fell below a threshold of 0.9. Therefore, it is likely that the negative
effects on cold-water corals are only evident when Ωarag falls well below a certain
threshold, and the erosive forces outweigh the accretionary forces and the calcification
rate of L. pertusa colonies cannot keep up with the increasing rate of skeletal dissolution.
The observed loss of reef-framework and proportion of live coral in the SCB has
been attributed to the low saturation states of the region (Wickes, 2012). However, it is
known that CWCs exert a strong biological control on the calcification sites elevating and
or modifying the carbonate chemistry in the compartments were the calcification occurs,
suggesting that CWCs are still able to produce calcium carbonate at low pH/Ωarag
(McCulloch et al 2012; Raybaud et al. 2017). Raybaud et al. (2017) provided a numerical
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framework of internal carbonate chemistry in several species of scleractinian corals, and
they found that CWCs exert the strongest control on Ωarag, elevating it up to 10 times that
of the surrounding seawater. The finding here of a lack of dependence of calcification
rate on total alkalinity in the unfavorable treatment suggests that the control of Ωarag is by
factors other than negative ion transport, such as proton pumps controlling internal pH.
Due to the apparent ability of CWCs to calcify at reduced Ωarag, it is likely that
dissolution rates are the most important variable to take into consideration when
determining overall net calcification for L. pertusa living at undersaturation. This rate
will primarily be a function of the Ωarag but also the relative degree of tissue coverage of
the skeleton. Where there is more exposed skeleton, there will be higher dissolution. This
could partially explain the lower skeletal density that was measured in the corals from
this study (2.62 g cm-3) as compared to the corals in the Gulf of Mexico (2.81 g cm-3,
Lunden et al. 2013). Gross calcification and tissue coverage were not monitored in the
present study, and therefore it is difficult to conclude whether the pattern observed is due
to higher dissolution rates alone or if there is also a decline in the gross calcification rate.
In this study, feeding performance (capture rate) was similar between treatments,
suggesting that pH/Ωarag did not compromise the ability of a given coral nubbin to obtain
food. These results contrast with other studies where L. pertusa can either increase
feeding and respiration rates to meet the elevated energetic challenges of low pH and
Ωarag, or decrease feeding and respiration to undergo metabolic depression to presumably
wait for a return to favorable conditions (Houlbrèque et al. 2015; Georgian et al. 2016a).
Our results of prey capture (3-4 Artemia polyp-1 h-1) fall within the lower range for some
studies, i.e. Lophelia pertusa from the North Atlantic (Purser et al., 2010: 6 ± 1 Artemia
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polyp-1 h-1; Orejas et al., 2016: 22 ± 8 Artemia polyp-1 h-1; Georgian et al., 2016a: 8 ± 1
Artemia polyp-1 h-1) and within the higher range for populations from the Gulf of Mexico
(Georgian et al., 2016a: 2 ± 1 Artemia polyp-1 h-1). The higher values normally found for
the North Atlantic populations are related to the apparent higher metabolic rates in those
populations (Purser et al., 2010; Orejas et al., 2016).
Food availability and nutrient supply are known to be important in shallow-water
tropical systems, where additional inputs generate the extra energy required for
calcification under ocean acidification (Cohen & Holcomb 2009; Houlbrèque et al.
2015). On the other hand, some studies performed in CWCs have found that in general
corals grown under higher food concentrations do not increase calcification rates as
compared to low food concentrations (Maier et al. 2016; Büscher et al. 2017), even
though deep-water corals are heterotrophic organisms that rely entirely on external food
supplies. Still, it is plausible that the high productivity of the California Current System,
along with L. pertusa’s relatively shallow distribution in the area can explain why this
coral population persists under the low pH and saturation state that it experiences there,
although at the expense of skeletal density and framework stability. However, it is not
known if these coral populations are actively growing at this time or are relics of
populations that existed before the onset of ocean acidification. It is important to point
out that while experimental conditions in controlled systems are set-up to mimic the
natural environment as close as possible, it is specially challenging to recreate the full
spectrum of conditions, especially the variable food supply and nutrient availability
typical of the bathyal environment.
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Lophelia pertusa is normally associated with high-energy environments, due to
enhanced food supply from the surface via advection, and resuspension from internal
waves and currents (Davies et al., 2009; Roberts et al., 2009). It has been shown that high
surface primary productivity together with the bentho-pelagic coupling affects the
structure of the benthic fauna, including increasing deep-sea coral diversity (Davies et al.,
2008; Jansen et al. 2018). Jansen et al. (2018) found a positive correlation between the
abundance of deep-water suspension feeders (coral and sponges) and high surface
primary productivity, which ultimately sinks and provides an important source of
particulate organic carbon (POC). Similar patterns have been found in the North Atlantic
(Lacharité & Metaxas 2017) and in the Tasmanian seamounts where the abundance of the
scleractinians Solenosmilia variabilis and Enallopsammia rostrata between 750 – 1400
m, with peak distribution at or slightly below the ASH, can be explained by the high
input of marine snow and particulate organic matter in this area (Thresher et al., 2011).
Similarly, the same species have been found in comparable conditions in the North
Central Pacific, also associated with areas of high input of nutrients and productivity at
the surface (Baco et al., 2017). Coral calcification is energetically costly and can
consume up to 20% of the coral’s energy budget (Cohen & Holcomb 2009). This
requirement can increase by 20 – 30% under ocean acidification scenarios expected by
the end of the century (McCulloch et al., 2012).
In addition to ocean acidification, climate and ocean change are expected to alter
primary productivity in coastal regions, as well as the rate of export to deep waters.
Increasing stratification due to the more rapid rise of temperature in surface waters will
reduce the export of POC to depth and the delivery of deep-water nutrients to the surface
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(Palacios et al., 2004). However, there is some evidence that increased shore wind
velocity can lead to increased nutrient delivery in upwelling systems (Bakun et al., 2015;
Wang et al., 2015), which if coupled with an efficient feeding behavior, CWCs from
California margin might be able to increase their energy intake for metabolic function in
order to keep the homeostatic control. Nevertheless, this increase in nutrients in the CCS
might be counteracted by the decrease in oxygen concentration (-18%) and pH (-0.5
units) projected for this area by the end of the century (Rykaczewski & Dunne 2010).
Lophelia pertusa colonies cannot survive under low oxygen conditions based on lab
experiments, although the exact limit of their tolerance appears to vary by population (<
3.4 ml l-1, Dodds et al., 2007; < 1.5 ml l-1, Lunden et al., 2014). However, further multistressor experiments are necessary to determine how all of these factors interact and
affect L. pertusa. But it is clear that the outcome for specific populations is a combination
of their genetic variability along with their history of food availability and therefore
energetic reserves, which will result in different physiological responses to the
exacerbated challenges that deep-water corals will face in the future.
These results highlight that Lophelia pertusa is persisting along the California
margin under more challenging carbonate chemistry conditions than have been found in
other populations. Although our results show decreased net calcification under
unfavorable Ωarag, it is important to bear in mind that experimental conditions are
normally tightly controlled, which does not account for the dynamics normally seen in
natural conditions, especially in places with high productivity such as the California
Current System. It is possible that the CCS provides an exception where an active
growing population can be maintained at undersaturated conditions of calcium carbonate
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as a result of elevated food availability from surface layers. Lophelia pertusa is an
important habitat structuring species, forming habitat for many species, including some
of commercial importance, in one of the most productive regions in the world (Barton et
al., 2015). Consequently, the ecological impacts of ocean acidification on the deep-water
corals of the California Current system are of significant concern given that this region
will experience year-round undersaturation most of the water column within the next 2030 years and by 2050.
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CHAPTER 4
SURVIVAL OF THE DEEP-SEA OCTOCORAL CALLOGORGIA DELTA
UNDER OCEAN ACIDIFICATION CONDITIONS

4.1 Abstract
Increases in atmospheric carbon dioxide concentrations are reducing ocean pH and the
calcification rates of marine organisms. Corals with calcareous skeletons formed by highmagnesium calcite, such as many of the octocorals, are more susceptible to depletion of
carbonate ions than other calcite-depositing organisms. In the present study, we tested the
survival and polyp activity of the deep-sea octocoral Callogorgia delta grown under
future levels of ocean acidification. As proxy for calcification, we quantified the changes
in sclerite microstructure using SEM. Callogorgia delta did not show any negative effect
of low pH in the survival and polyp activity in any of the experiments, nor was there any
change in the microcrystal structure in the different treatments tested. Survival rate was
variable between experiments but in general higher than 75%. These results provide a
first approach to understand the effects of ocean acidification in an understudied, yet
conspicuous deep-sea octocoral species and suggest that C. delta might resist future
levels of ocean acidification.

78

4.2 Introduction
Atmospheric carbon dioxide (CO2) concentrations have surpassed 400 ppm for the year
2018, the highest ever experienced in the last three million years (Hönisch et al. 2012).
This increase in CO2 is altering the seawater chemistry of the ocean creating a disturbed
state known as ocean acidification (Caldeira and Wickett 2003). This is a well-accepted
phenomenon with multiple physiological and ecological implications for marine
organisms and has been extensively studied in the past two decades (Kleypas et al. 1999;
Hoegh-Guldberg et al. 2007; Hoegh-Guldberg et al. 2017). When atmospheric CO2
comes into contact with seawater, the concentration of hydrogen ions increases, thus
reducing the pH and the buffering capacity of the oceans, and lowering the concentration
of carbonate ions (Kleypas et al. 1999). As with other calcifying organisms, deep-sea
octocorals rely on different chemical parameters such as carbonate ions and alkalinity of
the seawater in order to grow and build their calcium carbonate (CaCO3) structures,
therefore, changes in the seawater chemistry make harder for octocoral species to growth
and survive. One of the main concerns for marine calcifiers, such as octocorals, is the
saturation state of different CaCO3 polymorphs (Orr et al. 2005). Currently, the surface
ocean is supersaturated with respect to CaCO3, and depending on the polymorph (calcite,
aragonite, high-magnesium calcite) there is a saturation horizon that define the line in
which the water column becomes undersaturated (Kleypas et al. 1999; Orr et al. 2005).
Aragonite and calcite have different physical properties and equilibrium constants (Feely
et al. 2004). Calcite is thermodynamically the more stable with a dissolution constant
higher than that of aragonite (Feely et al. 2004). However, when it is enriched with
magnesium such as high-magnesium calcite (MgCO3), it is more soluble than either
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calcite and aragonite (Morse et al. 2006), and becomes a high concern, since it is the
main polymorph used for octocorals (Bayer and Macintyre 2001; Thresher et al. 2011).
As the increase in atmospheric CO2 continues, the saturation states of these
polymorphs are expected to shoal, causing undersaturation in the whole water column by
the end of the century according to different climate change scenarios (Orr et al. 2005).
This poses a threat to several deep-sea corals, specially octocorals since they might not be
able to calcify at the same rate that they dissolve. Predictive models have placed
octocorals in a high-risk category, since large areas of suitable habitat will experience
undersaturation by the end of the century (Guinotte et al. 2006; Yesson et al. 2012).
However, there is a high degree of uncertainty in the specific predictions about the future
of these species, since there are no studies that have investigated the effects of
undersaturation of calcium carbonate on deep-sea octocorals.
Octocorals are important components of the reef ecosystem because they provide
a structurally complex habitat used by many co-occurring organisms, and in some
locations, they are important contributors of calcium carbonate to the sediments
(Velimirov and Böhm 1976). The calcification mechanisms have been well studied in the
precious Red Coral Corallium rubrum (Allemand and Grillo 1992; Allemand and
Bénazet-Tambutté 1996) and in temperate gorgonians (Goldberg and Benayahu 1987;
Kingsley and Watabe 1989; Lucas and Knapp 1997), nevertheless, there is still very
limited knowledge on the effects of climate change related stressor on the physiological
performance specially in deep-sea octocorals, and how this may affect their survival and
resilience.
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Most of the information regarding octocorals response to ocean acidification
suggests that this group is resistant to changes in the seawater chemistry and future levels
of ocean acidification. Gabay et al. (2013) found that in the long-term effects of ocean
acidification in three different species of the zooxanthellate octocorals, no significant
differences were evident on different biological functions. This study was further
corroborated with a study in the same species with no apparent changes in the
morphology of the calcium carbonate crystals in individual sclerites (Gabay et al. 2014).
In gorgonian shallow-water tropical octocorals, Gómez et al (2015) and Enoch et al.
(2015) did not found significant effect oin both growth and the structure of their sclerites
to ocean acidification levels expected to happen by the end of the century, suggesting a
degree of resilience to OA stress. All this information brings the idea that a future
ecological outcome is the likely shift in these reef communities from scleractinian coral
dominated to octocoral/soft coral dominated under a future scenario of CO2 emissions
(Inoue et al. 2013; Ruzicka et al. 2013). On the other hand, Bramanti et al. (2013) and
Cerrano et al. (2013) found for the first-time a detrimental effect of ocean acidification on
the temperate azooxanthellate octocoral Corallium rubrum when the levels of pH were
dropped by 0.2 units, expected to occur by the end of the century in the Mediterranean
Sea. Understanding the effects of changes in water chemistry due to high CO2
concentrations on the physiological performance of deep-sea corals has important
implications for the proper interpretation of the anthropogenic disturbances on coral
reefs.
In the present study I determined the survival, polyp behavior and sclerite
microstructure of the octocoral Callogorgia delta under different scenarios of projected
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ocean acidification. I hypothesize that high levels of CO2 (low pH) will have a negative
effect in the calcification and metabolic response of deep-sea octocorals that will affect
their survival rates. Due to the stable conditions in cold-water ecosystems, I hypothesize
that increases in CO2 concentrations will cause a stress related response, affecting the
survival, calcification and behavior of Callogorgia delta.

4.3 Materials and methods
4.3.1 Species description and sample collection
Callogorgia delta is an exclusively deep-water coral that belongs to the subclass
Octocorallia. Species have large sclerites composed mainly of finely ornamented scales,
and the genus is represented by about 24 species widely distributed with a bathymetric
range from ~40 to > 2,000 meters (Cairns and Bayer 2002). In the Gulf of Mexico there
are three species reported: C. gracilis, C.americana, and C. delta that occupy the upper
bathyal region in a specific temperature and bathymetric range with a well-defined niche
(Quattrini et al. 2013; Bayer et al. 2014). Callogorgia delta has the deepest distribution of
the three species in the Gulf of Mexico ranging from ~450 – 850 m (Quattrini et al.
2013). Using remotely operated vehicles (ROV´s) corals were collected from the Gulf of
Mexico deep-sea canyons and upper continental slope margins where the presence of this
deep-sea coral species is known (Figure 4.1)
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Figure 4.1 A) Collection site on the upper slope in the Northern Gulf of Mexico,
showing an assemblage of C. delta, B) in-situ photograph of C. delta with its associates,
C-D) C. delta kept in holding tanks at Temple University.

4.3.2 Experimental set-up and variables for measurement
In order to test for the effects of ocean acidification on fragments of C. delta, two
different experiments were performed: 1) eight fragments were grown for five weeks in
two different pH levels of 7.9, which represents control conditions and 7.8, which is an
intermediate level of ocean acidification expected by mid-century, and 2) 16 fragments of
approximately 15 cm long were grown for two weeks at two different pH levels of 7.9
(control) and 7.6 that represents future levels of ocean acidification with undersaturation
of calcium carbonate. Octocoral fragments were fed daily with a mixture of artificial food
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composed of Marine Snow (Two Little Fishies®) and Ultra MinD+Ultra Seafan (Fauna
Marin®).
Experimental set-up: experimental tanks of ~50 L housed in a cold-room facility were
used for both trials, two tanks for the first round and four tanks for the second round. The
seawater consisted of custom-made artificial water (B-ionic® - ESV products) from
which we were able to mimic the composition and total alkalinity of the in-situ seawater
(salinity 35) (Figure 4.2).
The seawater chemistry was manipulated via CO2 additions using commercially
available CO2/pH controller system (American Marine Inc., PINPOINT pH Monitor) (see
Lunden et al. 2014; Kurman et al. 2017). The pH glass electrodes underwent a two-point
Tris-HCl and AMP-HCl calibration weekly (Dickson et al. 2007), and total alkalinity, pH
on the total scale (pHT), temperature and salinity were controlled throughout the
experiment. Seawater changes of 25% were performed every other day to ensure good
seawater conditions in the tanks. The pHT of the experimental tanks was gradually
brought down to the desired treatment conditions at a rate of ~0.1 pH unit day-1. Total
alkalinity (AT) was measured three times a week by acid-titration (0.1 mol L–1 HCl) on an
open-cell potentiometric autotitrator (Mettler-Toledo DL15). The autotitrator underwent
a three-point pH calibration weekly (NBS, National Bureau of Standards scale), and
certified reference material (CRM) for AT was measured weekly (Dickson Lab, Batch
141). Salinity was measured daily using a handheld refractometer, and temperature was
recorded continually using a temperature logger (Onset HOBO Pendant®). CO2calc
(Robbins et al. 2010) was used to calculate [pCO2], [HCO3-], [CO32-], and Ωarag using
pHT, AT, salinity and temperature as input variables with the dissociation constants for
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boric acid and K1 and K2 from (Leuker et al. 2000), KHSO4 from Dickson (1990)
(Dickson 1990), total boron from Lee et al. (2000) (Lee et al. 2000) and pH on the total
scale (pHT).
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Figure 4.2 Experimental conditions of aragonite saturation and pHT for the two
experiments performed with Callogorgia delta. Red dashed-line represents the targeted
level for pH and aragonite in the experiment manipulation. For each experiment, the
trend line represents individual tanks for experiment 1(one tank per treatment) and
experiment 2 (two tanks per treatment).
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4.3.3 Response Variables
Survival rates were quantified by means of high-definition images taken at the beginning
and end of the experimental trial. Images taken in one plane were digitalized with Image
J software and the percentage of tissue lost and polyp lost quantified. Initial time (Ti) –
final time (Tf) were used to obtain the % of survival in every fragment. Polyp activity
were measure daily and consisted of a semi-quantitative analysis of polyp behavior and
the ability to retract. Since corals were fed daily, it was used to asses polyp behavior for
every coral fragment.

4.3.4 Sclerite morphology analysis
Sclerite morphology was employed to test for alteration in the calcification patterns and
to see sclerites damage due to ocean acidification. Sclerites are one of the main calcium
carbonate constituents in octocorals, and it has been widely used in octocoral research
(i.e. Cerrano et al. 2013; Gabay et al. 2014). This analysis was only conducted in the
experiment 2. For this purpose, fragments that were grown in the tanks were sampled to
isolate the sclerites and quantify the sclerite morphology (hereafter in-hospite sclerties).
Pieces of each fragment were taken from branchlets and placed in small vials (~7 ml)
with 5% NaOCl in order to digest the organic tissue and extract the sclerites. This process
lasted for about three hours, followed by a series of rinses with distilled water and a final
rinse with 70% ethanol. Sclerites were then oven dried for two hours at constant
temperature of 60 °C. Additionally, to examine the effects of ocean acidification on
isolated sclerites, small fragments of C. delta from the holding tanks were sampled and
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sclerites were extracted as explained above. Isolated sclerites were placed in 25 ml vials
in the different treatments (1 vial per tank). Vials were monitored daily and gently stirred
to ensure sclerites were fully exposed to the surrounding water.
Scanning Electron Microscopy (SEM) characterization: prior to imaging, sclerites were
placed on mounting stubs with double-sided sticky carbon paper. All samples were
coated in 20 nm of gold palladium to prevent degradation of samples during SEM, and
images taken on a JEOL JSM-6510LV/GS. Sclerites for each treatment were scanned at
300x, and at 900x magnification. Two different type of sclerites were analyzed: opercular
scales occurring at the tip of the polyps and polyp scales, surrounding the polyps. For
each sclerites the following measures were recorded with the software ImageJ: area,
maximum width/maximum length, and area of anomalous crystal growth (Figure 4.3).
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Figure 4.3 SEM micrographs of C. delta sclerites. A) whole polyps showing the
arrangement of sclerites, B) opercular scales and C) abaxial polyp scales. Arrows
represent the type of sclerite as seen in the polyp. Scale bar 50 µm (Images taken by Rina
Rosnow, Haverford College).
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4.3.5 Data Analysis
The response of Callogorgia delta grown under different pH/Ωarag levels was obtained
from the survival and polyp behavior. The two experiment were treated as independent
since each time a control was run against a treatment pH level. In every experiment, the
individual fragments were treated as replicates. Due to logistical limitations only one tank
per treatment was used for the experiment 1, while for experiment-2, two tanks per
treatment were used. The effects of low pH were analyzed with a two-way ANOVA
model for each of the response variables (survival and polyp behavior) with time (initial
and final) and pH as fixed factors. For the second set of experiments, tanks were included
in the model as random effects. Percentage data were arcsin square root transformation as
recommended for this type of data (Quinn and Keough 2009). Results were considered
statistically significant with p<0.05.
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Figure 4.4 Photographs sequence of C. delta during the length of the Experiment 1.
Fragments A to C correspond to a coral grown in pH 7.8, and fragments D to F to a coral
grown in pH 7.9. The red arrows are showing a single branchlet with the corresponding
loss of polyps.
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4.4 Results
Seawater chemistry conditions are presented in table 4.1for both experiments. In general
target values were kept relatively constant throughout each experimental trial with some
variations specially in the experiment 1 due to water changes.

Table 4.1 Seawater chemistry conditions for the two sets of experiments. Temperature ºC
(Temp), salinity (Sal), total alkalinity (AT), pH in total scale (pHT), pressure of CO2 in the
system (µatm), bicarbonate (HCO3) (µmol kg-1), carbonate (CO3) (µmol kg-1), aragonite
and calcite saturation (Ωara, Ωcal) respectively.

Experiment Tank

Temp

Sal

AT

pHT

pCO2

HCO3

CO3

Ωara

Ωcal

1

1

8.08±0.36

35

2446±72

7.96±0.07 530±102 2162±68 113±16 1.72±0.24 2.71±0.38

1

2

7.91±0.52

35

2435±64

7.81±0.15 800±276 2222±68

85±28

1.29±0.42 2.04±0.66

2

1

9.34±0.18

35

2266±72

7.55±0.03

1348±13
2149±75
8

46±3

0.70±0.05 1.09±0.08

2

2

9.08±0.16

35

2225±71

7.88±0.06

594±91

1997±69

90±10

1.36±0.15 2.14±0.24

2

3

9.68±0.51

35

2240±83

7.89±0.06

574±79

1997±76

96±13

1.45±0.20 2.28±0.32

2

4

8.64±0.48

35

2258±93

7.55±0.02 1357±96 2146±88

44±3

0.67±0.04 1.05±0.07

4.4.1 Experiment 1
Survival rate: In average, at the end of the five-week experimental trial, octocoral
fragments lost an average of 15.4% of tissue and 22.4% of tissue in control and treatment
tanks respectively from time 1 to time 2. We found a significant effect of time (two-way
ANOVA F1,18=727 p<0.05) and pH (two-way ANOVA F1,18=7.11 p<0.05) in the survival
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rate (%) after the five-week experiment in both control (pH 7.9) and treatment (pH 7.8).
Average survival for octocorals grown in the control conditions rate of 84.6±3% and
77±5% for treatment conditions. A greater decrease of tissue cover was observed after
three weeks of experimentation with a change from time 1 to time 2, 5.1% tissue-loss for
control and 5.7% tissue-loss for treatment fragments, while from time 2 to time 3 a
decrease of 10.3% tissue-loss for control and 16.6% tissue-loss for treatment conditions
(Figure 4.4 and 4.5).
Polyp activity: There was a significant effect in time (two-way ANOVA
F1,18=7.68 p<0.05) with a decrease in polyp activity from time 1 to time 2 for both control
(pH 7.9) and treatment conditions (pH 7.8). In average octocoral fragments decreased in
25% and 77% for control and treatment respectively. There was also a decrease in polyp
activity (63% decrease) by the end of the incubation period for corals grown in low pH
with values of 15.00±11.42% compared to 41.25±5% for control conditions; however,
due to the high variability observed there was not any detectable significant difference
(Figure 4.6).

4.4.2 Experiment 2
Survival rate: Octocoral fragments lost an average of 4.4% and 4.3% of tissue per
colony in control and treatment tanks respectively from time 1 to time 2. We found a
significant effect of time in the survival rate (two-way ANOVA F1,31=81.7 p<0.001). On
average, at the end of the five-week experimental trial, octocorals that were grown in the
control conditions had a survival rate of 96.6±3%, while for treatment conditions the
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survival rate was 96.7±2%. There was not any detectable significant effect of pH (twoway ANOVA F1,31=0.154 p=0.69) (Figure 4.5).
Polyp activity: There was a significant effect of time (two-way ANOVA
F1,33=5.59 p<0.05) with a decrease in polyp activity from time 1 to time 2 mainly in the
treatment conditions (pH 7.6). On average, octocoral fragments decreased from 72% to
69% of the polyps being active during monitoring for control and from 83% to 53%
treatment conditions. Although there was a stronger effect in the low pH conditions, the
decrease was not significantly different from normal pH conditions (two-way ANOVA
F1,33=0.03 p=0.86) (Figure 4.7).
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Figure 4.5 Survival of Callogorgia delta during the length of the experiments. A)
experiment 1, T1 represents the initial time before coral fragments were exposed to
acidified conditions and T2 at the end of the incubation period (5 weeks), and B)
experiment 2 after two weeks incubation period. Values represent average ± SD.
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Figure 4.6 Polyp activity of Callogorgia delta during the length of the experiments 1 in
2015. A) Average polyp activity during the initial week (T1) and average polyp activity
of the final week at the end of the incubation period (5th week) (T2), and B) time series
of polyp activity averaged per week for the length of the experiment. Values represent
average ± SD.
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Figure 4.7 Polyp activity of Callogorgia delta during the length of the experiments 2 in
2016. A) Average polyp activity during the initial week (T1) and average polyp activity
of the final week at the end of the incubation period (T2) and B) time series polyp
activity averaged per day for the length of the experiment. Values represent average ±
SD.
97

Sclerite microstructure (Scanning Electron Microscopy): SEM micrographs
showed no detectable microstructural change or physical appearance in the sclerites
(scales) from octocoral fragments that were maintained the experimental tanks for both
pH conditions (7.6 and 7.9). Moreover, isolated sclerites also maintained their normal
appearance and did not show any microstructural changes over the length of the two
weeks that were exposed to ocean acidification. In order to further corroborate this,
different measures such as the area (µm), % of abnormal crystal growth and wide/length
ratio for the two types of sclerites (scales) were analyzed for both in-hospite and isolated
sclerites. In general, average was similar between control a treatment for all categories
and type of sclerites (opercular scales and polyp scales). However, the only category that
presented a slight difference between in-hospite and isolated sclerites was the % of
abnormal crystal growth, however the values from both categories were within the
variation range (Figure 4.8).

98

Figure 4.8 Area of sclerites (µm), percentage of abnormal crystal growth within each
sclerite and ratio between wide and length of sclerites (scales) of Callogorgia delta
grown under acidified conditions in experiments 2 in 2016. Control corresponds to pH
7.90 and treatment to pH 7.65. Type of sclerites analyzed: opercular scales (OS) and
polyp scales (PS). Values represent average ± SD.
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4.5 Discussion
Increases in atmospheric carbon dioxide are expected to have a negative effect to
a wide range of marine organisms including octocorals (Bramanti et al. 2013; Cerrano et
al. 2013). However, the rate at which these negative effects happen, and its extent will
depend on the species, habitat, and intra-specific variations (Kroeker et al. 2013). In the
deep-sea coral habitats of the Gulf of Mexico, C. delta is an important foundation species
distributed in the upper continental slope between ~450 and 850 m with peak distribution
around 600 m in waters characterized by lower pH and calcium carbonate saturation
close to the saturation horizon (Quattrini et al. 2013), which pose some concern for this
species in the future. Unfortunately, there is no much information regarding the impacts
of ocean acidification in deep-water octocorals, despite the well-known effects of ocean
acidification in other deep-water hard corals (Roberts et al. 2009).
In the present study, we conducted two different sets of experiments to evaluate
the survival, polyp behavior and sclerite morphology as a proxy for calcification in the
octocoral Callogorgia delta as it was exposed to future levels of ocean acidification. Our
results did not reveal any significant effect of pH on the different response variables
analyzed such as survival, polyp activity, and the morphology of the sclerites. This is
relevant because as the increase in atmospheric CO2 continues, the saturation states of the
different calcium carbonate polymorphs (calcite, aragonite and high-magnesium calcite)
are expected to shoal, causing undersaturation in the water column by the end of the
century according to future scenarios of ocean acidification (Orr et al. 2005). Therefore, it
is believed that deep-sea coral habitats will experience ocean acidification sooner than
other shallow-water habitats because they already live in an environment with a decrease
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concentrations of calcium carbonate and close to the saturation horizon (Guinotte et al.
2006).
The effects of ocean acidification in gorgonian octocorals have only been studied
in a limited number of tropical shallow-water species and on some temperate species (i.e.
Bramanti et al. 2013; Enochs et al. 2016; Lopes et al. 2018). Most of the studies have
concluded that increased CO2 had little to no effect on different physiological variables
related to metabolic performance (Gabay et al. 2013; Lopes et al. 2018), or variables
related to sclerite calcification (Gómez et al. 2015; Enochs et al. 2016). Gabay et al.
(2013) studied the long-term effects of ocean acidification in three different species of the
zooxanthellate octocorals Ovabunda macrospiculata, Heteroxenia fuscescens, and
Sarcophyton sp. from the red sea that were maintained under three different pH/pCO2
conditions (pH=8.2, pCO2=387 µatm; pH=7.6, pCO2=1917µatm; pH=7.3,
pCO2=3898µatm). They found no statistically significant difference on different
biolological functions, such as protein concentration, density of zooxanthellae and polyp
pulsation rate. In a study conducted over a wide range of pH, Gómez et al. (2015) found
that coral fragments from the octocoral Eunicea fusca grown under levels for ocean
acidification expected by the end of the century did not show a negative response,
however, when levels dropped to undersaturation, there was a negative relationship in
calcification. These results were later corroborated by Enoch et al (2015) in a study with
Eunicea flexuosa, where they used high-resolution micro tomography to measured
growth and the morphology of sclerites in corals grown in two different concentrations of
ocean acidification (pH=7.75, pCO2=1081µatm vs. present-day conditions pH=8.01,
pCO2=498µatm). They found that pH/CO2 did not significantly affect both growth and
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the structure of their sclerites, suggesting a degree of resilience to OA stress. This body
of information contrast with other studies that have investigated the response in the red
precious coral Corallium rubrum from the Mediterranean Sea (Bramanti et al. 2013;
Cerrano et al. 2013), which have found a detrimental effect of future levels of ocean
acidification expected by the end of the century.
In the present study polyp activity of C. delta was unaffected by future levels of
ocean acidification as indicated by the ability of the corals to keep the polyps open and
expanded. Polyp activity is an important mode for nutrient supply in corals, which is
associated with a high energy demand (Fabricius and Klumpp 1995; Levy et al. 2006). As
other calcifying organisms, deep-sea octocorals rely heavily on different physical
parameters such as DIC and other carbon sources in the surrounding seawater in order to
growth, build they calcium carbonate (CaCO3) structures, in addition obtaining food and
nutrients (Levy et al. 2006). Ecologically, polyp activity is an important behavior for
heterotrophic organisms such as C. delta, because it guarantees food intake, removal of
waste products, and enhanced oxygen concentration for metabolic purposes as has been
demonstrated for other octocoral species (Kremien et al. 2013). Some investigations with
octocorals have found that future levels of ocean acidification can compromise polyp
behavior and expansion due to metabolic depression, implying that under ocean
acidification conditions, reduced feeding will also alter homeostatic control (Cerrano et
al. 2013). Although,we found a response over time unrelated to treatment conditions, we
can suggest that C. delta remained unaffected by declining pH, which can be a good
proxy for coral response in a stressful situation such as the ones that might be
experienced in ocean acidification context. Similar results have been found for polyp
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behavior in other shallow-water tropical octocorals grown under different ocean
acidification scenarios (Gabay et al. 2013).
No apparent damage was observed at the sclerite level when looking at the SEM
micrographs for any of the sample analyzed. Sclerites are the main structural constituents
of octocorals and are made of calcium carbonate. We did not detect any change in the
ultrastructure of the carbonate crystals, which contrast to other studies that have found
extensive damage of the arrangement of CaCO3 node and crystal orientation in octocorals
(Bramanti et al. 2013; Cerrano et al. 2013) and other calcifying organisms (Gazeau et al.
2007; Kuroyanagi et al. 2009; Gaylord et al. 2011; Bednaršek et al. 2014). Even though
octocorals produce calcareous structures made by high-magnesium calcite (MgCO3)
(Bayer and Macintyre 2001), which in a hypothetical scenario of ocean acidification are
expected to be more susceptible to carbonate ion depletion due to the instability of this
form of calcite (Morse et al. 2006).
Some investigations with MgCO3 calcifying organisms have shown drastic
reductions in calcification and recruitment rates i.e. crustose coralline algae (Kuffner et
al. 2008; Martin and Gattuso 2009) and echinoderms (Dupont et al. 2008). Detrimental
effects on octocoral sclerites due to ocean acidification have also been found for the red
precious coral Corallium rubrum from the Mediterranean Sea (Bramanti et al. 2013;
Cerrano et al. 2013), where changes in sclerite structure, area and ratio between wide and
length were evident after one year of experimentation. Gabay et al (2014) (Gabay et al.
2014) reported no changes in sclerite morphology or microstructure for tropical soft
corals, suggesting that octocorals may protect their calcified structures with organic
tissue, thus isolating the negative effects of corrosive waters. Our data supports these
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findings, which might also suggest similar mechanisms as mentioned by Gabay et al
(2014).
We also analyzed sclerites that were isolated from the host and deployed in the
same treatment tanks to test for the biological control on sclerite integrity. Contrary to
expectations, there was no evidence of damage by pH treatment. One possibility is that
the levels of carbonate saturation we achieved in our experimental trial were above the
threshold for dissolution, which will depend on the type of calcium carbonate polymorph
C. delta uses for calcification. Normally, octocorals’ sclerites range between 4 and 16%
of MgCO3, including species common in the deep-ocean layers (Thresher et al. 2011;
Lebrato et al. 2016). Interestingly, C. delta belongs to a group of octocorals with highly
calcified axis and conspicuous external scale-type sclerites (calcaxonia) (Figure 3), which
are distributed in the majority of the cases from 60 m to 3000 m (Cairns and Bayer 2002).
In naturally low pH ocean basins such as Central and North Pacific there is a rich and
abundant community of calcaxonians where there is undersaturation for aragonite (Cairns
2010; Baco et al. 2017). Different physiological adaptations such as the capacity to
increase or maintain a gradient in the internal pH (pHi) (Venn et al. 2011) or the ability to
modify the carbonate chemistry at the sites of calcification (Raybaud et al. 2017) through
mechanisms involving ion pumping system (Cohen and McConnaughey 2003) have been
mentioned as factors that provide some resistance to ocean acidification. It has been
hypothesized that in some octocorals species (i.e. L. virgulata) calcification is DIC ratelimited, and that the sources and mechanisms for calcification are mainly external
bicarbonate (HCO3-) with approximately 70% of the carbon required to form sclerites
coming from the DIC in the surrounding water (Lucas and Knapp 1997).
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In summary, our evidence indicates that contrary to deep-water scleractinian
corals, octocorals might be more resilient than expected to changes in the seawater
chemistry and calcium carbonate saturation states, suggesting that this group has
developed special adaptations to resist corrosive waters and thrive in places where
scleractinian corals will dissolve. Nevertheless, experimental studies of ocean
acidification on deep-sea octocoral communities have not yet received much attention,
and there is a need for additional studies. Part of this lack of information could be related
to the difficulty and challenges for maintaining octocorals alive in artificial conditions
simulating global change experiments. With the technological advancement of
experimental aquaria systems plus the advancement of ROV’s and ocean exploration,
there is a growing interest in conducting this type of research to provide a better picture
of the effects of ongoing ocean acidification studies of deep-sea coral communities.
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4.6 Supplemental information

Table 4.2. ANOVA table for the response variables in the two experiments performed.
Survival exp. 1
Source
TIME
pH
TIME * pH
Error
Total
Polyp activity exp. 1
TIME
pH
TIME * pH
Error
Total
Survival exp. 2
TIME
pH
TIME * pH
Error
Total
Polyp activity exp. 2
TIME
pH
TIME * pH
Error
Total

Sum of
Squares
0.885
0.009
0.009
0.017
33.523

df
1
1
1
14
18

Mean
Square
0.885
0.009
0.009
0.001

F

Sig.

727.2
7.114
7.114

0.0001
0.068
0.018

0.638
0.029
0.219
1.162
11.447

1
1
1
14
18

0.638
0.029
0.219
0.083

7.685
0.346
2.645

0.015
0.566
0.126

0.23
0
0
0.079
70.971

1
1
1
28
32

0.23
0
0
0.003

81.729
0.154
0.154

0.0001
0.698
0.698

0.413
0.002
0.333
2.217
39.137

1
1
1
30
34

0.413
0.002
0.333
0.074

5.592
0.03
4.502

0.025
0.864
0.042
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CHAPTER 5
MORPHOLOGICAL ANALYSIS OF DEEP-SEA OCTOCORALS ALONG A
DEPTH GRADIENT: UNDERSTANDING THE INFLUENCE OF ECOLOGICAL
FILTERS AS STRUCTURING MECHANISM

5.1 Abstract
Ecological and evolutionary processes are important factors in community
assembly that determine the type of species that live in a certain habitat, and thus they are
responsible for the patterns of community structure seen in natural environments. In the
deep-sea, these mechanisms are poorly studied, especially in coral communities. In the
Northern Gulf of Mexico, octocorals are among the most conspicuous organisms that sort
along a depth gradient creating different assemblages segregated by depth. In order to
understand the influence of this segregation, in the present study I analyzed 10
morphological traits in 49 octocoral species (n=189) collected from 250 m to 2500 m in
order to disentangle the influence of environmental filtering in the community assembly.
Since it is known that different variables such as temperature, salinity, and other
physical-chemical parameters correlate with depth, I used them as proxy of
environmental filtering in order to test whether there are deterministic (non-random)
mechanisms that shape the community assembly of octocorals in the deep-sea. I found
that morphological traits including axis type, polyp shape, and polyp retraction differed
among species occupying shallow (250 – 800 m) vs. deep (1300 – 2500 m) assemblages.
Continuous traits such as polyp size, polyp density, and inter-polyp distance were
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significantly correlated with depth, particularly in the groups of plexaurids and isidids.
Polyp size and distance between polyps increased by depth, while polyp density
decreased, highlighting trait lability across depth. Moreover, I found that axis type and
type of sclerites in the polyps are conserved traits for the deeper assemblages, suggesting
that they are important traits for survival in deeper and colder depths. This finding
supports the importance of environmental filtering influencing octocoral assembly.

5.2 Introduction
Communities are composed of species that interact in space and time and are
regulated by different biotic and abiotic factors that act as “filters” influencing
community composition (Cavender-Bares et al. 2009, Kraft et al. 2015). There are three
main types of ecological filters that have been described: dispersal, abiotic factors, and
biotic interactions (Kraft et al. 2015). At local scales, ecological filters such as
competition and recruitment as well as environmental filters are the main structuring
processes (Kraft et al. 2015), while at the regional level (species pool level) connectivity
and dispersal are more important (Ricklefs 1987).
The environmental filtering concept relates to the different abiotic forces that
select against certain traits and/or species (Kraft et al. 2015). Recent studies have led to
the conclusion that environmental filtering alone is not the primary process structuring
communities, and that biotic factors such as competition could potentially give rise to
similar patterns (Kraft et al. 2015). For example, environmental filtering may cause close
relatives to locally coexist, because these species possess conserved traits that enable
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them to tolerate the same abiotic conditions. Alternatively, if the phenotype/trait is
associated with competitive dominance, competitive exclusion may result in divergence
along the local niche gradient (microhabitat, food resource), promoting coexistence of
close relatives (Silvertown et al. 2006), thus, adaptive divergence may also drive close
relatives into environmentally different niches along the β-niche gradient (macrohabitat,
abiotic gradient) (Pickett and Bazzaz 1978), particularly if traits are labile (Losos et al.
2003; Ackerly et al. 2006). Therefore, communities occurring in similar environmental
conditions may be composed of distant relatives with traits that match the environment.
Incorporating functional morphology and evolutionary history into community
ecology can reveal how environmental conditions, biotic interactions, and biological
traits influence community assembly (Cavender-Bares et al. 2009). One method to detect
an environmental filter in community assembly is to look for the correlation of traits to
environmental variables, which has been used to understand the influence of
deterministic processes in the assembly of natural communities (Cavender-Bares et al.
2004). On the other hand, explicit tests are typically required to rule out dispersal
limitation and competitive exclusion, which can yield community patterns similar to
environmental filtering (Kraft 2015); however, it is important to consider that this type of
experimental evidence is lacking from many biological systems. Nevertheless, analyses
of functional traits can be useful in explaining community structure by disentangling the
influence of environmental conditions (Cavender-Bares et al. 2004; Bridge et al. 2016). If
the environment selects for some adaptive traits (clustering of traits) but the community
consists of distantly related species, we will expect convergent trait evolution, whereas if
the community consist of closely related species, we will expect conserved trait evolution
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leading to a greater phylogenetic similarity (Cavender-bares et al. 2004b, Fukami et al
2005; Bridge et al. 2016).
Studies of the octocoral community in the deep Gulf of Mexico have been carried
out with the aim of understanding species composition and community structure
(Doughty et al. 2014, Quattrini et al. 2014). In general, the greater species richness occurs
at the shallowest sites (< 350 m) and the deepest sites (2100 – 2500 m) with a community
structured by closely related species from the families Isididae and Chrysogorgidae
(Quattrini et al. 2014), which appear to have originated and diversified in the deep ocean
(Pante et al. 2012). There is evidence that assemblages are partially segregated by depth,
with different species occupying distinct depth zones with little to no overlap (Quattrini
et al. 2014). Moreover, in at least one species of octocoral (Callogorgia delta) from the
Gulf of Mexico, the differentiation by depth is greater than the differentiation by
geographic distance (Quatttrini et al. 2015). Isolation by depth that limits gene flow is
one pattern that has been suggested for some species in the Gulf of Mexico driven by the
water masses and the factors that covary such as temp and pressure among others, which
may prevent gene flow between populations (Quattrini et al. 2013, 2015, Radice et al.
2016). McClain et al. (2012) showed that for deep-sea bivalves, environmental filtering
and dispersal limitation influences species distribution and turnover, moreover, Rex and
Etter (2010) found that there is a stronger influence across depth than horizontal distances
in 𝛃-diversity. The deep sea represents an environment where community assembly
processes are not well understood, and the abiotic influences have not been well explored
especially for deep-sea octocorals. However, for this community where species are
assembled across a strong abiotic gradient they are the ideal organisms to test these
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mechanisms. As analogous to plants where functional traits influence different ecological
processes that will be reflected at the ecosystem and evolutionary level (Cavender-Bares
et al. 2009), octocorals might have similar emergent characteristic due to their sessile
nature. The subclass Octocorallia (Phylum Cnidaria: Class Anthozoa) serves as an
interesting model to study the influence of environmental filtering in the process of
community assembly mainly because is species-rich (~3000 species) (Daly et al. 2007)
and they occur across a large depth range (from the subtidal to ~6000 m), with
corresponding changes in assemblage structure and species richness (Sánchez 1999;
Quattrini et al. 2014; Velásquez and Sánchez 2015). Although community assembly
processes in deep-sea octocorals have not been examined, shallow-water octocorals tend
to sort along environmental gradients of water quality, light intensity, and water
movement (Sánchez 1999; Velásquez and Sánchez 2015). Niche divergence along a
gradient in depth has been noted in at least three deep-sea octocoral genera (Baco and
Cairns 2012; Quattrini et al. 2013; Doughty et al. 2014).
As part of a large collaborative study to document deep-sea coral habitat in the
Gulf of Mexico (GoM), the present study tries to disentangle the influence of the
environmental filters on the structural assembly of the octocoral community living in the
deep sea by analyzing a species-by-traits matrix coupled with evolutionary information.
Morphological characters that encompass a variety of functions within the community
were examined. Depth was used as a proxy for environmental conditions, because other
abiotic factors (temperature, salinity, food supply) co-vary with depth in the GoM. If
environmental filtering were more important, then the assemblage composition and the
morphological traits of the species should be more similar than expected by chance
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(clustering of traits); if biotic interactions dominate, species composition within a
community should be phenotypically less similar than expected (overdispersion of traits)
(Webb et al. 2002).

5.3 Methodology
5.3.1 Collection and study site
As part of a collaborative study to document deep-sea coral habitats in the Gulf of
Mexico, a large collection of octocorals were conducted from hard bottom substrates
across 900 km and a large spatial gradient of >2,000 m of depth. Octocorals were
collected from 250 – 2500 meters across 27 hardbottom sites between 2008 and 2011
(Figure 5.1). During surveys, there was an exhaustive sampling method where the
remotely operated vehicles (ROV’s) traversed through areas of soft substrate while
tracking hard substrate features using forward-looking sonar (variable but typically at
100-m range) across ~1 km of the seafloor per dive. Collection of octocorals were
supplemented with video data to document all species at each site, and a complete
qualitative description of the main environmental variables for the collection site, which
include carbonate chemistry characterization of the collection sites (Georgian et al.
2016). This depth-related gradient, along with the correlated change in environmental
variables (i.e. temperature, salinity) was used as a proxy to assess the significance of
environmental filtering on species co-occurrence and its correlation with morphological
species traits, in order to explain the community assembly pattern for the deep-sea
octocoral community in the Northern Gulf of Mexico. It is believed that ecologically
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similar species in similar environments are expected to have similar traits, and that there
is no phenotypic plasticity associated with the traits (Ackerly and Cornwell 2007).
Several morphological traits were collected for a total of 52 species of octocorals by
direct measurement, and secondary information present in databases and peer review
papers for deep-sea octocorals (Table 5.1).

Figure 5.1 Sampling locations were octocoral collections were performed in the Northern
Gulf of Mexico (from Quattrini et al. 2017)

5.3.2 Morphological Trait Analyses
To evaluate the distribution of morphological traits in communities, eleven
different continuous and categorical morphological traits were analyzed (Figure 5.2,
Table 5.1). High-resolution images were taken of each octocoral fragment in different
planes and quantified using ImageJ (version 1.47). For each of these quantitative traits,
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up to ten measurements were taken on each coral fragment and then averaged to account
for intra-specific and intra-individual variation. For categorical traits, values were
obtained from images taken with the ROV prior to collection, from direct observation of
specimens in the laboratory and from the literature (Cairns and Bayer 2001, 2002, 2004;
Sánchez 2005; Daly et al. 2007; Dueñas and Sánchez 2009). Figure 5.3 shows some of
the representative fauna for the deep-sea octocoral community in the Gulf of Mexico.
Changes in quantitative traits with depth were examined using regression analyses. Polyp
density (#polyp cm−1), inter polyp distance (IPD), and polyp size (mm) were dependent
variables and depth was the independent variable.
Principal coordinates ordination analysis (PCoA) was also used to determine
whether the 11 morphological traits from species occurring together in local communities
differed among depths (PRIMER V7, Clarke and Gorley 2015). Averages among
individuals within a species were taken per site, and then, these data were normalized to
equally scale the continuous and categorical values. A resemblance matrix was then
constructed based on Gower’s dissimilarity index. Gower’s index (Gower 1971) was
chosen because it is more suitable for both quantitative and qualitative morphological
traits (Quinn and Keough 2002; Laliberté and Legendre 2010) and for scaling with PCoA
(Anderson et al. 2008). Pearson correlations (r >0.60) of the species traits were added as
vectors to the resulting PCo plot to determine the correlation of traits to a specific PCo
axis (Anderson et al. 2008) (Figure 5.2).
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Figure 5.2 Flow chart of the methodological steps used for the analysis of the
morphological traits in the context of environmental filtering. First, 11 morphological
traits were selected from which a species-by-trait matrix was constructed in order to
perform ordination analysis based on principal coordinates (PCo). Continuous traits were
also analyzed with regression analysis. Using the phylogeny of the octocoral community
from the Gulf of Mexico (Quattrini et al. 2014) we coupled the trait matrix in order to get
the phylogenetic signal of the community (K-statistic).
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Permutational techniques were then performed (PERMANOVA, PRIMER V7;
Anderson et al. 2008; Clarke and Gorley 2015) to test the hypothesis that morphological
traits differed among depths thus to test the environmental filtering influence.
PERMANOVA was applied using the unrestricted sum-of-squares type III model with
9999 iterations. Sites were categorized into three depth ranges: shallow (from 250 to 800
m), mid (from 800 to 1200 m) and deep (from 1200 to 2500 m). These depths were
chosen based upon results of the PhyloSor analyses (Quattrini et al 2017).
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Table 5.1 Morphological traits categorizations used in the analysis for the trait-based
approach.

Type
Categorical

Sub-type
None, gorgonin, non-

Axis type

scleritic calcite, scleritic calcite
Encrusting,

Colony shape

monopodial, candelabrum,
bushy, pinnate, fan-like
Non-dichotomous,

Branching pattern

single-plane dichotomous,
multiple-plane dichotomous
Cylindrical,

Polyp shape

elongate/clavate
Alternating, irregular,

Polyp arrangement

whorls
Retractable, non-

Polyp retraction

retractable
None, scales, calycular

Sclerite type in the polyp or
coenenchyme

thorn-scales, divergent spicula,
fusiform spindles, spindle,
flattened rods, rods, capstan,
radiates

Continuous

Polyp size (mm)
Inter-polyp distance (mm)
Polyp density (# polyps cm-1)
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A phylogeny for the deep-water octocoral community is available from Quattrini
et al (2014), which was used to incorporate traits data into an evolutionary context. The
degree of phylogenetic signal was examined using the K-statistic. This is a quantitative
measure of the degree to which phylogeny predicts the ecological similarity of species
and compares the observed signal in a trait to the signal under a Brownian-motion model
of trait evolution on a phylogeny (Blomberg et al. 2003). K values of 1 mean that traits
are evolving under a random, Brownian motion-like model, however, there is some
degree of phylogenetic signal or conservatism; K values greater than 1 (K>1) indicate
strong phylogenetic signal, thus traits are more conserved than expected. Finally, K
values closer to zero (K<1) indicate a random or convergent pattern of evolution. A null
model was created based on 999 permutations of shuffling traits across the tips of the
phylogeny. Significance was assessed by comparing observed values of K to the expected
values of K. Traits were conserved if K was in the upper 2.5% of the null distribution.
Traits with phylogenetic signal were mapped onto the phylogeny. The higher the Kstatistic, the more phylogenetic signal in a trait (picante package R; Kembel et al. 2010).
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Figure 5.3 Deep-sea octocoral diversity in the Gulf of Mexico. A) Callogorgia delta and
associates, B) Paramuricea biscaya and its associates, C) Iridigorgia magnispiralis
(1200-2300 m), D) Clavularia sp. (1300 m), E) Paramuricea sp., F) Structure of whorllike polyps in the members of the family Primnoidae, G) Non-retractable polyps of a
Bamboo coral Keratoisis (1800 m), H) Acanthogorgia sp. (400-800 m), I) Chrysogorgia
sp. (800-1500 m), J) Keratoisis (1200 m) (Pictures by A. Deciccio).
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5.4 Results
5.4.1 Community composition
Of the 49 species collected across 27 sites, octocorals in the HolaxoniaAlcyoniina clade, primarily in the family Plexauridae, and a few species in the
Calcaxonian–Scleraxonian clade (Chelidonisis a. Mexicana, Callogorgia spp. and
Plumarella spp.), dominated the shallow sites. One to five species from across both
octocoral clades (i.e., Holaxonia–Alcyoniina, Calcaxonia–Scleraxonia) occupied
individual mid-slope sites. The most commonly occurring species at these sites included
Paramuricea sp. B3, Swiftia cf. koreni, and Chrysogorgia sp. 1. At the deepest sites the
majority of species were Calcaxonians, with most species from the families Isididae and
Chrysogorgiidae.

5.4.2 Morphological traits
In total, eleven morphological traits of 189 octocoral colonies were analyzed from
49 species at the 27 collection sites. Most of the traits measured (e.g., polyp retraction,
polyp shape, branching pattern, Table 5.1 and 5.2) were more convergent than expected
under a Brownian motion model. K value ranged between 0.21 and 0.80 with p-values <
0.02 (Table 5.2). Two traits, however, were more conserved than expected: type of
sclerites in the polyps with K = 2.97, P= 0.001, and axis type with K = 4.77, P= 0.001)
(Table 5.2). Axis type is an important taxonomic characteristic of octocoral sub-orders
(Alyconiina, Calcaxonia, Holaxonia, Scleraxonia), whereas sclerite shape in the polyps is
often a diagnostic character at either the family or genus level. Continuous traits such as
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polyp size, inter-polyp distance and polyp density (# of polyps cm−1) were correlated with
depth (Figure 5.4).

Table 5.2 Phylogenetic signal obtained with the K-statistics for the measured
morphological traits. When K>1 traits are more conserved than expected by chance,
whereas K<1 traits are more convergent (traits are labile) than expected by chance under
a Brownian model.
Trait
Axis type
Polyp size (mm)
Inter-polyp distance (mm)
Polyp density (cm-1)
Polyp shape
Polyp arrangement
Polyp sclerite
Coenenchymal sclerite
Branching pattern
Polyp retraction
Colony shape

K-statistic

p-value

Phylogenetic signal

4.77
0.32
0.21
0.22
0.67
0.76
2.97
0.7
0.6
0.8
0.17

0.001
0.001
0.01
0.012
0.001
0.001
0.001
0.001
0.001
0.001
0.06

Conserved trait
Convergent trait
Convergent trait
Convergent trait
Convergent trait
Convergent trait
Conserved trait
Convergent trait
Convergent trait
Convergent trait
Convergent trait

Inter-polyp distance was positively correlated (r2 = 0.44, P< 0.01) and polyp
density was negatively correlated (r2 = − 0.34, P< 0.01) with depth. Thus, polyps tended
to be more dense and closer together in corals at shallower depths and less dense and
further apart in corals at deeper depths. Notably, higher variability in polyp density and
polyp size was observed in the shallow assemblage, within which no significant
relationship was found for polyp size vs depth (r2 = 0.02, P> 0.05). When looking at the
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data over the entire depth range, but within a taxonomic group (Keratoisidinae and
Paramuricea spp.), polyp size, inter-polyp distance, and polyp density were all
significantly correlated with depth (P< 0.01). Within taxonomic groups, polyp size and
inter-polyp distance increased with increasing depth (r2 = 0.34–0.70, P< 0.01; r2 = 0.48–
0.57, P< 0.01 respectively), while polyp density decrease in increasing depth (r2 = 0.70–
0.45, P< 0.01) (Figure 5.4).
In the principal coordinates (PCo) analysis, the percentage of the total variation
explained by the two first axes were greater than 80%; PCo1 explained the 56.3% and
PCo2 explained 24.2% of the variation (Table 5.3; Figure 5.5). The conserved trait of
axis type was highly correlated to PCo1 (r = 0.86), where positive values indicated
species exclusively with calcitic and non-scleritic axes, such as Chrysogorgia spp.,
Iridogorgia spp., Isidella sp. and Keratoisidinae. Negative values indicated species
primarily with axes composed of gorgonin, such as Paramuricea spp., Muriceides spp,
Swiftia spp., Sclerasis guadalupensis with some species having calcitic-scleritic axes,
such as Paragorgia spp. Polyp shape was also positively correlated to PCo1 (r = 0.94),
with positive values indicating clavate/elongate polyps and negative values indicating
cylindrical polyps. PCo1 was also negatively correlated (r = − 0.92) with the ability of
corals to retract their polyps, with positive values indicating non-retractable and negative
values indicating retractable polyps.
The conserved morphological trait of type of sclerite in the polyps was negatively
correlated to PCo2 (r = − 0.77), with negative values indicating the presence of spindles
and positive values indicating the presence of scales such as Callogorgia spp.,
Plumarella sp., Paracaliptrophora sp. Polyp density (# polyps cm−1) and polyp
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arrangement were also highly correlated with PCo2 (r = 0.82 and r = 0.72, respectively),
where positive values indicated octocoral colonies with polyps arranged irregularly or in
whorls and in higher densities (clustered) (Paramuricea spp., Muriceides spp.,
Acanthogorgia spp.) as opposed to polyps arranged in an alternating pattern with polyps
more separated and not forming clusters (Swiftia spp., Scleracis guadalupensis, and
Chelidionisis a. mexicana).
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Figure 5.4 Linear regression models between continuous morphological traits and depth
of a-c polyp size, d-f inter-polyp distance (IPD), and g-i polyp density. Dots are
represented for all taxa (a-d-g) (n=189), only for Paramuricea sp. (b-e-h) (n=23) and
Keratoisidinae spp. (c-f-i) (n=19).
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Figure 5.5 A) Ordination analysis of 49 species using principal coordinates (PCo)
analysis on the basis of Gower’s similarity matrix. Depths include: orange upward
triangles = shallow (250-800 m); blue downward-pointing triangles = mid (800–1200 m),
and black squares = deep (1200–2500 m). Vectors represent Pearson correlations (r >
0.60) of the morphological traits with the PCo axes. B) The scree plot provides a visual
representation of the variation explained by individual axes (black dots) and displays
which PCo axes capture the majority of this variation. PCo1 and PCo2 explained almost
80% of the variation based on the morphological data. C) Permutational ANOVA
(PERMANOVA, Anderson et al 2008) showing the p-values as well as the pair-wise
comparison.
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We found a significant effect of depth on the distribution of morphological traits
among the octocoral assemblages (PERMANOVA pseudo-F2,108 = 4.94, P< 0.001) (Fig
5.4-C). Although there was some overlap in morphological traits for species from
different depth ranges, traits found in species occupying shallower depths (250–800 m)
were significantly different (P<0.001) than those in the deeper assemblage (1200–2500
m). No differences were evident in morphological traits between assemblages at mid
depths (800–1200) and either shallower (P=0.11) or deeper communities (P=0.23).
Species that were characteristic of the shallow assemblage, such as Muriceides cf. hirta,
Paramuricea spp. A and E, and Scleracis guadalupensis, all have axes of gorgonin and
cylindrical polyps that are retractable, which tend to be packed or clustered at higher
densities (polyps cm−1). Species characteristic of the deep assemblage, such as
Chrysogorgia spp. Iridogorgia spp., and Keratoisidinae, all have axis types exclusively
of non-scleritic calcite and polyps that are non-retractable. Polyps are also arranged in an
alternating pattern, tend to be smaller, more separated, and in lower densities (polyps
cm−1). Most of the species in the deeper assemblage also exhibit sclerites in the form of
spindles or rods.

5.5 Discussion
The present study shows that environmental filtering is an important process
shaping octocoral community structure across a depth gradient in the GoM, as has been
shown in other benthic communities in the deep sea (McClain et al. 2012; Brault et al.
2013). Octocoral species in the GoM are sorted along an environmental gradient of depth,
but environmental filtering is acting on species composition of communities in different
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ways depending upon the depth of occurrence. A pattern in the octocoral assemblage
from the GoM is that species occurring within similar depth ranges are more related than
those from different depths (Quattrini et al. 2017), which supports the importance of
environmental filtering. For example, at the deepest sites (2300–2500 m) on the lower
slope, environmental filtering is causing close relatives with conserved traits to co-occur
(Figure 5.6), while on the upper and middle slope, the pattern of closely related species
with convergent (labile) traits is probably caused by adaptation that has enabled species
to occupy sites that are environmentally different. Interestingly, the pattern of
environmental filtering acting on phylogenetically labile traits in shallower depths and
conserved traits in deeper depths is similar to patterns in terrestrial plant communities
that sort along a gradient of water availability (Savage and Cavender-Bares 2012). This
pattern has also been observed for other coral reef organisms, where conserved
morphological traits predict species distribution in different biogeographic settings
including a depth gradient (Bridge et al. 2016). These results lend support to different
evolutionary and ecological processes dominating within different depth ranges (and with
different abiotic covariables) across the continental slope.
Our results from the principal coordinates analysis show that the species’ traits
change along the environmental gradient of depth where the shallower assemblage (<800
m) is significantly different than the deeper assemblage (>1200 m). In the GoM, water
masses are highly stratified down to 1000 m (Rivas et al. 2005), and patterns in species
distributions appear to closely match water masses (also see Radice et al. 2016). Deeper
than 1000 m in the GoM, North Atlantic Deep Water (NADW), characterized by
relatively cold and stable temperatures (~4–8 °C), dominates (Rivas et al. 2005). Niche
divergence along this gradient is likely resulting from populations dispersing into
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different depths followed subsequently by adaptive divergence (Quattrini et al. 2013,
2015, Prada and Hellberg 2013). Boundaries between water masses could serve as
physiological barriers to dispersal, particularly on the upper to middle slope (200– 1000
m) as temperatures can vary from approx. 5–12 °C among sites and even over the course
of a year at a single site (Georgian et al. 2016). These low temperatures combined with
increased hydrostatic pressure may present an adaptive challenge for species. It is also
likely that lower-slope species cannot tolerate the warm and variable temperatures that
occur above 1000 m in the GoM (Rivas et al. 2005; Georgian et al. 2016). Some lowerslope species may also not survive in shallower depths because of stronger predation
pressure. Although water masses seem to serve as absolute barriers to larval dispersal to
deeper sites, there is evidence that dispersal can occur across water mass boundaries in
the deep sea, thus, different mechanisms such as larval behavior, and/or larval inviability
(i.e. mortality) might be responsible for the community structure seen in some deep-sea
organisms (Etter and Bower 2015). Therefore, larvae that successfully pass into different
water masses (i.e., different depth ranges) and survive to reproductive age (larval
viability) may undergo adaptive divergence (Prada and Hellberg 2013; Etter and Bower
2015; Quattrini et al. 2015).
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Table 5.3 Pearson correlations of morphological traits that had correlations > 60% (r >
0.6) with either of the two main principal coordinate axes.

Morphological trait
Polyp shape

PCo1

PCo2

0.943

0.065

Negative value on

Positive value on

PCo axis

PCo axis

Clavate/Elongate

Cylindrical

Gorgonin and
Axis type
Polyp retraction
Polyp density (# polyps
Polyp arrangement

cm-1)

0.839

0.017

scleritic calcite

Non-scleritic calcite

-0.922

-0.027

Retractable

Non-retractable

-0.123

0.823

Lower density

Higher density

-0.163

0.72

Alternating

Whorls

Spindles and
Polyp sclerite

-0.079

-0.757

rods

Scales

On the upper and middle continental slope, most of the measured traits were
phylogenetically convergent (labile) (Figure 5.6-A). This could be a result of strong
selection for morphological traits that allow the octocorals to take the advantage of
different niches, similar to studies of different octocoral species in shallow waters
(Sánchez et al. 2003, Kim et al. 2004; Prada et al. 2008; Prada and Hellberg 2013;
Rowley et al. 2015). In the present study, three continuous traits linked to food
availability and selectivity were found to be labile across depth. At the community level,
inter-polyp distance and polyp size increased with increasing depth, within both
Paramuricea and Keratoisidinae. Moreover, within genera and across multiple genera,
polyp density, another trait that varied along the depth gradient, was negatively correlated
with depth. Deeper populations of Paramuricea spp. and a group of bamboo corals
(Keratoisidinae) exhibited less dense polyps, thus suggesting that this trait has been under
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selection by the ecological factors that varied with depth. This pattern has been found in
octocorals spanning a depth range from photic to mesophotic reefs, where deeper coral
colonies are on average less than one-half the size of shallow colonies and have one-half
their polyp density (Prada et al. 2008, Kim et al. 2004). This significant correlation in
some genera suggests that these traits may result in an improved ability to capture more
food at deeper depths where food is limiting. At shallower sites, high variability in polyp
size and inter-polyp distance was evident among species, suggesting that different species
may specialize on different food particle sizes, and this could lead to local coexistence of
numerous species at shallower sites. It remains to be tested whether competition of strong
enough to drive this process and whether rare species can co-exist with more abundant
species by specializing in capturing different sized food particles. Our trait-based
analyses lend further support to the idea that environmental conditions can influence
octocoral morphology and distribution, and potentially contribute to ecological speciation
(Prada and Hellberg 2013; Velásquez and Sánchez 2015).
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Figure 5.6 Schematic diagram of the environmental filter in the octocoral community of
the Gulf of Mexico. From left to right, A) phylogenetic tree of the octocoral community
from the Gulf of Mexico (Quattrini et al 2014) onto which the conserved are mapped.
The tree is divided according to the Holoxonia-Alcyoniina clade (upper tree), mainly
species that are distributed in the upper-mid slope and Calcaxonia-Scleraxonia clade
(lower tree), with species that are distributed in lower slope B) different water masses
that potentially are filtering the species composition. Dashed red line represents the point
where there is a segregation in community between shallow-mid and deeper assemblage
according to the morphological traits and C) shallower assemblages composed of traits
that are convergent (labile), while in the deeper assemblage traits are conserved. Sclerite
type color: light-green=scales, dark-green=radiates, dark-grey=capstan, light-grey=rod,
blue=thorn-scale, light-blue=fusiform-spindle, black=spindle.
Ecological factors associated with depth gradients such as sediment load, quality
and composition of food, predation intensity, and other inter-specific interactions exert
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selection on different morphological traits leading to adaptive divergence as was found in
the octocoral community in the Gulf of Mexico. The presence/absence of retractable
polyps, a character often used in octocoral taxonomy (Bayer 1981), was also important in
the principal coordinate analysis. Species may face severe selection for protection of the
oral disk and tentacles to have evolved retraction mechanism (highly developed marginal
muscles), for example in the presence of strong predation (Swain et al. 2015). Normally
species with highly developed marginal muscles are more commonly found in the
shallower areas compared to species found in deeper zones (Stotz 1979, Daly et al. 2002,
Swain et al 2015). Our results show that the majority of species that had the ability to
retract polyps were found in shallower depths (such as the family Plexauridae), where
predators are generally more abundant (Carney 1994). Octocorals with non-retractable
polyps that have spindle or rod-shaped sclerites in the polyps may have decreased
survival at these shallower depths. Some morphological characteristics, such as the
inability to retract polyps and smaller, rod/spindle shaped sclerites in polyps may not
afford protection from predators. At depths > 2000 m in the GoM, environmental filtering
of species with traits enabling survival in deep-water conditions (e.g., higher pressure,
colder temperatures, lower carbon flux, lower calcium carbonate saturation states)
appears to influence octocoral community assembly. At the deep sites in Desoto Canyon,
communities consisted of species in the families Chrysogorgiidae and Isididae, and these
families have diversified in deep water worldwide (Pante and Watling 2012). Species
within Chrysogorgiidae and Isididae may be more tolerant of the environmental
conditions associated with greater depths. Many deep-sea organisms have enzymatic and
membrane-fluidity adaptations to higher pressure and lower temperatures (Somero 1998;
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Brown and Thatje 2014), although these have not yet been investigated in corals. Of
particular relevance for corals, isidids and chrysogorgiids appear to be living at lower
calcium carbonate saturation states than other calcifying organisms, suggesting that these
species have highly specialized adaptations for surviving in these conditions (Bostock et
al. 2015). Tissue layers surrounding the calcitic, non-scleritic axes could provide some
protection from corrosive waters (Gabay et al. 2014). The evolutionary success of
Isididae in deep waters may also be driven in part by traits that have enabled them to
capture more food in a nutrient-poor environment, as evidenced by having overall larger
polyps compared with species in shallower depths.
Our results showed that environmental filtering is an important structuring
mechanism in deep-sea octocorals from the Gulf of Mexico. Here, depth acts as a barrier
segregating the community in the upper and mid-slope where traits are convergent, more
likely due to niche specialization and in from the lower-slope with species that exhibit
conserved traits. In the upper slope, niche specialization appears to be the dominant
selective force, while the deeper assemblages are composed of species from a few select
families due to environmental filtering. Throughout the depth range, polyp size and polyp
density were significantly correlated with depth, showing the key role these traits play in
the evolution of deep-sea corals.
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5.6 Supplemental Information

Table 5.4. Pearson correlations of the 11 morphological traits in the three main principal
coordinate axes

PCo1
PCo2
PCo3

AT

PS

IPD

PD

0.839
0.017
0.293

-0.334
-0.372
-0.526

0.264
-0.513
-0.182

-0.123
0.823
0.012

PSh

0.943
0.065
0.042

PArr

PScl

CScl

-0.163
0.720
-0.191

-0.079
-0.757
0.417

-0.305
-0.170
0.543

BP

CSh

PR

0.068
-0.188
0.337

-0.259
0.521
0.496

-0.922
-0.027
0.096

AT=axis type; PS=polyps shape; IPD=distance between polyps; PD=polyps per cm;
PSh=polyps shape; PArr=polyp arrangement; PScl=polyp sclerites; OScl=opercular sclerites;
CScl= coenen. sclerites; BP=branching pattern; CSh=colony shape; PR=polyp retraction
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Table 5.5. Morphological trait data for species used in K-statistic analyses.

Species

Axis Type

Avg Distance
Avg Polyp
Avg #
BW Polyp
Size (mm)
polyps/cm
(mm)

Polyp
shape

Polyp
Arrangement

Polyp
Sclerite

Coenenchyme
sclerites

Colony Branching polyps
Shape
Pattern
retract

2.00

4.24

1.41

12.02

1.00

1.00

4.29

2.40

8.75

1.00

1.00

5.00
5.00

5.00
5.00

4.00
4.00

Anthothela sp. 1 nov sp.

2.00
3.00

3.00

1.00
1.00

4.00

3.00
3.00

3.96

4.83

6.10

1.00

1.00

6.00

6.00

Anthothela sp. 2

3.00

2.67

2.33

9.75

1.00

1.00

6.00

6.00

4.00

3.00

Anthothela sp. 3

3.00

3.79

3.17

5.40

Callogorgia americana

4.00

1.42

2.18

18.51

1.00
2.00

1.00
3.00

1.00

6.00

6.00

4.00

3.00

2.00

7.00

5.00

2.00

1.00
1.00

Callogorgia delta
Callogorgia gracilis

4.00

1.43

2.10

17.73

2.00

4.00

1.30

2.00

16.93

1.00

3.00

2.00

7.00

5.00

2.00

1.00

3.00

2.00

7.00

5.00

2.00

cf. Echinomuricea

2.00

6.21

1.25

16.20

1.00

2.00

8.63

1.00
1.00

1.00

3.00
9.00

3.00
9.00

6.00
4.00

3.00
3.00

Chelidonisis a. mexicana

4.00

0.89

0.96

2.00
2.00

Chrysogorgia averta

4.00

NA

Chrysogorgia sp. 1

4.00

0.89

NA

NA

1.00

1.00

8.00

2.00

4.00

3.00

2.00

0.96

8.63

1.00

1.00

8.00

2.00

4.00

3.00

Clavularia rudis

1.00

6.25

2.00

3.60

6.67

1.00

2.00

6.00

6.00

1.00

1.00

Corallium niobe

3.00

2.00

4.00

2.40

5.00

1.00

2.00

10.00

10.00

6.00

3.00

Corallium sp. 1

1.00

3.00

NA

NA

NA

1.00

2.00

10.00

10.00

4.00

3.00

1.00

Iridogorgia magnispiralis

4.00

2.96

5.83

2.20

2.00

1.00

6.00

6.00

2.00

1.00

1.00

Iridogorgia splendens

4.00

2.89

8.00

2.00

2.00

1.00

6.00

1.00

2.00

1.00

1.00

Keratoisidinae I2

4.00

4.62

5.01

3.48

2.00

1.00

6.00

6.00

4.00

2.00

1.00

Keratoisidinae N1a

4.00

4.71

6.67

3.55

2.00

1.00

6.00

6.00

5.00

2.00

1.00

Keratoisidinae nr J2a

4.00

4.90

6.33

2.80

2.00

1.00

6.00

6.00

6.00

2.00

1.00

Keratoisidinae S1

4.00

1.94

3.21

5.85

Lepidisis kerD1c

4.00

4.25

4.67

4.04

1.00
1.00

1.00
1.00

6.00
6.00

1.00
1.00

3.00
2.00

2.00
1.00

2.00
1.00

Muriceides cf. hirta

2.00

6.96

3.07

10.06

1.00

2.00

6.00

6.00

3.00

3.00

2.00

Narella pauciflora

4.00

NA

NA

NA

1.00

3.00

2.00

2.00

3.00

2.00

1.00

Paracalyptrophora carinata
Paragorgia johnsoni

4.00
3.00

2.21
2.00

2.94
2.50

22.53
9.40

1.00

2.00

2.00

6.00

2.00

1.00

1.00

3.00
2.00

10.00

10.00

6.00

2.00

2.00

Paragorgia regalis

3.00

2.25

3.40

6.33

1.00

2.00

10.00

10.00

6.00

2.00

2.00

Paragorgia sp1

3.00

1.81

1.00

14.86

1.00

2.00

10.00

10.00

3.00

2.00

2.00

Paramuricea biscaya
Paramuricea sp. B3
Paramuricea sp.A

2.00
2.00
2.00

2.99
2.22
2.84

3.57
1.88
2.53

6.79
12.84
12.73

1.00
1.00
1.00

2.00
2.00
2.00

3.00
3.00
3.00

3.00
3.00
3.00

6.00
6.00
6.00

3.00
3.00
3.00

2.00
2.00
2.00

Paramuricea sp.E

2.00

2.08

1.89

15.66

1.00

2.00

3.00

3.00

6.00

3.00

2.00

Paramuricea sp.H

2.00

1.75

2.50

14.40

1.00

2.00

3.00

3.00

6.00

3.00

2.00

Plumarella pellucida

4.00

1.00

1.00

10.71

2.00

1.00

2.00

2.00

5.00

2.00

1.00

Scleraxonia nov. sp. 1

3.00

4.67

4.00

4.75

1.00

2.00

6.00

10.00

4.00

3.00

2.00

Sibogagorgia cauliflora

3.00

4.25

4.83

5.75

1.00

2.00

10.00

10.00

6.00

3.00

2.00

Swiftia cf. koreni

2.00

2.75

4.50

5.45

1.00

1.00

8.00

9.00

6.00

3.00

2.00

Swiftia pallida

2.00

3.68

3.33

5.80

1.54

3.06

5.86

8.00
8.00

9.00
9.00

3.00
6.00

2.00

2.00

1.00
1.00

2.00

Swiftia sp. 1

1.00
1.00

2.00

2.00

Acanthogorgia aspera
Acanthogorgia sp. 1
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1.00

CHAPTER 6
SUMMARY
The present study was aimed at expanding the understanding of the effects of
ocean acidification in deep-water corals based on existing evidence of a negative
response to changing environmental conditions. This study focused on some of the most
important elements of the deep-sea in the Gulf of Mexico, such as the reef-forming
scleractinian coral Lophelia pertusa and the octocoral Callogorgia delta, both of which
are important functional species. Lophelia pertusa is a globally distributed cold-water
coral widely used for climate change and more specifically ocean acidification research.
To date, the great majority of studies about climate change and deep-water corals
have been performed in controlled environmental conditions over days to weeks (shortterm response), which have been known for its limitation, being hardly extrapolated to a
more realistic scenario (Form and Riebesell 2012). In the Gulf of Mexico, there have
been only two studies with L. pertusa and ocean acidification, both in short-term
experiments (Lunden et al. 2013, Georgian et al 2016). Therefore, one particular aim was
to advance these previous studies and to test the long-term calcification response of L.
pertusa at future levels of ocean acidification and compare this response with short-term
incubations in order to reveal possible adaptive mechanisms. All of the results and
discussion about this research was presented in Chapter 2. As a main conclusion, I found
that there is no evidence of an adaptive response in the long-term, at least in the variables
measured such as calcification and enzyme activity. In fact all corals used in the
experiment responded negatively, however, we found that high variability in the
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individual response can be tracked at the genotype level, which might potentially be
adaptive in the long-term process.
Another component of ocean acidification and Lophelia pertusa was investigated
in chapter 3 with another population of this coral that is found in the US California
margin under the upwelling influence of the California Current System (CCS). The
present conditions in the CCS are similar to those that are expected to occur by the end of
the century, in which living organisms might be experiencing ocean acidification sooner
(Gruber et al., 2012). This information is crucial to understanding the ecosystem response
to ocean acidification in the CCS and beyond. The results from this component were
aimed at 1) characterizing the carbonate chemistry at the site of collection and
2)performing experiments based on those values of carbonate chemistry. These results
highlighted the corrosive conditions in which this population lives, with values for
aragonite saturation < 1 (Ω<1) and pH values of 7.8, which is one of the lowest ever
reported for this species. Surprisingly, in the experimental component we found that the
calcification response was highly affected at the conditions normally experienced
compared to the “normal” conditions elsewhere in the world for this species. Therefore,
Lophelia pertusa is persisting along the California margin under more challenging
carbonate chemistry conditions than have been found in other populations, which could
have major ecological implications within the next 20-30 years.
Chapters 4 and 5 were dedicated to other important deep-water corals, the
functional group Octocorallia, in order to explore 1) the response of this group to ocean
acidification through a series of controlled experiments, and 2) to try to understand
multiple processes of community assembly and environmental filtering that ultimately
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will define how this ecosystem can respond to environmental disturbances. In the
Northern Gulf of Mexico, octocorals sort along a depth gradient > 2500 m creating
different community structures partially segregated by depth. Octocorals are an
interesting group to test for these hypotheses because the species contains a wide array of
morphological features, which can be genetically or environmentally mediated, however
they are still poorly investigated in deep-water environments. One critical part of this
octocoral component was to explore methods to keep these organisms alive and be used
in further experiments. In chapter 4, I presented the results of two experimental trials with
Callogorgia delta exposed to ocean acidification and indicated minimal effect on
survival, polyp activity and surprisingly also in the sclerites, which are the calcified
structure that are characteristic for this group of corals. This piece of information is very
important because very few experimental studies has been published in deep-sea
octocorals, particularly simulating future levels of ocean acidification.
Following on the experimental results from chapter 4, but in a more general
framework of how environmental variables have an influence in the community assembly
of the octocoral community, the results presented in chapter 5 were obtained from an
integrated database of species list and morphological traits that I specifically developed
for this component. With this data I was able to test the hypothesis that the segregation
might be related to environmental filtering, conditions that allow for different
specializations in resource acquisition, and physiological adaptations to depth. In the
deep-sea these mechanisms are poorly studied, especially in coral communities.
Interesting findings of this study were that some morphological traits explain the
segregation patterns, where the shallow assemblage significantly differ from the deep
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assemblage in terms of morphological and adaptive traits, which had not been studied
before in this group. This information adds to the limited body of work performed on
octocorals and can help in the understanding how an ecosystem can change in times of
warming and ocean acidification.
Deep-sea research is still a relatively new field of study, specifically in
experimental work. Future directions should include more in situ studies in order to link
experimental with field data and be able to get a more realistic scenario. There are still
many gaps in the characterization of deep-sea coral reefs in terms of carbonate chemistry
and carbonate budget in times of warming and ocean acidification. This information will
be important in order to understand if deep-sea corals bioherms will shift from net
accretion to net dissolution, or if there will be a buffer capaticy strong enough to counter
balance dissolution. These questions will need to be answered within the field of deep-sea
research.
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NOTES

Chapter 2 was completed with the help of Melissa Kurman, Sam Georgian, Jay
Lunden and Erik Cordes. Part of this work was originally published in the journal
Frontiers in Marine Sciences in May 2017. Melissa Kurman was an undergraduate
student at Temple University at the time of the study. Carlos E. Gómez conducted the
experiments, analysed the data and wrote the manuscript with equal contribution of
Melissa Kurman. Sam Georgian and Jay Lunden helped in the field work collecting the
corals and Erik Cordes provided advice and guidance to the whole project. Erik Cordes
secured the funding for this project. All co-authors were involved in the final edition of
the manuscript.
Chapter 3 was originally published in PeerJ in August 2018. Leslie Wickes, Dan
Deegan, Peter Etnoyer and Erik Cordes are co-authors on this study. All the experimental
work, results and analysis were conducted by Carlos E. Gómez. Erik Cordes provided
critical feedback in the experimental design and data analysis. The manuscript was
written by Carlos E. Gomez with input of the co-authors. Dan Deegan was an
undergraduate student at Temple University at the time of the study and helped
performing the experiments. All of the co-authors were crucial in the study and helped in
different stages of the study and in the editing of the manuscript.
Chapter 4 was completed with help of Dan Deegan and Erik Cordes. Dan Deegan
helped in performing the experiments and in the seawater chemistry analysis, and Erik
Cordes provided critical advice for the experimental design and secured funding for this
project.
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Chapter 5 was completed with the help of Andrea Quiattrini and Erik Cordes.
Carlos E. Gómez conducted the analysis of morphological traits including data collection
and statistical analyses that were used in conjuction with phylogenetic data that was
conducted by Andrea Quiattrini. Andrea Quattrini and Erik Cordes collected the samples
in the Gulf of Mexico and Erik Cordes provided funding for the project.
All the work presented in this dissertation was conducted by Carlos E. Gómez and
written by Carlos E. Gómez.
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