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ABSTRACT
Cold-water corals increase habitat heterogeneity and enhance biodiversity in deep
waters worldwide. Despite the recognition of their importance in the deep sea, limited
data exist on the ecology and evolution of deep-water corals. The overarching goal of this
dissertation research was to integrate molecular, morphological, and ecological data to
understand the degree to which populations are connected, species are distributed, and
communities are assembled in the deep (250-2500 m) Gulf of Mexico (GoM).
Specifically, several hypotheses were tested regarding the roles of environmental
variables, particularly depth, influencing population and community structure.
Combining phylogenetic and population genetic approaches with ecological data enabled
species delimitations of many taxa while demonstrating that deep-water populations and
communities diverge over short bathymetric distances. It appears that population
isolation, congeneric species replacement and changes in community composition occur
rapidly with depth, and these changes are likely due to a combination of both dispersal
limitation and adaptive divergence with depth. Local self-recruitment may also be strong
within any one site. Furthermore, results suggest that evolutionary history and neutral
dynamics play a critical role in octocoral community assembly in the deep sea. This
dissertation not only contributes a substantial amount of evolutionary and ecological
information on a poorly studied group of foundation species in the deep sea, this research
has broader implications for aiding in efforts to protect these long-lived, foundation
species from anthropogenic disturbances.
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CHAPTER 1
INTRODUCTION
1.1 Background
Understanding how geography, history, environmental factors, and ecological
interactions generate and maintain biodiversity is a central goal in ecological and
evolutionary studies. With global biodiversity declining at an unprecedented rate (Sala et
al. 2000), it has become increasingly crucial to understand how these processes have
shaped the tree of life. Phylogenies serve as the foundation for not only understanding
how biodiversity and morphological innovations are generated, but also for facilitating
conservation efforts. Robust phylogenetic hypotheses, however, are lacking for numerous
taxa across the entire tree of life due to the absence of numerous, phylogenetically
informative markers and inadequate taxon sampling. Additionally, species boundaries are
either unknown or unclear for many taxonomic groups, yet defining species is the first
step for accurate biodiversity estimates and for targeted conservation efforts. Therefore,
in order to effectively conserve biodiversity, it is critical to have a solid foundation of the
phylogenetic relationships of taxa that inhabit terrestrial, freshwater, and marine
ecosystems across the globe.
Integrating phylogenies with ecological data can also advance our understanding
of how evolutionary and ecological processes shape the maintenance and assembly of
communities. Although both abiotic (e.g., environmental parameter) and biotic (e.g.,
competition, predation) factors contribute to the species that comprise local communities,
evolutionary history is ultimately responsible for generating the regional species pool that
can assemble into local communities (e.g., Ricklefs 2006). Adding ecological and
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phenotypic traits to phylogenies can help in determining the major processes responsible
for community assembly. For example, ecological divergence of closely related species
across environmental and/or resource-use gradients can potentially lead to adaptive
divergence within populations and further promote the coexistence of species across
various spatial scales. By examining the underlying genetic variation within and among
populations along niche gradients, we can begin to link ecology with the evolutionary
mechanisms responsible for generating patterns of diversity.

1.2 Deep-Sea Evolution and Ecology
The deep sea harbors some of the most biodiverse ecosystems on the planet, yet
how and where such biodiversity is generated remains poorly understood. Few
geographic and oceanographic barriers in the deep sea provide a challenge for explaining
how populations become isolated in the apparent presence of gene flow. Contrary to
popular belief, however, the deep sea is not a homogeneous environment. A considerable
amount of environmental complexity occurs in the deep sea, particularly along and across
the continental slope, including topographical (e.g., bioherms, submarine canyons) and
oceanographic (e.g., current fluctuations) complexity. Furthermore, environmental factors
and water mass characteristics (e.g., temperature, hydrostatic pressure, food supply) can
change rapidly with depth. This environmental complexity found on the continental slope
lead Rex and Etter (2010) to propose the depth differentiation hypothesis, which suggests
that continental slope may be the zone most conducive to population differentiation and
the formation of new species in the deep sea. Depth and depth-related factors are often
recognized as the most important factors in shaping population and community structure
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of deep-sea taxa. Congeneric species replacement often coincides with changes in depth
(e.g., Goffredi et al. 2003; Wei et al. 2010). Notable shifts in community structure also
occur at particular depths (~500 m, ~1000 m and ~2000-3000 m) across the continental
slope in many regions worldwide (Carney 2005), but the reasons as to why such shifts
occur remain unclear. Additionally, significant population differentiation is commonly
observed across relatively small bathymetric gradients (France and Kocher 1996;
Jennings et al. 2013). It is possible that strong environmental gradients with depth and a
highly heterogeneous landscape (Levin et al. 2001) in the bathyal region create different
selective regimes, thus promoting adaptive divergence in deep-sea species (Rex and Etter
2010). Furthermore, the coexistence of numerous, closely related species inhabiting
extreme environments suggests that ecological specialization is also important in species
diversification (Levin 2005; Bernardino et al. 2012).
Environmental disturbances and historical climatic events (warming/cooling
periods) have been suggested to cause migration of shallow water species into the deep
sea, establishing an onshore-offshore pattern in evolution (e.g., Jablonski and Bottjer
1990). The potential for coastal species to invade the deep sea has been confirmed in
echinoderm larvae, which appear to tolerate higher pressures and colder temperatures
indicative of deeper environments (Young and Tyler 1993; Tyler and Young 1998). If
shallower depths do in fact serve as origins of genetic material to deeper depths, then
population genetic models of migration and demographic history should indicate down
slope dispersal across the continental slope. To date, only one study has examined
migration rates/directions in deep-sea taxa using genetic methods with respect to
migration across the slope. Jennings et al. (2013) found very limited dispersal from
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shallow to deep depths at a depth boundary of ~3000 m, since an estimated divergence
time of 95,000 years ago. Although the origins of many deep-sea faunal groups appear to
have arisen in near-shore environments (Jablonski and Bottjer 1990), the opposite pattern
of repeated invasions of deep-sea fauna into shallow water has also been documented
(Lindner et al. 2008). It is clear that a more comprehensive understanding of the
evolutionary forces that shape deep-sea biodiversity is greatly needed, particularly with
the imminent threat of anthropogenic disturbances, such as hydrocarbon exploration and
extraction, destructive fishing practices, and mining activities, moving into deeper waters
Determining migration rates and pathways of genetic exchange and dispersal will not
only increase our knowledge of sources and sinks, such knowledge can be integrated into
the development of conservation plans.

1.3 Octocorallia (Phylum Cnidaria: Class Anthozoa)
Because of their profusion in the marine realm, octocorals are an ideal system to
determine important evolutionary and ecological processes that have shaped biodiversity
in the deep sea. Octocorallia is a species rich (~3000 species) sub-class of anthozoan
corals in the Phylum Cnidaria that can be found in habitats as diverse as shallow-water
tropical reefs, cold Antarctic waters, tidally influenced rocky shores, and the deep sea
(Daly et al. 2007). In fact, >75% of all known octocoral species inhabit depths > 50 m
(Cairns 2007). Octocorals are key foundation species in marine habitats, supporting
faunal assemblages that include obligate, endemic, and commercially important species
(Mosher and Watling 2009; Cho and Shank 2010; Krieger and Wing 2002).
Unfortunately, octocorals are becoming increasingly vulnerable to anthropogenic
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disturbances, including climate change, fishing, and hydrocarbon extraction (Goulet
2006; Crowder et al. 2008; White et al. 2012). Direct impacts from such activities were
recently documented during the Deepwater Horizon oil spill in the Gulf of Mexico, which
caused substantial damage to octocorals in deep (1300 m) waters (White et al. 2012).
Therefore, determining species boundaries and the level of genetic diversity within and
among species is critical for the successful restoration of damaged habitats and future
conservation efforts aimed at protecting these long-lived, slow-growing species (Andrews
et al. 2002).

1.4 Octocorallia Phylogenetics
A recent review by McFadden et al. (2010) highlighted the need for phylogenetic
studies, stating that among all cnidarians the phylogenetic relationships within octocorals
remain the least well understood, and the current ordinal and familial-level taxonomies
are unstable. In fact, the molecular phylogenetics of octocorals is severely lagging behind
many other marine groups. Existing phylogenetic datasets, which generally only include
mitochondrial data and nuclear rDNA, have revealed extreme polyphyly at every level
(order, family, genus) and numerous polytomies across the entire octocoral tree
(McFadden et al. 2006). Furthermore, the species boundaries of numerous taxa are
unclear. It remains unknown whether these patterns are due to incomplete lineage sorting
in gene trees, insufficient data due to the small number of currently available markers,
and/or lack of morphological synapomorphies in species taxonomy. Further confounding
species delimitation is that morphological characters (sclerites, polyp number,
arrangement, axis type) that have traditionally been used are often very similar among
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species and have been noted to be subject to phenotypic plasticity (e.g., Prada and
Hellberg 2013).
The extended mitochondrial barcode (COI+igr1+mtMutS) is the only locus that
has proved useful for revealing cryptic species and delineating species boundaries within
some clades of closely related species; however, the divergence criterion proposed
(McFadden et al. 2011) to elucidate these boundaries is low (>0.5% p-distance) relative
to other taxonomic groups (Herbert et al. 2003) and often no genetic divergence is
observed among individuals within the same species or even among congeneric species
(McFadden et al. 2011). This low genetic variability in the mitochondrial genome has
been attributed to a unique mis-match repair enzyme (mtMutS) that repairs deleterious
mutations (Bilewitch and Degnan 2011). The mtMutS gene has also been proposed to
cause the substantial differences in mitochondrial evolutionary rates between octocorals
(50-100X slower) and other metazoans (Hellberg 2006).
mtMutS may also be an important mechanism in the evolution of octocorals’
mitochondrial genomes (Brockman and McFadden 2012). Frequent gene block inversions
have been noted across the octocoral tree, and mtMutS likely promotes recombination by
double-stranded break repair (Brockman and McFadden 2012). In contrast to the
recombination of conserved gene blocks in octocorals, extensive gene shuffling is
apparent in the mitochondrial genome of hexacorals. Long-standing views have accepted
octocorals and hexacorals as sister clades in the Class Anthozoa, based primarily on
morphological characters, life cycle traits, mitogenomic structure, and on nuclear rDNA
data (Daly et al. 2007; Collins 2009). However, recent phylogenetic hypotheses (Kayal
and Lavrov 2008; Park et al. 2012; Kayal et al. 2012) based on whole mitochondrial
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genomes have suggested that Anthozoa is paraphyletic, with octocorals sister to the
Medusozoa (including hydrozoans, cubozoans, scyphozoans, staurozoans, see Collins
2009). Although these hypotheses have been dismissed for various reasons (see Collins
2009), the linear mitochondrial genomes of medusozoans share conserved gene blocks
with octocorals (Brockman and McFadden 2012; Kayal et al. 2012). These unique
genomic characters in octocorals and medusozoans necessitate a closer and more
thorough examination of the phylogenetic relationships of cnidarians.

1.5 Chapter Aims
The following five chapters will address several hypotheses regarding the ecology
and evolution of octocorals, with a particular focus on octocorals in the deep Gulf of
Mexico. I coupled phylogenetics, population genetics, video analysis, multivariate
statistics, null models and morphological data to address the role of abiotic factors,
particularly depth, in structuring species distributions, local communities and populations
within the GoM. I compared communities across 33 sites in the GoM, while addressing
additional questions on two of the most abundant genera in the deep GoM, Callogorgia
Gray 1858 and Paramuricea Kölliker 1865. In Chapter 2, I found support for the
hypothesis that congeneric species of Callogorgia exhibit niche divergence along an
environmental gradient of depth in the northern GoM. Using microsatellite markers that I
developed, I then examined whether populations differentiated in Callogorgia americana
delta across the continental slope, determining that populations were isolated by depth as
detailed in Chapter 3. In Chapter 4, I discuss the mitochondrial genetic diversity and
progress in developing microsatellite markers for Paramuricea, a genus negatively
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impacted by the Deepwater Horizon oil spill that occurred in the GoM in April 2010. In
Chapters 5 and 6, I examine octocoral community boundaries using taxonomic and
phylogenetic estimates of community similarity, while testing whether environmental
filtering, niche, or neutral processes are primary factors in the assembly of communities.
This body of work contributes a substantial amount of evolutionary and ecological
information on a poorly studied group of foundation species occurring in one of the most
understudied, yet largest environments on earth.
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CHAPTER 2
GENETIC, MORPHOLOGICAL, AND ECOLOGICAL DIVERGENCE IN THE
GENUS CALLOGORGIA (GRAY 1858)

2.1 Abstract
Environmental variables that are correlated with depth have been suggested to be
among the major forces underlying speciation in the deep sea. This study incorporated
phylogenetics and environmental data to examine whether congeneric species of
Callogorgia (Octocorallia: Primnoidae) occupy different ecological niches across the
continental slope of the Gulf of Mexico (GoM), and whether this niche divergence could
be important in the evolution of these closely related species. Callogorgia americana
americana, C. americana delta, and C. gracilis were documented at 13 sites in the GoM
(250-1000 m) from specimen collections and extensive video observations. On a first
order, these species were separated by depth, with C. gracilis occurring at the shallowest
sites, C. a. americana at mid-depths, and C. a. delta at the deepest sites. Callogorgia a.
delta was associated with areas of increased seep activity whereas C. gracilis and C. a.
americana were associated with narrow, yet warmer, temperature ranges and did not
occur near cold seeps. Temporal calibration of the phylogeny revealed the formation of
the Isthmus of Panama was a vicariance event that may explain some of the patterns of
speciation within this genus. These results elucidate the potential mechanisms for
speciation in the deep sea, emphasizing both bathymetric speciation and vicariance events
in the evolution of a genus across multiple regions.
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2.2 Introduction
Speciation in the absence of geographical isolation has become increasingly
recognized as a major process responsible for generating marine biodiversity (e.g. Taylor
and Hellberg 2005; Ingram 2011; Prada and Hellberg 2013). In the absence of
geographical barriers, one mechanism that has contributed to the diversification of marine
fauna is ecological speciation, in which divergent selection leads to niche separation of
different populations and eventually to reproductive isolation (Schluter 2001). Divergent
selection may involve two types of ecological niche segregation (Schluter 2001; Ingram
2011), in which populations segregate along an environmental gradient (e.g. temperature,
salinity, depth) or partition local resources (e.g. food, microhabitats). Alternatively,
differences in ecological niches between closely related species might accrue only after
reproductive isolation (Svensson 2012).
The deep-sea benthic environment is a hot bed of biodiversity, yet the ecological
and evolutionary mechanisms that generate and maintain this diversity are poorly
understood (Rex and Etter 2010). Environmental variables (e.g. pressure, temperature,
food supply) that are correlated with depth have been suggested to be major forces
driving speciation in the deep sea (see Wilson and Hessler 1987). Divergence across
bathymetric gradients, even in populations separated by small geographic distances, has
been noted in several taxa including amphipods (France and Kocher 1996), bivalves
(Chase et al. 1998; Goffredi et al. 2003; Zardus et al. 2006), polychaetes (Lundsten et al.
2010; Schüller 2011), and stylasterid corals (Lidner et al. 2008). Known as the depthdifferentiation hypothesis (sensu Rex and Etter 2010), the bathyal (200-3000 m, Carney
2005) region has been suggested to be the zone most conducive to population
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differentiation in the deep-sea, leading to the formation of new, cryptic or incipient
species (e.g. Etter and Rex 1990; Etter et al. 2005). Increased population differentiation
in the bathyal zone has been attributed to the environmental heterogeneity observed on
the continental slope, including complex topography containing diverse habitat types,
biogenic habitat formation, variable oceanographic conditions, and temporal variation in
food supply (Levin et al. 2001; Helly and Levin 2004; Cordes et al. 2010). Under
divergent selection across environmental gradients, it would be expected that bathyal
sister species occurring within one biogeographic region would also be ecologically
divergent and occupy distinct niches. Alternatively, if a vicariance event in the bathyal
zone caused reproductive isolation, sister species would occur in different biogeographic
regions.
Cold-water corals represent some of the most abundant and diverse structureforming, sessile organisms in deep-sea ecosystems, serving as an excellent model to
understand evolution in the deep sea. In particular, the subclass Octocorallia is composed
of a diverse (3000 extant species) group of corals that are common in deep waters (> 200
m) worldwide (Cairns 2007; Daly et al. 2007). In areas deeper than the vast majority of
scleractinian coral reefs form, octocorals increase habitat heterogeneity, creating
complex, three-dimensional biogenic habitat for a variety of fishes and invertebrates
(Etnoyer and Warrenchuck 2007; Cho and Shank 2010; Buhl-Mortensen et al. 2010)
Despite the importance of octocoral habitat, this taxonomic group remains poorly studied,
particularly in the deep sea.
In the northern Gulf of Mexico (GoM), species in the octocoral genus
Callogorgia Gray 1858 (Alcyonacea: Primnoidae) are abundant foundation species, often
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occurring as extensive fields of colonies in the upper bathyal region (~ 200-1000 m).
Colonies of Callogorgia spp. create habitat for a diverse fauna, often serving as nursery
habitats for scyliorhinid catsharks (Etnoyer and Warrenchuk 2007) and having symbiotic
(and potentially mutualistic) relationships with ophiuroid brittle stars (Mosher and
Watling 2009; Cho and Shank 2010). There are 24 species of Callogorgia that occur
worldwide at depths up to 2500 m, with three western North Atlantic species whose
distributions extend to the continental slope of the GoM (Cairns and Bayer 2002; 2009):
Callogorgia americana Cairns and Bayer 2002, C. gracilis (Milne Edwards and Haime
1857), and C. linguimaris Cairns and Bayer 2002. Callogorgia americana and an
endemic GoM sub-species C. a. delta were described by Cairns and Bayer in 2002, but
were later synonymized with the Pacific C. gilberti Nuttingi 1908 based on similar
morphological characteristics (Cairns 2010). Cairns (2010), however, noted that C.
gilberti and C. americana are distributed in different ocean basins.
Molecular and morphological data utilized in this study will provide insight into
the species boundaries within this genus while submersible transect data can be used to
examine the local-scale distribution patterns of Callogorgia spp. in the GoM.
Documenting the distributions of foundation species in the GoM is timely, particularly in
light of continued oil and natural gas exploration and extraction and the resulting
negative impacts that these activities have had on deep-water coral habitat (White et al.
2012). In addition, the presence of congeneric Callogorgia spp. in the deep GoM
provides the opportunity to evaluate the evolutionary question of whether closely related
species of deep-water corals occupy distinct ecological niches across the continental
slope, and whether this niche divergence could be important in the diversification of this
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genus.
Species of Callogorgia were identified from specimens collected throughout the
GoM using traditional morphological characters. A molecular phylogeny was constructed
in order to determine phylogenetic relationships among species and estimate divergence
times among lineages within this genus. I then tested the hypothesis that congeneric
species of Callogorgia exhibit niche divergence along an environmental gradient in the
northern GoM. To test the niche divergence hypothesis, I coupled environmental data
with densities of Callogorgia spp. estimated using video data.

2.3 Methods
2.3.1 Field methods
In the GoM, 26 sites were surveyed at depths of 250-2500 m using remotely
operated vehicles (ROV Jason II, SeaEye Falcon) and the human occupied vehicle
(HOV) Johnson-Sea-Link (JSL) during five cruises associated with the Lophelia II
project from 2008-2010 (Fig. 2.1). All vehicles were equipped with bow-mounted video
cameras and conductivity-temperature-depth (CTD) loggers fitted with O2 and pH
sensors. While moving across the bottom, the submersibles stayed as close to the bottom
(2-3 m) as possible, maintained slow speed (~ 1 knot), and videotaped on wide-angle
view with the camera angled toward the seafloor. Locations of each dive were tracked
using Ultra Short Baseline (USBL) systems (error=1% slant range). Surveyed sites were
named in accordance with the GoM planning areas and lease blocks (managed by the
Bureau of Ocean Energy Management) in which they occur: e.g. Viosca Knoll (VK) 826,
Mississippi Canyon (MC) 751, Green Canyon (GC) 140, and Garden Banks (GB) 299
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(Fig. 2.1). An additional survey was conducted at a shipwreck known as the Green
Lantern. Site topography was mapped to 5 m resolution using a Kongsberg-Simrad
EM1002, a 95 kHz echosounder with 111 beams ping-1 over a maximum coverage sector
of 150° mounted on the R/V Nancy Foster.

C.#gracilis#
C.#am.#americana#
C.#am.#delta#

Figure 2.1. Collection locations of Callogorgia in the northern Gulf of Mexico as part of
the Lophelia II project funded by the Bureau of Ocean Energy Management. Colors
correspond to species and circle size corresponds to densities (colonies per m2) at each
site. Black symbols correspond to surveyed sites where Callogorgia were not observed
or collected.

A total of 165 specimens of Callogorgia were collected. Approximately 2-3 cm
tissue samples were obtained from each specimen, frozen at -80ºC and preserved in both
95% ETOH (stored at -20 ºC) and a high-salt EDTA preservative (stored at -80 ºC).
Voucher specimens of each individual were preserved in 95% ETOH or dried. I also
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obtained one individual of Callogorgia verticillata collected from the eastern Atlantic at
Gettysburg Seamount (36º 35.637’N, 11º 34.747’W) on 14 Oct 2011 using the R/V
Nautilus at a depth of 349 m, one individual of C. gilberti collected on 4 Sep 2006 off of
Hawaii in Molokai Canyon (21°14.788'N 156°47.784'W) at 680 m depth using the R/V
Kaimikai-o-Kanaloa, and one individual of C. gracilis collected in 87 m from the GoM
and catalogued (USNM1116119) at the National Museum of Natural History of the
Smithsonian Institution, Washington DC, USA.

2.3.2 Morphological identification
Species were identified using morphological characteristics (Bayer 1982; Cairns
and Bayer 2002; Cairns 2010). Numbers of outer lateral scale rows, inner lateral scale
rows, abaxial scale rows, and scale structure was noted for a subset of samples (randomly
drawn from each site) that were screened using scanning electron microscopy (Quanta
600 FEG at the Penn Nanotechnology Regional Center, Philadelphia PA). In addition, the
number of whorls that occurred per cm and the number of polyps that occurred in each
whorl within one cm were counted and averaged for all specimens.

2.3.3 Phylogenetics
DNA was extracted using a Qiagen DNeasy kit. The extended mitochondrial
barcode (cox1+igr1+mtmtMutS) was sequenced for 159 individuals; 6 individuals could
not be barcoded because of tissue preservation issues. Approximately 850 bp from the 5’
end of the mitochondrial mtMutS gene and ~1000 bp of the cox1+igr1 region were
amplified through PCR (following McFadden et al. 2006; 2011) and sequenced (Genewiz
	
  

15	
  

	
  
Inc and UW-HtSeq). I also amplified and sequenced an ~810 bp fragment of the nuclear
28S ribosomal gene in each species following McFadden and van Ofwegen (2012). All
sequences were edited, aligned by ClustalW (gap opening penalty= 25, extension
penalty=15) and visually adjusted by viewing amino acid alignments in MEGA v5
(Tamura et al. 2011). 28S was aligned using the L-INSi method (gap opening
penalty=1.53; extension penalty=0.07) in MAFFT (v7; Katoh et al. 2005) and amino acid
alignments were visually adjusted. The mitochondrial gene regions were concatenated
into a 1708 bp extended barcode and 28S resulted in a 799 bp alignment. Uncorrected pdistances were calculated for both mitochondrial and nuclear loci (MEGA v5).
Divergence dating in a Bayesian framework was conducted in BEAST (v.1.7.4
Drummond et al. 2012). The dataset included cox1+mtMutS+28S of Callogorgia
sequenced in this study and 68 additional octocoral species in order to incorporate clades
containing fossil information. Taxa were selected based on inclusion in clades throughout
the larger Calcaxonia-Scleraxonia-Pennatulacea clade (as per Brockman and McFadden
2012; McFadden and van Ofwegen 2012; Pante et al. 2012). Data for all three gene
regions were present for the majority of taxa used in analysis, but even taxa with
incomplete datasets were included and coded in analysis because this can improve
phylogenetic accuracy (Wiens and Tiu 2012). I also included cox1 and 28S of the
hexacoral Antipathes atlantica, as an outgroup. Because gene trees were highly congruent
among this study and others (Brockman and McFadden 2012; McFadden and van
Ofwegen 2012; Pante et al. 2012) the genes were concatenated into a 2309 bp alignment.
Data were partitioned with appropriate substitution models as follows: Gamma-TimeReversible model plus the gamma distribution (GTR+G) for mtMutS (849 bp); the
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transversion model plus invariable sites with a gamma distribution (TVM+I+G) for cox1
(699 bp); and GTR+G+I for 28S (761) bp (AICc criterion; JModelTest v2, Guindon and
Gascuel 2003; Darriba et al. 2012). Additional priors included 1) an uncorrelated relaxed
lognormal molecular clock, which allows for lineage specific rate heterogeneity and 2)
the Yule model of speciation, which assumes a constant birth rate for each branch in the
tree and is suitable for species-level relationships (Yule 1925; Gernhard 2008;
Drummond et al. 2012). Node calibrations were conducted following Ardila et al. (2012).
The Coralliidae node was calibrated with the oldest known fossil in the family from the
Campanian-Maastrichtian Age Stratum (Schlagintweit and Gawlick 2009). The
calibration prior was set as a lognormal distribution with the 95% confidence interval
covering 84.3-111.1 MYA (offset=84.3, standard deviation in log space =2.0, mean in
log space=0). A second calibration point was included on an additional clade of
Coralliidae (C. laauense-ducale-niobe) using fossils from the Lower Miocene (Vertino et
al. 2010). For this node, the calibration prior was set as a lognormal distribution with the
95% confidence interval covering 42.7-15.9 MYA (offset=15.9, standard deviation in log
space =2.0, mean in log space=0). The octocoral ingroup was calibrated using an
estimated divergence time based on Park et al. (2012) with the calibration prior set to a
normal distribution with the 95% confidence interval covering 173-471 MYA (mean=297
MYA, standard deviation= 75). Bayesian Monte Carlo Markov Chain analyses were run
with 75,000,000 generations and a sampling frequency of 5,000 generations
(burnin=25%). To check for adequate convergence and mixing, I confirmed effective
sample sizes (ESS) of > 200 and I examined the log likelihood values versus generation
number (Tracer v.1.5, Drummond et al. 2012). Maximum clade credibility trees with
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median node heights were estimated (Tree Annotator v1.7, Drummond et al. 2012) and
displayed in Fig Tree (v 1.4, http://tree.bio.ed.ac.uk/software/figtree/).

2.3.4 Video analysis
The camera field of view and motion of the vehicles helped maintain consistency
in video data so that data were comparable across dives. Video data that were of poor
quality (e.g. too dark, too close) or that repeatedly covered the same area were not
included in analyses. Transects consisted of all times when the vehicle was moving
across the bottom and collecting video on wide-angle view. Individuals of Callogorgia
were counted during 1-min segments along transects and the presence/absence of seep
habitat (presence of vestimentiferan tubeworms, mussel beds, extensive bacterial mats)
was noted along the tracks because preliminary observations suggested that this habitat
might be an important factor in the distribution of Callogorgia. The number of colonies
per m2 was calculated by measuring the distance traveled (measuring tool; ArcGIS) per
1-min segment and multiplying by the effective distance of the camera field of view (2.97
m; Doughty et al. 2014).

2.3.5 Abundance-environmental data
Principal components analysis was performed on averaged, normalized
environmental (temperature, salinity, dissolved oxygen, depth) variables calculated from
submersible-mounted CTD loggers per dive to determine whether sites differed in abiotic
conditions. Only data collected in areas where Callogorgia occurred were included in
analyses. Ωcalcite and pH were also included, but these variables were calculated as mean
	
  

18	
  

	
  
values for an entire site (see Lunden et al. 2013 for methods). The variable ‘seep habitat’
was included as a binomial variable indicating whether seep activity was evident or
absent. Because no data were obtained for some variables at certain sites, five sites were
removed prior to analysis. A Mann-Whitney U test was used to determine whether
densities were significantly different between seep and non-seep habitats.

2. 4 Results
2.4.1 Phylogenetic relationships
Extensive GoM collections (n=165 individuals) yielded three taxa: C. americana
americana (n=31), C. americana delta (n=122), and C. gracilis (n=12). Morphological
data were largely overlapping among all species; however, sclerite counts and structures
were useful in species identification (Table 2.1, Fig. 2.2). Callogorgia gracilis was
distinguished from C. americana based on sclerite number, with overall fewer sclerites in
inner lateral, outer lateral and abaxial rows (Table 2.1). The two sub-species of C.
americana were difficult to separate on sclerite number alone. Although counts
overlapped, C. a. americana generally had fewer (8-10) abaxial sclerites compared with
(9-11) C. a. delta. On the other hand, sclerite structural differences between the two taxa
were prominent. In C. a. americana, opercular sclerites had pronounced ridges and the
outer surfaces of all sclerites were strongly granulated whereas the abaxial sclerites were
smooth and ridges on opercular scales were less pronounced in C. a. delta (Fig. 2.2).
Taxonomic designations based on morphology were further confirmed with the
occurrence of a unique mitochondrial molecular barcode (cox1+igr1+mtMutS) obtained
for each taxon; no haplotype variability was observed among individuals within a taxon
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Figure 2.2. Morphology of Gulf of Mexico Callogorgia spp. Scanning electron
microscopy images of polyps and whole colony images for (A-C) Callogorgia gracilis,
(D-F) C. a. americana, and (G-I) C. a. delta. 500 um scale bar indicated.

(Tables 2.1 and 2.2). Mitochondrial (cox1+mtMutS) and nuclear (28S rDNA) gene trees
were congruent, recovering the same phylogenetic relationships among Callogorgia spp.
at both loci. Of all Callogorgia spp. sequenced in this study, putative species were 0.41.6% genetically divergent (p-distance) at the extended mitochondrial barcode (Table
2.2). P-distances obtained at 28S were generally higher, ranging from 0.38-4.53% (Table
2.2). Total genetic divergences at both mitochondrial and nuclear loci ranged from 0.402.45% (Table 2.2). The USNM1116119 voucher specimen of C. gracilis was identical to
the GoM C. gracilis.
The constructed Bayesian phylogeny of the concatenated mitochondrial and
nuclear loci of Callogorgia was well resolved, with >90% posterior probability at most
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nodes (Fig. 2.3-2.6). However, analyses indicated Callogorgia was not monophyletic and
C. formosa (sequences downloaded from GenBank) was extremely divergent (7-8% pdistance) from the other Callogorgia sequenced in this study. In addition, Fanellia was
nested within the Callogorgia and sister to Callogorgia americana-gilberti clade.
Divergence estimations of gene trees were highly similar to the concatenated
dataset; however, confidence intervals at the nodes were larger for 28S compared with the
concatenated and mitochondrial only datasets due to lower sample sizes (Fig. 2.4-2.6).
Time to the most recent common ancestor for the Callogorgia-Fanellia clade was
estimated at 46 MYA median node age (95% CI: 27-69 MYA). Sister taxa, C. verticillata
and C. gracilis, were 0.64 % divergent at combined loci (0.35% at cox1+igr1+mtMutS
and 1.25% at 28S) and time to most recent ancestor was estimated at 16 MYA (95% CI:
4-34MYA). Sister taxa Callogorgia gilberti and C. a. delta were 0.40% divergent at
combined loci (0.41% at cox1+igr1+mtMutS, 0.38% at 28S) with an estimated 6.8 MYA
(95% CI:1-16 MYA) to their most recent common ancestor. The two sub-species of C.
americana were not sister taxa and were in fact 1.36% genetically divergent from one
another at combined loci (1.24% at cox1+igr1+mtMutS and 1.63% at 28S) with an
estimated time to the most recent common ancestor of 19 MYA (95% CI: 8-34 MYA).
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Table 2.1. Morphological counts for a portion of collected Gulf of Mexico specimens. AB=Abaxial sclerites, OL=outer lateral
sclerites, IL=inner later sclerites.
Mean No.
No.
No. Whorls No. polyps
(±SD) polyps
Species
Examined
per cm
per whorl
per whorl
C. gracilis
12
5
2-4
2.9 ± 0.6
C. a. americana
21
4-5
2-6
3.5 ± 0.8
C. a. delta
82
4-6
2-5
3.1 ± 0.1
a
C. gilberti
1
4-5
2-7
4.4 ± 0.2
C. verticillata
1b
5
4
4.0 ± 0.0
a
Data from one specimen supplemented by counts in Cairns (2010)
b
Data from one specimen supplemented by counts in Cairns and Bayer (2002)
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No. AB
per Row
6-7
8-10
9-11
10-12
7-8

No. OL
per Row
1-2
2-3
3-4
4-5
3-4

No. IL
per Row
0
1-2
1-2
2-3
2

	
  

a

Figure 2.3. Maximum clade credibility of Callogorgia-Fanellia clade
(cox1+mtMutS+28S rDNA) with median divergence time estimations and 95% credibility
intervals resulting from BEAST. *=>90% posterior probability.

Table 2.2. Pairwise uncorrected p-distances (%) for Callogorgia species at (A)
mitochondrial cox1+igr1+mtMutS, (B) nuclear 28S, and (C) both mitochondrial and
nuclear loci.
A
C. gracilis
C. verticillata
C. a. americana
C. a. delta
C. gilberti

C. gracilis

B
C. gracilis
C. verticillata
C. a. americana
C. a. delta
C. gilberti

C. gracilis

C
C. gracilis
C. verticillata
C. a. americana
C. a. delta
C. gilberti

C. gracilis

	
  

0.35
1.47
1.59
1.18

1.25
4.53
3.78
3.90

0.64
2.45
2.29
2.05

C. verticillata
1.41
1.47
1.06
C. verticillata
4.40
3.65
3.77
C. verticillata
2.36
2.17
1.92

23	
  

C. a. americana

1.24
0.82
C. a. americana

1.63
1.76
C. a. americana

1.36
1.12

C. a. delta

0.41
C. a. delta

0.38
C. a. delta

0.40

	
  

Figure 2.4. Maximum clade credibility tree of octocorals at mitochondrial genes
(cox1+mtMutS) with median divergence times (below nodes) and 95% credibility
intervals (gray bars) estimated in BEAST. *=>90% posterior probability (above node).
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Figure 2.5. Maximum clade credibility tree of octocorals at 28S rDNA with median
divergence times (below nodes) and 95% credibility intervals (gray bars) estimated in
BEAST. *=>90% posterior probability (above node).
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Figure 2.6. Maximum clade credibility tree of octocorals at combined loci
(cox1+mtMutS+28S) with median divergence times (below nodes) and 95% credibility
intervals (gray bars) estimated in BEAST. *=>90% posterior probability (above node).

2.4.2 Abundance-environmental data
Callogorgia were present at 13 sites across the northern GoM at depths of 260914 m. No colonies occurred within the surveyed area in the eastern GoM along the west
Florida Slope. Based on extensive observations and collections across numerous dives,
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only a single taxon inhabited each site (Table 2.3, Fig. 2.7). PCA revealed strong
differences in environmental conditions at the study sites analyzed, with 82% of the
variability explained by the first two axes (Fig. 2.7). The first axis (67% of variability)
corresponded to depth and depth-related variables including temperature, salinity, and
Ωcalcite whereas the second axis (16% of variability) was related to dissolved oxygen and
pH.

Figure 2.7. Principal component analysis of mean environmental data at each Gulf of
Mexico site. Sites are color coded for species collected at each site (GC140: C. gracilis,
VK906, VK862, GB299: C. a. americana, GC246, GC249, MC885, MC751, VK826=C.
a. delta).
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Table 2.3. Abundance, density, and corresponding environmental data (means calculated across transects) by site in areas where
Callogorgia occurred. Mean pH and mean Ω Calcite were calculated from water samples collected at depth at each site. Availability
of multibeam data (indicated by an X) for each site is also listed. S=Seep presence; GL=Green Lantern shipwreck, GC=Green
Canyon, GB=Garden Banks, MC=Mississippi Canyon, and VK=Viosca Knoll.
Species By Site

	
  

No.
Collec
ted

No.
Dives

No.
Trans
-ects

Total
No.
Observd

Mean No.
per m2
(± SD)

Mean Depth
(m)
(± SD)

Mean Temp
(C)
(± SD)

Mean
Salinity
(± SD)

Mean O2
(ml/l)
(± SD)

Mean Ω
Calcite
(± SD)

Mean
pH
(± SD)

C. gracilis
GC140

12

3

215

1005

0.41 ± 0.61

266.51 ± 16.66

12.46 ± 0.72

35.55 ± 0.12

2.56 ± 0.02

2.50 ± 0.08

7.90 ± 0.01

C. a. americana
GB299

Seep
Presence

22

2

215

4021

1.17 ± 1.66

359.41 ± 6.12

10.77 ± 0.22

35.30 ± 0.03

2.29 ± 0.01

2.48 ± 0.10

7.91 ± 0.01

VK862

4

1

2

5

0.06 ± 0.05

351.32 ± 3.93

12.38 ± 0.02

35.54 ± 0.00

2.63 ± 0.00

2.60

7.92

VK906

5

3

3

8

0.15 ± 0.06

369.68 ±12.48

11.42 ± 0.61

35.35 ± 0.10

2.24 ± 0.38

2.33 ± 0.15

7.91 ± 0.01

C. a. delta
GC234

1

1

19

174

0.72 ± 0.74

488.28 ± 4.50

8.35 ± 0.17

35.04 ± 0.02

2.66 ± 0.02

NA

NA

S

GC235

7

1

6

21

0.36 ± 0.32

532.41 ± 0.25

7.65 ± 0.01

34.98 ± 0.00

NA

NA

NA

S

GC246

6

1

11

38

0.16 ± 0.25

850.73 ± 13.44

5.74 ± 0.01

34.87 ± 0.00

3.46 ± 000

1.95 ± 0.10

7.93 ± 0.02

S

GC249

16

1

13

65

0.32 ± 0.26

789.23 ± 4.19

5.98 ± 0.02

34.90 ± 0.00

2.33 ± 0.01

2.01 ± 0.04

7.94 ± 0.01

S

GC338

4

1

6

7

0.13 ± 0.06

831.76 ± 2.82

5.37 ± 0.55

34.86 ± 0.00

2.43 ± 0.01

NA

NA

S

MC751

27

3

87

854

0.37 ± 0.42

435.27 ± 9.70

9.16 ± 0.32

35.11 ± 0.03

2.05 ± 0.37

2.31

7.93

S

MC885

26

1

56

480

1.50 ± 2.38

628.57 ± 3.89

6.76 ± 0.02

34.92 ± 0.00

3.01 ± 0.00

1.94 ± 0.12

7.89 ± 0.03

S

VK826

34

4

28

170

0.33 ± 0.33

491.31 ± 56.52

9.00 ± 0.74

35.10 ±0.08

1.55 ± 0.08

2.22 ±0.12

7.92 ± 0.03

S

GL

1

1

1

1

NA

914.30

5.43

34.86

NA

NA

NA
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Each Callogorgia spp. occurred within specific ranges of environmental variables (Table 2.3),
with maximum densities occurring at optimum values within those ranges (Fig. 2.8). Callogorgia
gracilis was observed and collected only at GC140, the shallowest of all sites surveyed, where
mean abundance of this species was 0.41 ± 0.61 SD colonies per m2. C. gracilis colonies were
observed at depths of 222-317 m (11.4-13.9 °C, 35.4-35.7 salinity), and maximum density (5.4
colonies per m2) occurred at a depth of 264 m, corresponding to a temperature of 13 °C and a
salinity of 35.6. Callogorgia a. americana occurred at GB299, VK862, and VK906 at depths of
339-384 m (10.2-12.4 °C, 35.3-35.5 salinity). Callogorgia a. americana was the most abundant
(4,012 colonies) species in the observed area, with a mean density of 1.11 ± 1.67 SD colonies per
m2 at GB299.

Figure 2.8. Densities of Callogorgia relative to environmental parameters. (Gray triangles=C.
gracilis, Closed circles=C. a. americana, open circles=C. a delta).
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Maximum densities (6-11 colonies per m2) of C. a. americana occurred at optimum depths of
361-364 m, corresponding to 11.0 °C and 35.3 salinity. Callogorgia a. delta (1810 colonies)
occurred at depths of 403-914 m (4.3-9.8 °C, 34.9-35.1 salinity), which included the nine deepest
and coldest sites in this study where Callogorgia occurred. Overall, mean densities ranged from
0.13 ± 0.06 SD to 1.50 ± 2.38 SD colonies per m2, with highest mean densities at GC234 and
MC885. A maximum density of 10.8 colonies per m2 was observed at MC885, corresponding to
a depth of 625 m, a temperature of 7.9 °C and salinity of 34.9. In addition, the density of C. a.
delta was significantly higher (Mann Whitney U=8832, n (non seep)=97, n (seep)=118; p <
0.001) in areas where seep activity was evident compared to habitats without seep activity (Fig.
2.9). In contrast, C. gracilis and C. a americana were found in areas where there was an absence
of visible signs of seepage.

Figure 2.9. Box plots of Callogorgia abundance, with respect to the presence or absence of seep
habitat. Mean (dotted line) and median (solid) number of colonies per m2 are indicated. Open
circles denote 5 and 95 percentiles.
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In contrast to the variables mentioned above, the distributions of Callogorgia spp.
overlapped relative to dissolved O2, pH, and Ωcalcite (Fig. 2.8). All three species were most
abundant at an optimum concentration of dissolved oxygen (~2.3-2.6 ml l-1) within the entire
range of values 1.5-3.5 ml l-1. Callogorgia gracilis and C. a. americana were both observed at
similar Ωcalcite values (2.5) whereas C. a. delta occurred at lower values of Ωcalcite, corresponding
to the deeper occurrence. All three species were found at very similar values of pH (7.89-7.94).
No obvious peaks in abundances were observed with respect to optimum values of calcite or pH.

2.5 Discussion
This study highlights the importance of historical vicariance events and environmental
gradients in the evolution of deep-sea species. Results demonstrated that congeneric deep-water
octocorals differ in ecological niches and segregate along an environmental gradient in depth,
which likely allows them to coexist on a regional scale in the GoM. Herrera et al. (2012) noted
that it is frequently impractical to obtain the biological and ecological data required for applying
traditional species concepts to species in the deep sea, and a combined phylogenetic and
morphological approach is the best solution to delineate species of deep-water corals. Although I
agree with the latter statement, I want to emphasize that it is feasible to obtain relevant
ecological data with targeted collections and detailed surveys, and that these data can be useful in
understanding the relative role of the environment in the speciation of deep-sea taxa.
Genetic, morphological, and ecological data combined with allopatric distributions of
sister species suggest that Callogorgia taxa examined in this study should be considered distinct
species. The mtDNA barcoding approach combined with differences in morphology allowed us
to confirm species boundaries with this genus. The presence of identical mitochondrial
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haplotypes within Callogorgia spp. in the GoM seems striking, but this is not unique to this
species. Many other octocoral species have 100% sequence similarity at mitochondrial genes in
the GoM (Doughty et al. 2014) and in various regions worldwide (e.g., France and Hoover 2002;
McFadden et al. 2011; Baco and Cairns 2012; Pante et al. 2012). This low mitochondrial
diversity could be due in part to the slow mitochondrial genome evolution of octocorals resulting
from their unique mismatch repair gene (Shearer et al. 1996; France and Hoover 2002; Hellberg
2006; Bilewitch and Degnan 2011) combined with population bottlenecks, selective sweeps,
inbreeding, and/or asexual reproduction of octocorals occurring within a particular region.
Although it is possible for some octocoral species to have circumglobal distributions (Herrera et
al. 2012), efforts to obtain multiple, single copy nuclear markers are greatly needed to confirm
phylogenetic relationships in octocorals and recover phylogeographic patterns and processes.
Nevertheless, the ecologically, morphologically and/or geographically distinct taxa sampled in
this study currently represent distinct genetic lineages that diverged millions of years ago and
their currently non-contiguous distributions suggest reproductive isolation.

2.5.1 Taxonomic status and phylogenetic relationships
Resolving the taxonomic status of the sub-species C. americana delta and C. a.
americana was in part the impetus for this study, as these sub-species are among the most
commonly occurring octocoral species in the deep GoM. In 2002, Cairns and Bayer delineated
these two sub-species based primarily on differences in sclerite structure and distribution.
Callogorgia a. americana was previously thought to be restricted to the Caribbean Sea, Florida
Straits, and southern GoM while C. a. delta was a northern GoM endemic. The extensive records
provided in this study demonstrated that both taxa are present in the northern GoM, and they
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differ genetically, morphologically, and ecologically, with an estimated divergence date of 19
MYA (95% CI: 8-34 MYA) at combined loci [mitochondrial: 18 MYA (95% CI: 6-34 MYA);
28S: 19 MYA (95% CI: 8-41 MYA)]. Morphologically, these species differed in sclerite
structure and also had a tendency for overall fewer numbers of sclerites in polyps of C. a.
americana. Further, these two species inhabited different depth zones, at least in the GoM. This
depth differentiation is possibly the result of parapatric speciation along an environmental
gradient in depth, a pattern seen in other deep-sea taxa including Sebastes rockfishes (Ingram
2011). Alternatively, niche differences in Callogorgia could have accrued after speciation, and
the observed distributions could either be due to historical colonization of C. a delta into deeper
areas of the Gulf of Mexico followed by adaptation to depth-related variables or the result of
competitive exclusion (e.g. for limited space) of one taxon from their congener’s respective
preferred habitat. However, with this latter scenario, it might be expected that species would cooccur in some areas on a local scale or be distributed at different sites within the same depth
range. In addition, the timing of speciation places this event well before the divergence of C. a.
delta and C. gilberti, suggesting that this divergence was in fact between the common ancestor of
these species and C. a. americana, rather than C. a. delta and C. a. americana.
Two pairs of sister taxa with allopatric distributions were recovered from the phylogeny:
1) C. a. delta with C. gilberti and 2) C. gracilis with C. verticillata. Sister taxa in both clades
were only ~0.4-0.6% genetically divergent, just around the threshold (0.5% p-distance) provided
by McFadden et al. (2011) for delimiting species boundaries. However, morphology combined
with allopatric distributions suggests that these taxa are most likely distinct species. In 2010,
Cairns synonymized C. gilberti with C. americana, noting that these two taxa were
morphologically indistinguishable. Although sclerite counts overlap, it appears that counts in C.
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gilberti range somewhat higher, with 10-12 abaxial, 4-5 outer lateral and 2-3 inner lateral
compared with 9-11 abaxial, 3-4 outer lateral, and 1-2 inner lateral in C. a delta. In addition,
Callogorgia gilberti is known from off the Hawaiian Islands and Cross Seamount in 326-965 m
(Cairns 2010) whereas C. a. delta had been described only from the Gulf of Mexico (Cairns and
Bayer 2002). In addition, divergence time estimation demonstrates that these lineages have been
separated for 6.8 MY (95% CI: 1-16 MYA) at combined loci [mitochondrial: 6.5 MYA (95% CI:
1-17 MYA); 28S: 6.4 MYA (95% CI: 1-20 MYA)]. This time frame corresponds to the loss of a
deep-water connection between the Pacific and Caribbean during the formation of the Isthmus of
Panama, as deep-water connections began to disappear around 12 MYA until the final closure of
~ 3.5 MYA (Duque-Caro et al. 1990; Burton et al. 1997). This scenario has been proposed to
play a role in speciation of other deep-sea taxa, including Bathymodiolus mussels (Miyazaki et
al. 2010) and vestimentiferan tubeworms (McMullin et al. 2003), and it is a plausible hypothesis
for divergence between C. gilberti and C. a. delta.
The sister species C. gracilis and C. verticillata also have allopatric distributions.
Callogorgia gracilis has been previously documented from the GoM and throughout the
Caribbean (Cairns and Bayer 2002) whereas C. verticillata is only known from the eastern
Atlantic and Mediterranean Sea. The presence of inner lateral sclerites and a greater number of
outer later sclerites are distinguishing characters between C. gracilis and C. verticillata (Cairns
and Bayer 2002). Analyses placed an estimated divergence time to the most recent common
ancestor of 16 MYA (95% CI: 4-34MYA) at combined loci [mitochondrial: 12 MYA (95% CI:
2-33 MYA); 28S: 18 MYA (95% CI: 4-43 MYA)]. Oceanographic and geological events during
the mid to late Miocene (e.g. closure of the Eastern Tethys, Husing et al. 2009; Butzin et al.
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2011) may have contributed to isolation of these populations. As noted by Herrera et al. (2012),
this geological period likely played an important role in shaping deep-sea diversity.

2.5.2 Ecological niches of Callogorgia
Callogorgia gracilis, C. a. delta, and C. a. americana had been previously recorded from
the Gulf of Mexico (Cairns and Bayer 2002), but I refined the local-scale distributions and added
a significant number of location records for all three species. Although one individual of
Callogorgia linguimaris (USNM 1071990) was previously collected from the northern Gulf, I
could not confirm the presence of this species during extensive sampling of the region. I
acknowledge that not all colonies observed during a single dive could be feasibly collected;
however, I was able to successfully sample and identify 163 individuals from various habitat
patches encountered during each dive. Therefore, these methods were sufficient in confirming
identifications of Callogorgia, indicating the presence of only one species per surveyed site. It is
not too surprising that a single species occupied a single site, as intraspecific species aggregation
is common in the deep sea (McClain et al. 2011), and larval corals tend to recruit close to
parental colonies via asexual or sexual reproduction (Cordes et al. 2001; Linares et al. 2008).
One major finding, however, was that each Callogorgia species occupied a group of sites that
have distinct environmental parameters, indicating that these congeneric species occupy distinct
ecological niches. Moreover, each species appears to have both maximum abundances at
optimum values of most environmental variables, demonstrating unimodal responses to
environmental conditions.
The environmental gradient of depth (and depth related variables) is the primary factor
that can be attributed to ecological niche divergence of Callogorgia spp. The factors that co-vary

	
  

35	
  

	
  
with depth, including pressure, temperature, salinity, oxygen, pH, calcite, and food supply, are
difficult to tease apart in terms of their contribution to the distribution of Callogorgia spp., and in
fact are likely to be the ultimate cause of some of the niche differences demonstrated.
Experimental approaches, including reciprocal transplants and gene expression studies, are likely
the only way to determine the relative importance of each of these various factors to
physiological tolerances. Regardless, this present study indicated that congeneric species of
Callogorgia are divergent in their niches, associate with specific environmental parameters, and
appear to replace one another along the depth gradient in the GoM.
Divergence with depth is a common pattern in the deep sea, occurring across various
taxonomic groups and ocean basins (France and Kocher 1996; Chase et al. 1998; Goffredi et al.
2003; Zardus et al. 2006, Ingram 2011; Schüller 2011). Bathymetric segregation in deep-sea
species is likely due to adaptation to environmental variables that potentially alter biochemical
processes. As a species colonizes a new environment (i.e. a new depth), individuals become
subject to the selective forces of abiotic and biotic factors. Although larval transport is primarily
horizontal, larval buoyancy and vertical advective mixing (e.g., Marsh et al. 2001; Vrijenhoek
2010) can result in transport outside of the species normal bathymetric range. Because adults are
sessile, corals are particularly subject to the selective factors of a given habitat after settlement,
therefore, increasing the opportunity for selection (Prada and Hellberg 2013). Adaptation to
depth-related variables is even more likely for those deep-sea species (particularly corals) that
can brood their offspring, have limited larval dispersal, asexually reproduce, and/or live for 100s
of years.
Both temperature and pressure are known to affect biochemical processes (Somero 1990;
1992), and are likely the primary factors driving the distribution of Callogorgia in the GoM.
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Thermal adaptation has been proposed as an underlying mechanism in adaptive divergence
across numerous plant and animal systems, as closely related species are often adapted to
different thermal environments (Keller and Seehausen 2012). Similarly, each Callogorgia
species appears to tolerate different temperature regimes on the upper to middle continental slope
in the GoM, although C. gracilis and C. a. americana slightly overlapped at ~ 11-12 °C.
Callogorgia a. americana appears to occupy a rather narrow temperature range, whereas C. a.
delta occurs from 5-10 °C, occupying potentially the largest temperature range of any of its
congeners. Callogorgia gracilis, however, was sampled in only one portion of the depth range in
which it is known to occur (occurs at shallower depths up to ~80 m in the GoM), and thus, likely
experiences much warmer temperatures, possibly up to 25 °C (Fig. 2.10), than measured.
Temperature measurements in this study also represent only a snapshot in time, and annual and
seasonal temperature fluctuations occur (Fig. 2.10). Recently, long-term measurements in the
GoM documented annual temperature fluctuations of 5 °C at VK826 at a depth of ~450 m
(Mienis et al. 2012), and temporal variability is likely to be even greater in the shallower depth
range where C. gracilis occurs. Although long-term data are clearly needed throughout the GoM,
these data indicate that even with these temperature fluctuations, each species of Callogorgia is
most abundant within an optimal temperature regime.
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Figure 2.10. Water mass data collected across sites. A-C) Temperature and D-F) dissolved
oxygen by depth collected with Sea-Bird 19plus data loggers across sties from 2008-2010.
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In addition to temperature, the effects of pressure may limit the distribution of
Callogorgia spp. in the GoM. Somero (1992) noted that pressure tolerant species might replace
pressure sensitive species at depths as shallow as 500-1000 m. Both C. a. americana and C.
gracilis appear to be replaced by C. a delta in this depth range. Furthermore, Callogorgia
gracilis occurred at GC140, a site that had similar water mass properties as the sites that
harbored C. a. americana. This suggests that depth is the limiting factor of C. gracilis. Although
analyses only included one site with C. gracilis, museum records of C. gracilis indicate this
species occurs at localities in the GoM at depths of 87-308 m (USNM1013182, 1116119,
1016979).
Seep habitat was also an important factor associated with the distribution of C. a delta,
suggesting that C. a. delta may possess mechanisms for dealing with natural levels of exposure
to hydrocarbons or low oxygen concentrations. Callogorgia a. delta had significantly higher
abundances and higher probabilities of occurring in seep habitat compared to non-seep areas, and
has even been found growing directly on the outside of a vestimentiferan tube at an active seep
(Cordes et al. 2006). Callogorgia a. delta was one of the only species of octocoral that occurred
in areas of pronounced seep activity across all sites that were surveyed at depths up to 1000 m.
Deeper than 1000 m, the octocoral genus Paramuricea is dominant and also appears to be
associated with seep habitat (Doughty et al. 2014). To my knowledge, no other coral species
have been documented to occur in such high abundances in cold-seep areas as C. a. delta,
although colonies of the scleractinian coral Lophelia pertusa also occur (Cordes et al. 2008).
Callogorgia a. delta is not likely to be obtaining nutrition derived from chemosynthetic
processes (Becker et al. 2009), rather this species may be more tolerant to chemosynthetic
conditions at the sediment-water interface, including elevated concentrations of hydrocarbons
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and sulfides or low oxygen concentrations (Cordes et al. 2010). Although many cold seep sites,
both active and inactive, had varying amounts of authigenic carbonates present, many C. a. delta
colonies were attached to dead shells and rock/coral rubble in fairly flat areas in the more active
cold seep habitats. This ability to colonize and survive near seep locations may provide C. a.
delta access to additional substrata and therefore a release from competition, which may have
contributed to its colonization of deeper sites and the diversification within the genus.
Of all the factors examined in this study, the distributions of Callogorgia spp. overlapped
mostly on a gradient of dissolved oxygen concentration. Although oxygen levels may be
important to octocorals at larger spatial scales (Yesson et al. 2012), this variable does not appear
to be a key factor in octocoral distribution at local to regional scales nor does it appear to be a
factor in niche divergence between closely related species. Interestingly, however, results of this
study suggested that Callogorgia spp. might be adapted to low levels of dissolved oxygen
concentrations (1.5-3.0 ml l-1). Sites where Callogorgia occurred were located in the oxygen
minimum zone in the GoM (Fig. 2.10), and previous studies have noted low dissolved oxygen
around L. pertusa reefs at some of these same sites (Davies et al. 2010). Low oxygen levels in
the GoM contrast with other cold-water coral habitats in the NE Atlantic that experience
concentrations of up to ~6-7 ml l-1 (e.g. Davies et al. 2010). Although dissolved oxygen levels
vary tremendously both temporally and spatially in the northern GoM (Fig. 2.10), the dissolved
oxygen concentrations measured here are among the lowest for any deep-water coral habitat.
Although it is frequently stated that octocorals prefer local topographic highs (Bryan and
Metaxas 2007; Tong et al. 2012), colonies of Callogorgia were repeatedly observed in dense
patches on fairly flat substrates, particularly at MC885 and GB299, indicating that relatively flat
surfaces are also suitable habitat for some octocoral species. Topographic highs may provide a
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more energetically favorable habitat for established colonies, but flat or even concave surfaces
with broken/dead shells or coral rubble are also suitable for recruitment and growth of
Callogorgia.

2.5.3 Conclusions
Related species ecologically replacing one another is a common theme in terrestrial and
coastal environments, but relatively few studies have examined this phenomenon in the deep sea
(Rex and Etter 2010). Recent evidence from octocorals, however, suggests that congeneric
species replacement with depth may be more common in the deep sea then previously realized.
Along with this study, bathymetric patterns have been noted in the distribution of other octocoral
genera, including Narella spp. on Hawaiian seamounts (Baco and Cairns 2012) and Paramuricea
spp. in the GoM (Doughty et al. 2014). In order to avoid competitive exclusion, it has often been
proposed that species must diverge ecologically to capture different or unexploited resources
(MacArthur and Levins 1967; Abrams 1983). In the deep sea, stronger competition may occur
among species at intermediate depths compared with abyssal plains (McClain 2005); therefore,
divergence with depth across the continental slope may be common. Species may also adapt to
depth-related variables following historical colonization into a particular depth zone. As for
congeneric species of Callogorgia, vicariance is likely an important process in the speciation of
this genus, but whether adaptive differences among closely related species are the result of
ecological speciation or the accumulating differences in niche use after speciation remains to be
resolved with additional data. Regardless, Callogorgia spp. in the GoM currently occupy distinct
niches that correspond with environmental gradients in depth, allowing regional-scale
coexistence of these closely related species.
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CHAPTER 3
MICROSATELLITE MARKER DEVELOPMENT IN CALLOGORGIA GRAY 1858
REVEALS ISOLATTION BY DEPTH ACROSS THE CONTINENTAL SLOPE

3.1 Abstract
The depth-differentiation hypothesis posits that in the marine environment, the bathyal
region is likely a source of genetic diversity and an area where there is a high rate of deep-sea
species formation. Although numerous studies have revealed a lack of gene flow at depth
boundaries of 1000 and 3000 m, few studies have addressed the depth-differentiation hypothesis
on populations inhabiting the upper to middle continental slope; the region where oceanography
and topography vary greatly over short bathymetric distances. If the bathyal region displays
increased population differentiation with depth, then it could be expected that isolation by depth
would occur over relatively short bathymetric distances in this region. To test whether isolation
by depth occurs in a deep-sea octocoral in the northern Gulf of Mexico, I developed ten novel
microsatellite markers from 454 data for Callogorgia a. delta and C. a. americana. These
microsatellite markers were used to distinguish between these closely related sub-species,
supporting elevation of these sub-species to species status. Distinct population clustering and
significant isolation by depth was also evident in C. a. delta (n=113), which was sampled across
seven sites spanning 400 km across the northern Gulf at depths of 435-850 m. Two loci that are
candidates for selection indicate that adaptive divergence with depth is a potential evolutionary
mechanism leading to population differentiation in this species. These results support the depthdifferentiation hypothesis in a species of deepwater coral while revealing population
differentiation over relatively short bathymetric distances.
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3.2 Introduction
Larval dispersal plays a key role in connecting populations in the marine environment.
Because high levels of larval dispersal can connect populations over geographic space, a longheld view has been that many marine populations are open in the marine realm. As larvae are
passively dispersed with ocean currents, there are many opportunities to colonize new areas and
exchange gametes (Cowen et al. 2007). However, as population genetic data and oceanographic
modeling data have become more available, increasing evidence has shown that populations can
also be more “closed” than previously recognized (Cowen et al. 2007). These data have indicated
that for many species, self-recruitment is an important mechanism maintaining higher levels of
population differentiation at the local scale (Baums et al. 2005). Additionally, recent studies have
demonstrated that populations can be locally adapted to certain abiotic conditions (e.g., Barreto
et al. 2011), ultimately leading to population isolation. Determining the levels and pathways of
genetic connectivity in the marine environment is important for understanding how marine
biodiversity is generated, while knowledge of these factors can be used for marine conservation
as these linkages play a role in the resiliency of populations to human and environmental
disturbances.
In the deep sea, genetic differentiation often corresponds with changes in bathymetry
rather than with geographic distance, following stepping stone models that correspond more
often to patterns of isolation by depth rather than isolation by distance. The depth-differentiation
hypothesis (sensu Rex and Etter 2010) proposes that the relatively narrow continental slope is
likely the primary region where the majority of genetic differentiation and biodiversity is
generated in the deep sea. Not only do water mass characteristics, pressure, and food supply
change rapidly with increasing depth across the slope, this region can also 1) exhibit topographic
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complexity (e.g., submarine canyons, bioherm formation, authigenic carbonates), 2) experience
rapid fluctuations in temperature, salinity, and current patterns, 3) be subjected to low levels of
dissolved oxygen, and 4) contain high levels of hydrocarbon seepage, which creates the
foundation for the formation of chemosynthetic communities. Therefore, the source of genetic
diversity and the primary place for adaptive radiation of the deep-sea “endemic” fauna has been
suggested to occur on the continental slope (Rex and Etter 2010).
Several studies have demonstrated high levels of genetic differentiation across depths in
the deep sea (e.g., France and Kocher 1996; Etter et al. 2005; Zardus et al. 2006; Jennings et al.
2013), revealing lack of gene flow across depth boundaries of primarily 1000 and 3000 m. Few
studies have addressed the depth-differentiation hypothesis on species inhabiting the upper to
middle continental slope. If the bathyal region displays increased population differentiation with
depth, and if the upper slope is a potential source of diversity to down slope areas, then it could
be expected that isolation by depth would occur over relatively short bathymetric distances in
this region.
In the GoM, numerous species (see Chapter 5) of octocorals occur on the continental
slope. One genus in particular, Callogorgia, appears to be the most abundant coral occupying
the upper to middle continental slope (~200-1000 m) in the northern GoM, providing the
opportunity to examine the depth differentiation hypothesis in deepwater corals. Only two
previous studies have examined population differentiation on the continental slope within a deepwater coral (Le-Goff Vitry et al. 2004; Morrison et al. 2011), and neither examined differences
among depths. In the scleractinian Lophelia pertusa, Morrison et al. (2011) was able to
determine evident population differentiation between the GoM and the southeastern US, but only
found one panmictic population within the GoM (Morrison et al. 2011). This is to be expected
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because L. pertusa is a broadcast spawner, releasing gametes into the water column where larvae
may disperse for an extended period of time (Waller and Tyler 2005). Although the reproductive
mode is unknown for Callogorgia, other genera within the family Primnoidae (e.g., Thouarella)
brood their larvae (Brito et al. 1995; Orejas et al. 2002), which reduces the time that larvae are in
the water column and therefore reduces dispersal distance. Therefore, I predict that significant
genetic differentiation will occur within Callogorgia americana delta among sampled sites in the
northern GoM. Specifically, in this chapter, I will test the hypothesis that populations in the
northern GoM do not consist of one panmictic population across the slope of the northern GoM.
Secondly, I will test that C. a. delta populations are isolated by depth rather than by distance. To
test this hypothesis, I developed novel microsatellite markers from Roche 454 data, many of
which were also used in another congeneric sub-species occurring in the GoM, C. a. americana,
to determine the level of genetic differentiation between these two putative sub-species.

3.3 Methods
DNA was extracted using a Qiagen DNeasy kit. Two individuals of Callogorgia were
sequenced on a half plate on Roche-454 (Engencore, Colombia SC). Reads were input into the
QDD2 (Meglecz et al. 2010) program, which is a program that enables microsatellite selection
and subsequent primer design using PRIMER 3 (Table 3.1). Restrictions were set on the program
to allow searches for microsatellites at only repeats of ≥5 in minimum read lengths of 80 bp.
After the pipeline, I removed all reads with compound microsatellites and microsatellite motifs
of 2. The remaining reads containing microsatellites were compared for similarity using BLAST
(e value=1e-20) against one another and these reads were then searched for polymorphic
microsatellites. Primer pairs were then ordered and tested for amplification across both
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Callogorgia spp. collected from different sites. Forward primers were ordered with unlabeled
tails (T1-T4), and these same tails were ordered with fluorescent labels. All loci were amplified
using the following PCR profile: initial denaturation: 94 °C at 5 min, followed by 32 cycles of 94
°C 20 s, 54 °C at 20 s, 72 °C at 30 s, followed by a final elongation of 72 °C at 30 min. The
annealing temperatures and number of cycles were then modified as needed to optimize PCR
reactions (Table 3.2). The following final concentrations were used in 10ul PCR reactions: 10-20
ng DNA template, 1uM dNTPs, 1X Buffer, 0.15 uM Reverse Primer, 0.15 uM fluorescentlabeled tag (PET, 6FAM, NED, VIC), 0.04 uM Forward Primer, 2.5 mM MgCl2, and 0.1 units
Taq. PCR products were pooled (in some cases, see Table 3.2) and analyzed on an ABI 3130XL
Genetic Analyzer at the University of Pennsylvania. Fragments were sized using the
microsatellite plug-in for Geneious with GS500LZ size standards (Applied Biosystems, Inc.).

Table 3.1. Number of reads obtained from 454 sequencing of two Callogorgia spp. from two
sites and microsatellite discovery results (program QDD2, Meglecz et al. 2010). Number of
unique reads with microsatellites (repeat ≥5, motif ≥3) and designed primers indicated.
Individual

Total #
Reads

Read
Length
Range
(bp)

Read
Mean
Length
(bp) ± SE

Unique
Reads (>80
bp) with
MSAT5+

Unique
Reads (>80
bp) with
Primers

Unique Reads
(>80 bp) with
Primers and
MSAT Motif >3

C. am delta
(MC751)

430,346

24-743

347±147

12,306

7,680

1,438

C. am delta
(VK826)

293,081

24-708

348±148

10,056

6,240

1,290

MICROCHECKER was used to check for genotyping errors and the presence of null
alleles at each locus across all individuals. GenALEx was used to first find any duplicate
genotypes, which were then removed from the dataset for further analyses (5 total matching
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genotypes). Linkage Disequilibrium was tested (Fisher’s Exact Test, GENEPOP on the Web,
Raymond and Rousset 1995) between all pairs of loci across all populations to determine if the
loci were non-randomly associated to one another. Probability of identity (PI and PIsibs) was
calculated to determine the probability of multilocus genotypes matching at random with
increasing numbers of loci. Estimates of FST, FIT and FIS were calculated for each locus. FST is the
proportion of the total genetic variance contained in a subpopulation relative to the total genetic
variance. Values range from 0 to 1, with high FST indicating a considerable degree of
differentiation among populations. FIS is the proportion of the variance in the subpopulation
contained in an individual. High FIS implies a considerable degree of inbreeding. FIT is the
inbreeding coefficient of the individual relative to the total population. GenALEx was also used
to determine departures from Hardy Weinberg Equilibrium, and observed and expected
heterozygosity at each locus and among populations. The Fixation Index was also calculated at
each locus in each population. Values close to zero are expected under random mating, while
substantial positive values indicate inbreeding or undetected null alleles. Negative values
indicate excess of heterozygosity. An Fst outlier test (LOSITAN, Antao et al. 2008) was used to
determine whether any of the microsatellite loci were candidates for selection. Using neutral loci,
BOTTLENECK (Cornuet and Luikart 1996; Luikart and Cornuet 1998; Piry et al. 1999) was
used to determine if the populations experienced a recent reduction in population size.
STRUCTURE (Pritchard et al. 2000), a Bayesian model-based clustering approach, was
used to determine the number of populations (designated by K) by assigning the probability of
membership of individuals. Model priors included collection location information (Hubisz et al.
2009), an admixture model (i.e., individuals may have mixed ancestry), and correlated allele
frequencies (Falush et al. 2003). The location prior used does not bias towards detecting structure
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when no actual structure is present, and values of r (>1) can be used to determine whether there
is structure independent of locations (Pritchard et al. 2010). 500,000 MCMC generations were
run following a burnin of 100,000 generations. Five independent chains were run to test each
value of K (K=1-7). STRUCTURE Harvester (Earl 2009) was used to choose K using the delta
K criterion. The displayed STRUCTURE plot is of the lowest probability of K at K=4. I also
examined the level of genetic admixture between C. a. delta and C. a. americana using
STRUCTURE with parameters as above, except for K=1-2.
An Analysis of Molecular Variance (AMOVA, Excoffier et al. 1992) was used to test for
significance among pairwise FST values between sites for C. a. delta. Pairwise FST values were
coupled with pairwise geographic distances and depth differences to test whether populations are
isolated by depth and/or by distance in the GoM. Partial mantel tests were used to test for
significant correlations between FST values with bathymetric distances given geographic
distances and FST values with geographic distances given bathymetric distances. All of these
analyses were conducted in GENALEx.
I also calculated recent migration rates between the four population clusters indicated by
STRUCTURE using neutral markers only in BAYESASS v 3 (Wilson and Rannala 2003).
BAYESASS assumes that first generation immigrants can be detected and mean immigration
rates for each population can be estimated. 10,000,000 iterations were performed, with a burnin
of 250,000, and sampled chain every 1000 generations. Parameters were set to ensure acceptance
rates between 20-60% (according to Wilson and Rannala 2003), with allele (-a) frequencies at
0.6, inbreeding coefficients (-f) at 0.7, and migration rates (-m) at 0.4. I examined convergence
by conducting four independent runs initialized with different seeds (s=100, 500, 7500, 10500)
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and comparing the posterior mean parameter estimates for concordance and analyzing the trace
file (Tracer program, v 1.5, Rambaut and Drummond 2009).
3.4 Results
3.4.1 Microsatellite marker data
Of 39 primer pairs that were tested for amplification across individuals, 10 loci were
polymorphic and consistently amplified in either C. a. delta (n=29) or C. a. americana (n=116);
one locus for each species did not amplify well (Table 3.2). No loci were in linkage
disequilibrium (p>0.05, Table 3.3). The number of alleles per locus ranged from 2-18, and the
majority were private alleles within a species (Table 3.2). Overall, there was low allelic diversity
(mean 3.50 ± 0.430 SE to 3.44 ± 0.335) at most loci within a species, with the exception of GIR,
GD1, and EFD. Two loci showed significant departures from HWE within a particular site (G1R
at MC751 and MC885 (p<0.0007) and GD1 at GB299 (p<0.002). Interestingly, several loci also
showed negative fixation indices (Table 3.5), indicative of heterozygote excess, which could be a
sign of a recent population bottleneck. BOTTLENECK results indicated that there was a shifted
mode distribution for allele frequencies at all GC sites and significant heterozygote excess
(Wilcoxon Test, p<0.05) at GC235 and GC249 calculated under the infinite alleles model (IAM),
two-phase model (TPM), and the stepwise mutation model (SMM) suggesting that a recent
population bottleneck may have occurred and reduced the effective population sizes in this
region (Cornuet and Luikart 1997; Luikart and Cornuet 1998). However, it is possible that these
results are reflective of the low sample sizes and few loci at each site (n=4-15).
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Table 3.2. Locus name, primer sequences, type of fluorescent label on each forward primer, and repeat motif of microsatellite.
Annealing temperature is noted as well as the number of cycles and whether PCR products were pooled for successful fragment length
analyses. NA=number of alleles, NPA=number of private alleles, and allele size range (base pairs) indicated for each species.
Locus

Motif

Primers (5’-3’)

C3L2

AAGT

F: AGGTGTTGCCTATAGACGTG
R: ACTAATTTGATAAATTGACAGT

B3S

AAT

GIR

C. a. delta
NPA
Allele
Sizes

C. a. americana
NA
NPA
Allele
Sizes

Fluorescent
Label/Tail1

#
Cycles

T
(°C)

Pooled
Products

NA

PET-T1

45

59.9

Single

2

2

217-229

3

2

221-233

F: CTGCAGCAATCTGGACTTAC
R: ATGATGCCGTTATTTTATCA

6FAM-T2

45

54.8

Single

2

1

231-243

2

1

228-231

AAAC

F: ATTTCGAAGACGAGGAACTC
R: ACTAGGGCTTAACATCCCTG

VIC-T4

35

63.4

Single

18

16

258-334

6

4

272-328

DAV

ACG

F: CGATAACCGTTTGCATACTC
R: TGCGTAGTTATCGTAGTGGG

NED-T3

35

59.0

Multi

2

0

164-170

5

3

164-179

A50

AAC

F: AACCCTGCCACTTCTAGTTT
R: CGCATCATTAACCTACATGG

NED-T3

45

59.9

Single

4

249-258

5

3

243-261

FHM

AAT

F: CTTTTACCAAACCAAGTCCC
R: CCTGCAAACTATCCTGATGA

6FAM-T2

45

54.8

Single

3

2

224-230

2

1

221-224

GD1

ACAGCT

F: AAATTACTCCTTTTCCAAACT
R: TCTCATTACCGCTGTTTTGT

VIC-T4

35

56.5

Single

13

13

140-212

4

4

110-128

JKM

AAC

F: CGATGGTTGGTCCATTAGTA
R: GCTAGCGGAGTATGACAATG

6FAM-T2

45

54.0

Multi

2

1

255-258

3

2

255-264

EME

AGT

F: TTTCGTAGTTACCGTGCATC
R: CCATTTAAAACCACAGGTCA

NED-T3

45

59.0

Multi

2

0

232-235

3

1

226-235

9

156-219

2

F: TGCCTTTTACAGCAGAGCTA
VIC-T4
45
59.0
Multi
6
4
138-198
11
R: TACACCGGTTACACCAGAAC
1
Tails were added to the 5’ ends of forward primers as follows: T1: GGCTAGGAAAGGTTAGTG, T2: TCATACATGTCTCTCAGCGTAAAC, T3:
ACCAACCTAGGAAACACAG, T4: GACTATGGGCGTGAGTGCAT
2
C3L was polymorphic between species, but did not amplify well within C. a. delta, 3EFD did not amplify well in C. a. americana
EFD
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Table 3.3. Fisher’s Exact Tests for linkage disequilibrium
between pairs of loci across all populations of C. a. delta.
Locus
FHM
FHM
GD1
FHM
GD1
A50
FHM
GD1
A50
B3S
FHM
GD1
A50
B3S
EME
FHM
GD1
A50
B3S
EME
DAV
FHM
GD1
A50
B3S
EME
DAV
EFD
FHM
GD1
A50
B3S
EME
DAV
EFD
JKM

	
  

Pair
GD1
A50
A50
B3S
B3S
B3S
EME
EME
EME
EME
DAV
DAV
DAV
DAV
DAV
EFD
EFD
EFD
EFD
EFD
EFD
JKM
JKM
JKM
JKM
JKM
JKM
JKM
G1R
G1R
G1R
G1R
G1R
G1R
G1R
G1R

Chi2
7.938596
6.322811
4.140266
11.082231
11.602232
7.738509
14.561518
6.376148
4.764991
14.687896
9.376882
13.845351
9.943799
0.860643
10.305808
6.905609
9.453588
9.181915
12.761680
3.878688
9.564896
8.379339
17.542966
7.095355
6.526003
8.535852
19.896898
15.906937
4.280400
6.741675
1.062134
10.767892
9.466594
8.534661
9.987754
4.808453

df
12
12
10
8
8
8
12
10
12
8
14
12
12
8
12
12
12
10
8
10
12
14
12
12
8
12
14
12
10
10
8
6
8
10
10
10

P-Value
0.789910
0.898943
0.940797
0.197083
0.169853
0.459421
0.266296
0.782733
0.965371
0.065506
0.806177
0.310693
0.620891
0.998985
0.589152
0.863788
0.663777
0.514931
0.120317
0.952654
0.654073
0.868642
0.130289
0.851248
0.588525
0.741980
0.133426
0.195536
0.933812
0.749587
0.997825
0.095820
0.304475
0.576760
0.441568
0.903601
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Table 3.4. F statistics at each locus for both species.
C. a. delta
FIS
FHM
-0.182
GD1
-0.015
A50
-0.611
B3S
0.194
EME
-0.485
DAV
-0.117
EFD
-0.291
JKM
-0.031
GIR
0.239
Mean
-0.144
SE
0.095
C. a. americana
FIS
FHM
0.135
GD1
-0.194
A50
-0.299
B3S
0.641
EME
-0.337
DAV
-0.370
EFD
-0.171
JKM
-0.123
GIR
0.232
Mean
-0.054
SE
0.110

	
  

FIT
-0.130
0.097
-0.541
0.272
-0.427
-0.101
-0.178
0.071
0.337
-0.067
0.098

FST
0.044
0.110
0.044
0.098
0.039
0.015
0.088
0.099
0.130
0.074
0.013

FIT
0.181
-0.166
-0.251
0.654
-0.332
-0.343
-0.145
-0.066
0.322
-0.016
0.112

FST
0.053
0.023
0.037
0.037
0.004
0.020
0.022
0.051
0.117
0.040
0.011
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Table 3.5. Summary statistics (a) per locus and site (b) per locus for both species of Callogorgia across sites. N=Number of unique
samples per locus, NA= Number of alleles, NE= Number of effective alleles, F= Fixation Index, HO =observed heterozygosity,
HE=expected heterozygosity, Chisq=Chi Square statistic, Prob=p-value indicating departure from Hardy Weinberg equilibrium. A
Bonferroni adjustment was made to α, significance = p<0.0007 for C. a. delta, and p<0.002 for C. a. americana (in italics). Blanks
are due to monomorphic loci within a site. Mean heterozygosity values are listed for each site.

C. a. delta
GC235

GC246

	
  

Locus

N

NA

Ne

F

HO

HE

ChiSq

Prob.

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

5
7
7
7
7
7
7
7
7

-0.667
-0.024
-0.400
#N/A
-0.167
-0.167
#N/A
0.417
-0.667
-0.155
-0.077
-0.333
-0.132
-0.756
0.556
-0.029
-0.333

0.800
0.857
0.857
0.000
0.571
0.286
0.000
0.286
0.857
0.502
0.500
0.833
1.000
0.167
0.500
0.500
0.167

0.480
0.837
0.612
0.000
0.490
0.245
0.000
0.490
0.796
0.439
0.375
0.736
0.569
0.375
0.486
0.375
0.153

0.136
0.464
0.003

0.194
0.194

0.659
0.659

1.215
17.220

0.270
0.698

6
6
6
6
6
6
6

1.923
6.125
2.579
1.000
1.960
1.324
1.000
1.960
4.900
2.530
1.600
3.789
2.323
1.600
1.946
1.600
1.180

2.222
28.000
14.000

FHM
GD1
A50
B3S
EME
DAV
EFD

2.000
8.000
3.000
1.000
2.000
2.000
1.000
2.000
7.000
3.111
2.000
4.000
3.000
2.000
2.000
2.000
2.000

0.667
5.333
6.000
1.852
0.005
0.667
0.050

0.414
0.502
0.112
0.174
0.944
0.414
0.824
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Table 3.5, continued

GC249

GC338

MC751

	
  

JKM
GIR

6
5

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

15
15
15
15
15
15
15
15
15

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

4
4
4
3
4
4
4
4
4

FHM
GD1
A50
B3S

27
27
23
27

2.000
7.000
2.889
2.000
7.000
3.000
1.000
2.000
2.000
3.000
2.000
8.000
3.333
2.000
3.000
2.000
1.000
2.000
2.000
2.000
2.000
5.000
2.333
3.000
7.000
3.000
2.000

1.180
5.556
2.308
1.991
4.327
2.711
1.000
1.923
1.557
1.965
1.965
5.056
2.499
1.600
2.133
2.000
1.000
2.000
1.280
1.600
1.882
4.000
1.944
2.039
5.063
2.665
1.338

-0.091
-0.091
-0.105
-0.339
0.220
-0.585
#N/A
-0.667
0.441
-0.357
0.050
0.418
-0.102
-0.333
-0.412
-1.000
#N/A
-1.000
-0.143
-0.333
-0.600
-0.333
-0.519
0.128
0.123
-0.461
0.120
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0.167
0.600
0.493
0.667
0.600
1.000
0.000
0.800
0.200
0.667
0.467
0.467
0.541
0.500
0.750
1.000
0.000
1.000
0.250
0.500
0.750
1.000
0.639
0.444
0.704
0.913
0.222

0.153
0.820
0.449
0.498
0.769
0.631
0.000
0.480
0.358
0.491
0.491
0.802
0.502
0.375
0.531
0.500
0.000
0.500
0.219
0.375
0.469
0.750
0.413
0.510
0.802
0.625
0.252

0.050
25.556

0.824
0.224

1.727
13.943
11.786

0.189
0.872
0.008

6.667
2.917
3.750
0.037
36.435

0.010
0.088
0.290
0.847
0.132

0.444
1.440
4.000

0.505
0.696
0.046

4.000
0.082
0.444
1.440
12.000

0.046
0.775
0.505
0.230
0.285

1.339
22.389
16.479
0.386

0.720
0.377
0.001
0.534

	
  

Table 3.5, continued

	
  

EME
DAV
EFD
JKM
GIR

27
27
27
27
19

MC885

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

26
24
26
25
26
25
25
26
19

VK826

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

28
28
28
28
28
28
28
28
21

2.000
2.000
5.000
2.000
6.000
3.556
2.000
11.000
3.000
2.000
2.000
2.000
5.000
2.000
13.000
4.667
3.000
11.000
3.000
2.000
2.000
2.000
4.000
2.000
9.000
4.222

1.976
1.624
1.522
1.839
4.247
2.479
1.988
7.481
2.840
1.268
1.550
1.523
1.530
1.899
6.942
3.002
2.066
6.817
2.018
1.194
1.977
1.415
2.010
1.960
2.471
2.437

-0.650
-0.157
-0.188
-0.218
0.518
-0.087
-0.083
-0.010
-0.484
-0.136
-0.300
-0.282
-0.155
0.025
0.447
-0.109
0.239
-0.004
-0.699
-0.098
-0.517
-0.217
-0.421
0.125
0.440
-0.128
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0.815
0.444
0.407
0.556
0.368
0.542
0.538
0.875
0.962
0.240
0.462
0.440
0.400
0.462
0.474
0.539
0.393
0.857
0.857
0.179
0.750
0.357
0.714
0.429
0.333
0.239

0.494
0.384
0.343
0.456
0.765
0.515
0.497
0.866
0.648
0.211
0.355
0.343
0.346
0.473
0.856
0.511
0.516
0.853
0.504
0.163
0.494
0.293
0.503
0.490
0.595
0.490

11.408
0.667
1.767
1.284
40.733

0.001
0.414
0.998
0.257
0.000

0.181
64.521
16.086
0.465
2.340
1.989
1.563
0.016
135.421

0.671
0.178
0.001
0.495
0.126
0.158
0.999
0.899
0.000

2.749
50.943
15.750
0.269
7.496
1.323
8.642
0.438
74.708

0.432
0.630
0.001
0.604
0.006
0.250
0.195
0.508
0.000

	
  

Table 3.5, continued
C. a. americana
GB299
FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR
VK862

	
  

FHM
GD1
A50
B3S
EME
DAV
EFD
JKM
GIR

21
21
20
21
21
21
14
20
4
7
7
7
7
7
6
7
7
5

2.000
4.000
5.000
2.000
3.000
3.000
8.000
3.000
3.000
3.667
2.000
2.000
4.000
1.000
2.000
5.000
7.000
3.000
4.000
3.333

1.569
1.753
1.762
1.153
2.189
2.291
2.761
2.180
1.684
1.927
1.153
1.690
2.579
1.000
1.960
3.600
3.379
2.649
3.333
2.371

0.213
0.003
-0.156
0.641
0.035
-0.352
-0.120
0.169
0.385
0.091
-0.077
-0.400
-0.400
#N/A
-0.750
-0.385
-0.217
-0.377
0.143
-0.308
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0.286
0.429
0.500
0.048
0.524
0.762
0.714
0.450
0.250
0.440
0.143
0.571
0.857
0.000
0.857
1.000
0.857
0.857
0.600
0.638

0.363
0.430
0.433
0.133
0.543
0.563
0.638
0.541
0.406
0.450
0.133
0.408
0.612
0.000
0.490
0.722
0.704
0.622
0.700
0.488

0.948
20.716
5.719
8.629
2.105
5.180
11.375
3.630
8.000

0.330
0.002
0.838
0.003
0.551
0.159
0.998
0.304
0.046

0.041
1.120
17.571

0.839
0.290
0.007

3.938
8.400
9.571
1.905
10.000

0.047
0.590
0.984
0.592
0.125

	
  

The probability of identity indicated that with at least 8 alleles, the probability of
identifying multilocus genotypes at random decreased to 0-5% for both species at both
probability calculations (Fig. 3.1). The same multilocus genotypes were found, 3 at
VK826 and 2 at GC249, which may have been the result of sampling errors. Removing
these left 113 C. a. delta and 28 C. a. americana for analyses.
a)
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Figure 3.1. Probability of identity plots for Callogorgia a. delta. The probability of
randomly observing identical multilocus genotypes in the C. a. delta population based on
calculations of (a) probability of identity and (b) the sibling probability of identity (Waits
et al. 2001), a more conservative measure.
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Figure 3.2. Probability of identity plots for Callogorgia a. americana. The probability of
randomly observing identical multilocus genotypes in the C. a. americana population
based on calculations of (a) probability of identity and (b) the sibling probability of
identity (Waits et al. 2001), a more conservative measure.

3.4.2 Genetic differentiation between Callogorgia spp.
Microsatellite markers amplified well in both species of Callogorgia, providing
the opportunity to further examine whether any gene flow occurs between the two
species. STRUCTURE indicated no genetic admixture between both species. Further,
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there was high genetic differentiation between the two populations and inbreeding within
each population (Fst=0.398, p=0.001; FIT=0.429, p=0.001; FIS=0.053, p=0.010;
AMOVA). This provides further evidence (see Chapter 2) to elevate the status of these
two sub-species.
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Figure 3.3. Average probability of membership graph for Callogorgia spp. K = 2 (Ln
Prob. -2464) populations as identified by STRUCTURE for Callogorgia americana
americana (n=112) and Callogorgia americana delta (n=29).

3.4.3 Population structure within Callogorgia a. delta
Values of Delta K and Ln. probability of K from STRUCTURE indicated that the
most likely number of population clusters present in the dataset is four (Figures 3.4-3.5).
Membership in each of these four clusters corresponds to sites from which individuals
were collected: GC249 and GC338, MC751, MC885, and VK826 (Fig. 3.6, Table 3.6). A
high proportion of individuals from GC235 were assigned to both the VK826 cluster and
the MC885 cluster and a high proportion of individuals from GC246 were assigned to
both the GC249/338 cluster as well as the MC885 cluster. It is likely that population
cluster assignment for both GC235 and GC246 is due to the lack of samples at both of
these sites. These clustering patterns appear to follow differences in depth, as each of
these sites were found at distinct depths in the GoM. No apparent pattern in geographic
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isolation is observed. This is further supported by the fact that genetic divergence was
strong between MC751 and MC885; two sites that are only15 km apart, but differ in
~200 m depth.

Figure 3.4. Mean of estimated ln probability for K determined by STRUCTURE
HARVESTER.
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Figure 3.5. Delta K values determined by STRUCTURE HARVESTER.

Figure 3.6. Average probability of membership graph for Callogorgia a. delta (n = 116).
K = 4 (Ln Prob. -1938) clusters as identified by STRUCTURE.
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Table 3.6. Proportion of membership of individuals from each site in each cluster
identified by STRUCTURE (K=4). Numbers in Bold indicate the greatest proportion of
membership to a particular cluster.
Site
GC235
GC246
GC249
GC338
MC751
MC885
VK826

1
0.351
0.159
0.024
0.134
0.104
0.056
0.780

2
0.115
0.495
0.836
0.801
0.026
0.029
0.054

3
0.066
0.068
0.061
0.021
0.830
0.079
0.046

4
0.469
0.278
0.079
0.045
0.040
0.835
0.121

# Individuals
7
6
15
4
27
26
28

Pairwise FST values ranged between 0.020 and 0.078 with p-values ranging from
0.001 to 0.243 (AMOVA) (Table 3.7). After a Bonferroni correction, however, FST values
between only a few pairs of sites remained significant (p<0.003, AMOVA). The strongest
differences were observed between sites where the most number of individuals were
collected. FST values between VK826 with MC751, MC885, and GC249 were all
significant. Relatively high FST was also found between MC751 and MC885 (0.032,
p=0.007) and MC751 and GC249 (0.048, p=0.004); however, this did not remain
significant after the Bonferroni correction. Greater genetic differentiation with increasing
bathymetric distance given geographic distance was evident (partial mantel test, r = 0.65 ,
p = 0.001, Fig. 3.7). In contrast, no significant correlation was found with genetic
distance and geographic distance given bathymetric distance (partial mantel test, r = 0.14,
p = 0.26, Fig.3.7). These results indicate that populations are isolated by depth rather than
distance in the northern GoM.
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Table 3.7. Pairwise FST values among sites. FST values in bold are significant (AMOVA,
Bonferroni adjustment, p<0.003). p-values are also indicated above diagonal. n=number
of individuals genotyped and used in analyses. Average site depth of collections is noted
in parentheses.

GC235
GC246
GC249
GC338
MC751
MC885
VK826

	
  

GC235
(532 m)
n=7
--

GC246
(850 m)
n=6

GC249
(789 m)
n=15

GC338
(831 m)
n=4

MC751
(435 m)
n=27

MC885
(628 m)
n=26

VK826
(491 m)
n=28

0.111

0.036
0.038
0.051
0.036
0.039
0.023

--

0.058
0.048

0.048
0.026
0.076
0.030
0.055

0.123
0.257
0.239

0.020
0.048
0.029
0.056

0.063
0.007
0.004
0.016

0.034
0.072
0.021
0.043
0.009
--

0.123
0.023
0.001
0.056
0.002
0.003

0.040

--

--
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0.057
0.056

--
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Figure 3.7. Scatterplots of pairwise Fst, with respect to a) depth (partial mantel test, r =
0.65 , p = 0.001) and b) geographic distance (partial mantel test, r = 0.14, p = 0.26) in
Callogorgia americana delta.
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The FST outlier test implemented in LOSITAN indicated that two loci (GD1,
G1R) are candidates for positive selection. Re-analyzing the FST data using only the two
loci and the seven putative loci suggest that potential adaptive divergence with depth is
occurring in the GoM (Fig. 3.8, Table 3.8). Pairwise FST values at the two candidate loci
under selection were much higher (0.009-0.166) compared with the putative neutral loci
(0.00-0.09) (Table 3.8) and after a Bonferroni correction, numerous FST values between
pairs of sites were significant (p<0.003, AMOVA). In contrast, after a Bonferroni
correction, no FST values between pairs of sites were significant at the 7 neutral loci
(p>0.003, AMOVA). Greater genetic differentiation with increasing bathymetric distance
given geographic distance was evident at the two loci candidates for selection (partial
mantel test, r = 0.52, p = 0.01, Fig. 3.8). In contrast, no significant correlation was found
with genetic distance and bathymetric distance at the seven neutral loci (partial mantel
test, r = 0.10, p = 0.35, Fig.3.7). Although G1R and GD1 are potential candidates for
selection, it is also noteworthy that these two loci had much higher allelic diversities and
larger motif sizes than the putative neutral loci.
Estimates of migration rates and directions (BAYESASS) at the seven putative
neutral loci indicated a moderate fraction of non-migrants at each site, suggesting that
there is some self-recruitment occurring at each site (Tables 3.9-3.10). Furthermore,
inbreeding coefficients were all relatively high (FIS= 0.24-0.36). Those that were
migrants appeared to be from GC249.
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Table 3.8. Pairwise FST values among sites at two loci (G1R, GD1) potentially under
selection. FST values in bold are significant (AMOVA, Bonferroni adjustment, p<0.003).
p-values are also indicated above diagonal. n=number of individuals genotyped and used
in analyses. Average site depth of collections is noted in parentheses.
a)

GC235
GC246
GC249
GC338
MC751
MC885
VK826

GC235
(532 m)
n=7

GC246
(850 m)
n=6

GC249
(789 m)
n=15

GC338
(831 m)
n=4

MC751
(435 m)
n=27

MC885
(628 m)
n=26

VK826
(491 m)
n=28

-0.020
0.047
0.134
0.023
0.014
0.001

0.237
-0.031
0.075
0.045
0.009
0.055

0.034
0.090
-0.054
0.107
0.063
0.141

0.002
0.083
0.076
-0.170
0.109
0.166

0.138
0.036
0.001
0.001
-0.029
0.048

0.161
0.288
0.001
0.001
0.004
-0.052

0.417
0.017
0.001
0.001
0.001
0.001
--

GC235
(532 m)
n=7

GC246
(850 m)
n=6

GC249
(789 m)
n=15

GC338
(831 m)
n=4

MC751
(435 m)
n=27

MC885
(628 m)
n=26

VK826
(491 m)
n=28

-0.047
0.032
0.000
0.043
0.054
0.034

0.151
-0.058
0.000
0.092
0.042
0.055

0.139
0.075
-0.000
0.014
0.008
0.003

0.398
0.426
0.390
-0.023
0.026
0.000

0.066
0.009
0.162
0.193
-0.034
0.042

0.048
0.088
0.230
0.203
0.012
-0.033

0.111
0.064
0.324
0.366
0.011
0.019
--

b)

GC235
GC246
GC249
GC338
MC751
MC885
VK826
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Figure 3.8. Scatterplots of pairwise Fst at putative selective and neutral loci, with respect
to depth at a) two loci candidates for selection (partial mantel test, r = 0.52 , p = 0.01) and
b) seven putative neutral loci (partial mantel test, r = 0.10, p = 0.35) in Callogorgia
americana delta.
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Table 3.9. The proportion of non-migrants and the likely source of migrants in the four
populations indicated by STRUCTURE (in bold). Migrant sources are listed across the
top of the table. a) BAYEASS results on all 9 loci, b) BAYESASS results using the 7
putative neutral loci only.
a)
GC249/338
789-831 m
GC249/338
0.866
MC751
0.029
MC885
0.042
VK826
0.031

MC751
435 m
0.054
0.878
0.089
0.041

MC885
628 m
0.053
0.039
0.791
0.021

VK826
491 m
0.027
0.053
0.078
0.907

MC751
435 m
0.090
0.683
0.071
0.023

MC885
628 m
0.052
0.058
0.689
0.037

VK826
491 m
0.17
0.051
0.029
0.682

b)
GC249/338
789-831 m
GC249/338
0.685
MC751
0.208
MC885
0.211
VK826
0.257
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Table 3.10. The estimated inbreeding coefficients (FIS)
at each site with standard error (S.E). a) BAYEASS
results on all 9 loci, b) BAYESASS results using
the 7 putative neutral loci only.
a)
Site
GC249/338
MC751
MC885
VK826

Inbreeding
Coefficient (S.E.)
0.082 (0.083)
0.069 (0.049)
0.103 (0.119)
0.054 (0.035)

b)
Site
GC249/338
MC751
MC885
VK826

Inbreeding
Coefficient (S.E.)
0.249 (0.244)
0.270 (0.237)
0.242 (0.221)
0.362 (0.271)

3.5 Discussion
The hypothesis that there is no population structure within Callogorgia a. delta
across the northern GoM can be rejected. Rather, my results indicate that there is weak,
but significant population structure across the sites surveyed. Furthermore, populations
appear to be isolated by depth rather than by geographic distance in the GoM. This
pattern of isolation by depth within Callogorgia a. delta further re-enforces the
importance of depth (or the factors associated with depth) as an important abiotic
gradient influencing the evolution of octocoral populations. Different evolutionary
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processes could lead to the population structuring observed across depth, including
genetic drift due to a past reduction in population size, high rates of selfing within sites,
and adaptive divergence along a gradient of depth. Out of these scenarios, it seems most
likely that adaptive divergence with depth is leading to population structuring of C. a.
delta across the slope in the northern GoM.

3.5.1 Population structure in Callogorgia a. delta
The results from STRUCTURE analyses suggested that at least four C. a. delta
populations are present across ~400 m depth in the northern Gulf of Mexico: MC751,
VK826, MC885, and GC249/338 (in order from shallowest to deepest). The remaining
two sites, GC246 and GC235, contained individuals that were admixed across the other
populations, and could be indicative of the low sample sizes collected from each site.
This population structure pattern was further supported by FST results, as numerous
pairwise comparisons were significant between sites, although FST values were rather low
overall. Further, these populations appear to be isolated by depth rather than by distance,
as FST values were significantly correlated with larger differences in depth than with
geographic distance. For example, the low FST value (0.023) between the two sites that
were 400 km apart, VK826 and GC235, although not significant, and STRUCTURE
results indicated admixture between these two sites. Additionally, MC751 and MC885
were highly divergent (FST =0.032, p=0.009), and occurred only 15 km apart, yet were
located at depths differing in 200 m.
Upon further examination of these FST values, it appears that isolation by depth
may be the result of adaptive divergence. Two loci (GD1 and G1R) were found to be
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outliers (LOSITAN), suggesting that both may be candidates for positive selection. Recalculating FST values using only these loci indicated much higher genetic differentiation,
in most cases, between all pairs of sites whereas the genetic differentiation at the seven
putative neutral loci was much lower and in most cases non-significant. This pattern
could be indicative of adaptive divergence in the presence of gene flow. Environmental
changes along the bathymetric gradient may inhibit gene flow by either disrupting
dispersal because of physiological intolerances or by affecting post-settlement survival.
Strong divergent selection may particularly occur in sessile animals, as they are not able
to move away from environmental pressures (Prada and Hellberg 2013). Settlement into
different depths from where the larvae originated could potentially lead to a decrease in
survival rates. For Callogorgia occupying this zone of the continental slope, temperature
and dissolved oxygen (and variability) may be major factors influencing post-settlement
survival. Where C. a. delta occurred, temperatures ranged from 5.0-10.0°C and dissolved
oxygen from 1.5-3.5 ml/l (see Chapter 2). Somero (1995) noted that changes in only a
few Celsius degrees could lead to adaptive protein changes and thus could influence the
biogeography of species diversity. Therefore, it seems probable that adaptive divergence
has lead to weak, but significant population structure in C. a. delta.
BAYESASS results using all nine loci or the seven putative neutral loci resulted
in two different patterns of recent gene flow. Using all nine loci, BAYESASS results
indicated high levels of non-migrants at each site (~90% non-migrants). Although the
reproductive strategy of Callogorgia is unknown, it is possible that this species broods
larvae (Brito et al. 1995; Orejas et al. 2002), which would lower the effective dispersal of
larvae, leading to low migration levels between sites. However, re-analyzing the data at
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the seven putative neutral loci, higher levels of gene flow occurred between sites, with a
high proportion of migrants (~2%) at sites sourced from GC249/338. Although the results
also appear to show high levels of non-migrants (67%) at each site, the ~67% boundary is
the lowest number of non-migrants that can possibly be calculated (Meirmans 2014)
indicating that there is potential for even higher gene flow between sites in the northern
GoM. However, BAYEASS analyses often get “trapped” in the lower bound (~67%) or
the upper bound (near 100%) of the posterior distribution and results can often be
erroneous, particularly when there are few individuals (Meirmans 2014). Therefore, I
believe that these patterns produced by BAYEASS are unlikely to reflect real migration
patterns in C. a. delta. Regardless of whether there is high or low recent gene flow
occurring between sites in the northern GoM, there are likely other evolutionary
mechanisms that are shaping the pattern observed, such as the adaptive divergence with
depth as described above.
It is possible that C. a. delta may have undergone a recent population bottleneck,
as indicated by the low allelic diversity, heterozygote excess at several loci, and shifted
mode allele frequency distributions, particularly at the Green Canyon (GC) sites. Severe
reduction in population size can decrease the genetic variation within populations (e.g.,
Bouzat et al. 1998), and allelic diversity can often be reduced faster than heterozygosity,
particularly if heterozygotes have a selective advantage (Cornuet and Luikart 1996;
Luikart and Cornuet 1998). It is probable that there was a decrease in the effective
population size at sites in the GC region in the past. This region may often experience
fluctuations in the amount and direction of the Mississippi River discharge during
glaciation and inter-glaciation periods, leading to habitat fragmentation. Over the past
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5,000 years, there has been a change in the location of the Mississippi outflow and a
significant build up of land seaward (Saunders et al. 1997). Additionally, in more recent
times, hypoxic events in this region as a result of excessive nutrient load from the
Mississippi River (Rabalais et al. 2002) can potentially lead to a reduction in population
sizes of continental slope species. Although colonization of a few founders in the GC
region could lead to population bottlenecks, it is more probable that the potential
bottlenecks are the result of a reduction in effective population size; particularly as most
of C. a delta migrants at other sites appeared to have originated in the GC area. Gene
flow can often increase between areas following habitat fragmentation, which has often
been documented in plants (Young et al. 1996; White et al. 2002; Wang et al. 2011).
Alternative to the population bottleneck scenario, it is possible that these results are due
to overall few individuals and few loci at the GC sites as power increases with more loci
and more individuals (Cornuet and Luikart 1996).

3.5.2 Comparisons to other taxa
Patterns in population structuring contrasts patterns observed in other deep-sea
foundation species in the GoM, such as those from chemosynthetic communities.
Bathymodiolus childressi showed no population differentiation across a large depth range
(~500-2000 m) (Carney 2006). Lamellibrachia luymesi showed weak, but significant
population differentiation across east to west in the northern GoM (McMullin et al.
2010). Differences among patterns in population structuring in sessile fauna could likely
be related to dispersal mode. Although the reproductive strategies of Callogorgia are not
known, other primnoids brood larvae. Brooding in Callogorgia contrasts the broadcast
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spawning reproductive mode in the chemosynthetic GoM deep-water species. In addition,
results from my study also contrast patterns in another deepwater coral, Lophelia pertusa
(Morrison et al. 2011). No population differentiation in L. pertusa was detected within
any one region throughout the entire North Atlantic. Lophelia pertusa is also a broadcast
spawner, which could lead to high connectivity within a region. However, samples used
in this study were also restricted to a relatively narrow (~400-700 m) depth range.
Population differentiation across depth has been indicated in corals with different
reproductive modes. Population structure was evident in the broadcast spawning coral,
Oculina varicosa (Eytan et al. 2009), as genetic differentiation was observed between
populations inhabiting depths < 30 m and > 70 m. Although Eytan (2009) did not take
into account that loci analyzed could be potentially under selection, the results indicate
that depth serves as a boundary to dispersal for Oculina. Similarly, populations of the
octocoral Paramuricea clavata in the Mediterranean were differentiated over very short
bathymetric distances, also suggesting that different environmental conditions may serve
as a mechanism for local adaptation within this species (Mokhtar-Jamai et al. 2011).
Isolation by distance was also noted in P. clavata, and is consistent with a brooding
species that has a short effective larval dispersal stage. My data and results from these
studies reflect the importance of considering different environmental conditions that
contribute to the evolutionary processes leading to population isolation in corals. This has
significant implications for conservation efforts in the marine environment. With the high
potential of anthropogenic disturbances impacting coral communities, coral communities
occupying different depths warrant consideration for protection.
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CHAPTER 4
GENETIC AND MORPHOLOGICAL DIVERGENCE IN GULF OF MEXICO
PARAMURICEA KÖLLIKER 1865, WITH PROGRESS ON MICROSATELLITE
MARKER DEVELOPMENT
4.1 Abstract
Paramuricea is a common coral inhabiting the Gulf of Mexico (GoM) at depths
ranging from 200 to 2400 m, and is the most abundant octocoral occurring at deeper sites
(>1000 m). Additionally, at least one species of Paramuricea (P. biscaya) was negatively
impacted by the Deepwater Horizon oil spill in the GoM. Mitochondrial barcoding
(mtCOI+igr+MutS) was used to delimit species boundaries among the specimens
collected. Results suggested that seven haplotypes are present in the Gulf, and appear to
be partially segregated by depth [(type H: < 260 m) (type E: 278-445 m) (type A: 443541 m) (type B1-B3: 800-2600m)]. Because of their abundance and ecosystem
importance in the GoM, it is imperative to understand species boundaries as well as their
genetic connectivity across the GoM. Results indicate that species of Paramuricea
segregate by depth, with at least five species inhabiting specific depth zones in the GoM.
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4.2 Introduction
The Deepwater Horizon (DWH) oil spill was one of the worst environmental
disasters in U.S. history. Approximately 800 million liters of crude oil were released into
the deep Gulf of Mexico (GoM) over a 3-month period (Baron et al. 2012), resulting in a
cascade of negative impacts to coastal, pelagic, and benthic communities (Graham et al.
2010; Lin et al. 2012). Deepwater corals are among the communities that were negatively
impacted by the DWH oil spill. These coral species are long-lived and slow growing (8)
and create habitat for a diverse faunal assemblage. White et al. (2012) provided evidence
that the DWH oil spill caused substantial damage to deepwater coral colonies at a
hardbottom site in 1370 m depth (MC294), 11 km southwest of the spill site. Specifically,
White et al. (2012) observed many octocoral (Cnidaria: Anthozoa: Octocorallia) colonies
that were either dead or partially deceased, and covered in brown flocculent material,
which was chemically linked to DWH hydrocarbons. The majority (86%) of colonies
exhibited signs of stress that included excessive mucus production, retracted polyps, and
sloughing tissue. Subsequent monitoring of all 54 octocoral colonies at MC294 (20102013) revealed individual variation in the level of stress response and the capacity for
some colonies to recover from damage (Hsing et al. 2013). Since the initial discovery of
damaged corals in 2010, additional surveys exploring sites 30 km away from the
wellhead at depths of 800-2000 m revealed negative impacts to at least two more coral
communities dominated by P. biscaya (Fisher et al. submitted).
The dominant octocoral species impacted by the DWH incident (4) was
Paramuricea biscaya Grasshoff 1977, the most common gorgonian inhabiting the deep
northern GoM (~800-2500 m) (Doughty et al. 2014). Similar to other corals in the deep
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sea, this foundation species increases habitat heterogeneity, supporting a diverse
assemblage of fishes and invertebrates that include several symbiotic species (e.g., ring
anemones and brittle stars). Population dynamic studies of Paramuricea spp. across 400
km of the northern GoM (250-2500 m) revealed that individuals are patchily distributed
among sites with 0.04 to 1.1 colonies/m2 and are recruitment limited (Doughty et al.
2014), suggesting slow recovery from disturbance. Extending beyond the DWH oil spill,
Paramuricea spp. have been severely affected by other anthropogenic stressors;
destructive fishing and high temperatures have caused mass mortality events in the
Mediterranean Sea (Bavestrello et al. 1997; Cerrano et al. 2000).
The species boundaries within this genus are unclear, as species descriptions have
been based on subtle differences in morphological characters, such as sclerites (Thoma et
al. 2013). Yet, delimiting species is the first step for successful conservation and
preservation from future disturbances. My goal was to combine morphological and
genetic data to potentially delimit the species boundaries within this genus occurring in
the GoM. Additionally, I was able to design primers for microsatellite amplification
across closely related Paramuricea spp., which may further help to elucidate species
boundaries within this understudied group.

4.3 Methods
4.3.1 Morphological identification
Samples of 103 colonies of Paramuricea were collected for analyses.
Approximately 2-3 cm tissue samples were obtained from each specimen (103
Paramuricea), frozen at -80ºC and preserved in both 95% ETOH (stored at -20 ºC) and a
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high-salt EDTA preservative (stored at -80 ºC). Voucher specimens of each individual
were preserved in 95% ETOH or dried. Species were identified using morphological
characteristics (Bayer 1982; Cairns and Bayer 2002; Cairns 2010; Grasshoff 1977).
Scanning election microscopy (SEM) (Quanta 600 FEG at the Penn Nanotechnology
Regional Center) was used to identify morphological differences between haplotypes.
4.3.2 Molecular barcoding methods
DNA extractions were performed using the Qiagen DNeasy Blood and Tissue Kit.
The extended mitochondrial barcode (COI+igr1+MutS) was sequenced following
McFadden et al. (2006, 2011). Approximately 850 bp from the 5’ end of the
mitochondrial MutS gene and ~1000 bp of the COI+igr1 region were PCR amplified and
the resulting sequences were edited, aligned by ClustalW and adjusted by eye by viewing
amino acid alignments (BioEdit, MEGA). The gene regions were concatenated into a
1602 bp extended barcode. Pairwise p-distances were calculated between all haplotypes
(MEGA v5). A median joining network of haplotypes was created (Network v 4.6,
http://www.fluxus-engineering.com/).
4.3.3 Microsatellite marker development
Two individuals of Paramuricea were sequenced on a half plate on Roche-454
(Engencore, Colombia SC). Reads were input into the QDD2 (Meglecz et al. 2010)
program, which is a program that enables microsatellite selection and subsequent primer
design using PRIMER 3. Restrictions were set on the program to allow searches for
microsatellites at only repeats of ≥5 in minimum read lengths of 80 bp. After the
pipeline, I removed all reads with compound microsatellites and microsatellite motifs of
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2. The remaining reads containing microsatellites were BLASTed (e value=1e-20)
against one another and these reads were then searched for polymorphic microsatellites.
Primer pairs were then ordered and tested for amplification across Paramuricea types B1,
B2, and B3 collected from different sites. Forward primers were ordered with unlabeled
tails (T1-T4), and these same tails were ordered with fluorescent labels. All loci were
amplified using the following PCR profile: initial denaturation: 94 °C at 5 min, followed
by 32 cycles of 94 °C 20 s, 54 °C at 20 s, 72 °C at 30 s, followed by a final elongation of
72 °C at 30 min. The following final concentrations were used in 10ul PCR reactions: 1020 ng DNA template, 1uM dNTPs, 1X Buffer, 0.15 uM Reverse Primer, 0.15 uM
fluorescent-labeled tag (PET, 6FAM, NED, VIC), 0.04 uM Forward Primer, 2.5 mM
MgCl2, and 0.1 units Taq.

4.4 Results
4.4.1 Molecular barcoding results
Molecular barcoding techniques combined with morphology enabled
identification of likely five species of Paramuricea in the northern GoM. Seven
haplotypes of the extended barcode emerged within the Paramuricea genus and were 0.12.2 % divergent from each other (Table 4.1). Paramuricea type H was 1.7-1.8%
divergent from the other Paramuricea haplotypes. Paramuricea types A and E were
genetically quite similar (0.2% divergent), but morphological differences indicated that
these likely represent different species (Fig. 4.1). Paramuricea type A had thorny
spindle-shaped coenenchymal sclerites (some bent) and elongated thornscales. In
contrast, sclerites observed in Paramuricea type E were irregularly shaped and sized, and
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contained spindles and branched spindles. Four Paramuricea type B haplotypes were
identical at MutS, but they differed in 1-2 bp polymorphisms at COI; B1a had an
additional polymorphism in igr1 (0.1-0.2% p-distance). Although p-distances were low,
morphological differences between type B3 and P. biscaya types B1, B1a, and B2 were
identifiable (Fig. 4.1). Paramuricea type B3 differed by having bent spindle-shaped,
coenenchymal sclerites and blunt thornscales whereas plate-shaped sclerites were found
in P. biscaya and thornscales were more elongated compared with type B3.
Table 4.1. Pairwise uncorrected p-distances (%) for Paramuricea spp. at mitochondrial
cox1+igr1+mtMutS.

Type E
P. biscaya B1
P. biscaya B1a
P. biscaya B2
Type B3
Type H

Type A

Type E

0.19
0.62
0.69
0.50
0.56
2.10

0.69
0.75
0.56
0.62
2.25

P. biscaya
B1

P. biscaya
B1a

P. biscaya
B2

0.06
0.12
0.19
1.87

0.19
0.25
1.94

0.06
1.75

Type B3

1.81

Although there was low genetic divergence in the extended mitochondrial barcode
between Paramuricea types A and E and between Paramuricea types B3 and P. biscaya,
there were consistent differences in sclerite morphology between the haplotypes,
suggesting that these likely represent different species. Although additional genetic
markers or genomic data are needed to confirm the species boundaries within this genus,
the molecular barcodes used in this study allowed us to identify independent,
phylogenetic lineages of Paramuricea. Furthermore, each putative species appears to
inhabit specific depth zones in the northern GoM, with Paramuricea Type H at < 260 m,

	
  

80	
  

	
  
type E at 280-400 m, type A at 443-550 m, type B3 at 837-1040 m, and P. biscaya at
1370-2400 m (Figure 4.2).

Figure 4.1. Scanning electron microscopy of Paramuricea. Sclerite composition and
structure of six haplotypes of Paramuricea with photos of colony morphology. Scale bar
indicates 500 um.

	
  

81	
  

	
  

Figure 4.2. Median joining network of haplotypes. Size of circle corresponds to total
number collected. Number of substitutions is indicated by slash marks (except Type h to
the remaining is indicated by a number 35).

4.4.2 Microsatellite development
The 454 sequencing resulted in 442,854 reads across two haplotypes of P.
biscaya, with mean (± SE) read lengths of 347 ± 148 and 340 ± 149 for P. biscaya B1
and B2, respectively. All reads were input into the QDD2 pipeline. I identified 669 and
556 reads of at least 80 bp with microsatellites (≥3 motif) repeating at least 5 times in
Paramuricea B1 and B2, respectively. Of the 118 polymorphic microsatellites
discovered, 45 had good primer design with amplicon lengths of >100 bp, a criteria
important for distinguishing between true alleles and primer dimers. Of these, I ordered
29 primers with tails, and tested for amplification in B1, B2, and B3. None of these
primers consistently amplified in all three types from different sties.

	
  

82	
  

	
  
Table 4.2. Number of reads obtained from 454 sequencing of two Paramuricea
haplotypes from two sites and results from the microsatellite discovery program QDD2
(Meglecz et al. 2010). Unique reads with microsatellites (repeat ≥5, motif ≥3) and
optimal primers were obtained for each individual.
Individual

Total #
Reads

Read
Length
Range
(bp)

Read
Mean
Length
(bp) ± SE

Unique
Reads (>80
bp) with
MSAT5+

Unique
Reads (>80
bp) with
Primers

Unique Reads
(>80 bp) with
Primers and
MSAT Motif >3

P. biscaya B1
(MC294)

258,590

24-1086

347 ± 148

3,938

2,619

669

P. biscaya B2
(GC852)

184,264

26-896

340 ± 149

3,181

2,188

556

4.5 Discussion
Molecular barcoding techniques enabled the identification of seven mitochondrial
lineages likely representing five species of Paramuricea in the northern GoM.
Furthermore, physical sampling and barcoding enabled documentation of which species
occurred at any one site and thus allowed for distinguishing among species of
Paramuricea on video (in Temple undergraduate Cheryl Doughty’s work, Doughty et al.
2014), thereby providing taxon-specific population data. Although there was low genetic
divergence in the extended mitochondrial barcode between Paramuricea types A and E
and between Paramuricea types B3 and P. biscaya, there were consistent differences in
sclerite morphology between the haplotypes, suggesting that these likely represent
different species. Furthermore, I received poor amplification of designed microsatellite
primers in type B3, yet they amplified in B1 and B2. Therefore, it is likely that this is in
fact a distinct species in which the mitochondrial molecular markers are not sufficient
enough to determine among these recently diverged (< 5 MY, see Chapter 6) lineages.
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However, I recognize that additional genomic data are sorely needed to confirm the
species boundaries within this genus. This is further exemplified by a recent study
(Thoma 2013) that found morphological incongruence and low genetic divergence among
at least 10 morphospecies, with several mtMutS sequences that were different within a
species. Because this genus was impacted by the oil spill, there is a critical need to better
understand their recovery potential. One essential step is to determine what species were
impacted, as protecting different evolutionary lineages is important in conservation
efforts for these and other long-lived corals. The loss of one lineage could result in a
substantial decrease in genetic diversity.
Paramuricea spp. occupied distinct depth zones in the northern GoM, with little
to no overlap among sites. This seems to be the common pattern in octocoral
communities in the GoM and has been noted in other coral species (Baco and Cairns
2012; Carlon and Budd 2002; Eytan et al. 2009), as well as other shallow-water, marine
sibling species (Knowlton 1993). However, replacement with depth by congeneric
species has been rarely identified in other deep-sea taxa (Rex and Etter 2010).
Bathymetric zonation in species distributions suggests either oceanographic boundaries
limit the distribution of species across particular depths or alternatively, species have
different physiological tolerances to depth-related environmental variables, such as
pressure, temperature, and/or food availability.
The mtMutS haplotypes of Paramuricea found in the GoM appear to be
geographically widespread throughout the North Atlantic. Haplotype designations
correspond to those identified from the North Atlantic seamounts and along the
continental margin off the northeast US coast, Canada, Norway, and in the Caribbean Sea
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(Thoma et al. 2009). The widespread distribution of these haplotypes suggests that, at the
very least, historical dispersal of this genus occurred throughout the deep sea, which has
been noted in other species of cold-water corals. Herrera et al. (2012) hypothesized that
Paragorgia arborea dispersed across the globe during the Miocene. Further population
genetics studies using appropriate genetic markers, such as microsatellites or SNPs, are
needed to examine population differentiation and to confirm the boundaries of species
within this genus.
4.5.1 Conclusions
The genetic lineages of Paramuricea documented in this study correspond to
distinct morphotypes that inhabit distinct depths, suggesting that these likely represent
distinct species. However, because genetic divergences were low, it is important to use a
genomic approach to unravel this taxonomic confusion. It is interesting that mtMutS types
of Paramuricea found in the GoM appear to be geographically widespread throughout
the North Atlantic (Thoma et al. 2009; Thoma 2013). The widespread distribution of
these lineages suggests that, at the very least, historical dispersal of this genus occurred
throughout the deep sea, which has been noted in other species of cold-water corals.
Future continuation of this research by developing microsatellite and/or SNP markers
will enable much needed investigations into the species boundaries, genetic diversity, and
population differentiation of this genus in the GoM and beyond.
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CHAPTER 5
A PHYLOGENETIC APPROACH TO OCTOCORAL COMMUNITY
STRUCTURE IN THE GULF OF MEXICO

5.1 Abstract
Deep-sea communities are becoming increasingly vulnerable to anthropogenic
disturbances, as fishing, hydrocarbon exploration and extraction, and mining activities
extend into deeper water. Negative impacts from such activities were recently
documented in the Gulf of Mexico (GoM), where the Deepwater Horizon oil spill caused
substantial damage to a deep-water octocoral community. Although a faunal checklist
and numerous museum records are currently available for the entire GoM, local-scale
diversity and assemblage structure of octocoral communities remains unknown,
particularly in deep water. On a series of recent cruises (2008-2011) using remotely
operated vehicles, 435 octocorals were collected from 33 deep-water sites (250-2500 m)
in the northern GoM. To elucidate species boundaries, the extended mitochondrial
barcode (COI+igr1+msh) was successfully amplified and sequenced for 422 of these
specimens, yielding a total of 64 haplotypes representing at least 52 species. Further, at
least 29% of the species collected were either previously not known to occur in the GoM
(12 species) or represent new species (at least 3 species). Overall, species richness at each
site was fairly low (1-12 spp.). Greatest species richness occurred at the shallowest (<325
m: GC140, n=8 spp.) and the deepest (2100-2500 m: DC673, n=12 spp., DC583, n=10
spp.) sites, and minimum taxonomic and phylogenetic (Faith’s Index) diversity was
evident at 600-950 m. This pattern is the opposite of the typical pattern of deep-sea
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diversity in the GoM, which normally peaks at mid-slope depths. Sorensen’s Index of
taxonomic β-diversity indicated that six distinct (65-95% dissimilarity) species
assemblages corresponded with five depth breaks at ~325, 425, 600, 1100, and 2100 m.
Further assemblage structure was observed within certain depth zones. Of note, within
the 425-600 m depth range, species assemblages at the West Florida Slope differed from
the other sites, corresponding to an established biogeographic barrier. The phylogenetic
approach used in this study provided important insights into the species boundaries of
many taxa while demonstrating that evolutionary history plays a critical role in
community structure of deep-sea octocorals.
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5.2. Introduction
Deep-sea octocorals are becoming increasingly susceptible to damage as
anthropogenic disturbances extend into deeper water. Negative impacts from such
activities were recently documented in the Gulf of Mexico, where the Deepwater Horizon
oil spill caused substantial damage to an octocoral community at 1300 m depth (White et
al. 2012). Disturbances such as these could have widespread, adverse effects in the deep
sea. Not only do 75% of all known octocoral species (~3000 extant spp.) occur at depths
> 50 m (Cairns 2007), a majority of these are likely slow growing and long-lived
(Andrews et al. 2002; Roark et al. 2006). Moreover, octocorals increase habitat
heterogeneity throughout the deep sea, thus supporting a diverse faunal assemblage that
includes obligate (Mosher and Watling 2009), endemic (Cordes et al. 2008), and
commercially important (Krieger and Wing 2002) species.
Despite the profusion of octocorals in the deep sea, basic knowledge is severely
limited throughout the sub-class. Fundamental biological data (e.g., reproduction,
longevity) of many species are missing and the phylogenetic relationships of octocorals
remain unclear (McFadden et al. 2010). Existing phylogenetic datasets have revealed
extreme polyphyly at every level (order, sub-order, family, genus), numerous polytomies
across the entire octocoral tree, and extremely low divergences in species boundaries. For
studies detailing octocoral community structure in the deep sea, most analyses have been
conducted at regional scales and higher taxonomic levels, such as at the genus, family, or
sub-class level (Bryan and Metaxas 2007; Etnoyer and Morgan 2005; Stone 2006; Waller
et al. 2011; Yesson et al. 2012). These types of analyses provide important data on the
general distribution of coral habitat, but they can also obscure species-specific
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assemblage patterns. A few notable exceptions used submersible video data to
demonstrate species-specific patterns in assemblages and abundances across different
substrate types and habitat features (Baker et al. 2012; Mortensen and Buhl-Mortensen
2004); however, few species were collected in those studies. Because the taxonomy of
many octocorals is undergoing revision, new species are continually being described
(e.g., McFadden and van Ofwegen 2012; Watling and France 2011), and the presence of
cryptic species is highly probable (Pante and Watling 2012), specimens must be collected
to confirm species identification and corroborate video data (Pante and Watling 2012).
Species’ distributions can then be further refined and more accurately modeled.
Molecular barcoding combined with morphology is a useful approach to guide species
identifications, while contributing to the growing efforts to discern the phylogenetic
relationships of octocorals.
Proper delimitation of species boundaries is also critical for effective conservation
and important for elucidating patterns in community structure. Testing hypotheses of
coral community assembly in the deep sea first requires knowledge of the regional
species pool from which coral assemblages are derived. In the deep sea, the factors (e.g.,
adaptive diversification, dispersal, interspecific interactions, abiotic conditions) that
influence coral community assembly from local to regional scales are poorly known.
Furthermore, historical processes and evolutionary history are becoming increasingly
recognized as important dynamics that can shape community structure (Cavender-Bares
et al. 2009; Futuyma and Agrawal 2009; Ricklefs et al. 1987), but these ideas have been
rarely applied in understanding deep-sea communities (Wilson 1998). Incorporating the
use of phylogenies into diversity estimates and community structure analyses is an
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effective approach to understand the evolutionary and ecological mechanisms that work
in concert to govern community assembly (Webb 2002). Moreover, merging genetics into
biodiversity estimates and community ecology enables conservation efforts to consider
preserving genetic diversity and the evolutionary processes that generate this
diversification (Moritz 2002).
The Gulf of Mexico (GoM) harbors a diversity of octocorals occurring from
shallow waters to depths of at least 3000 m. Octocoral diversity has been documented in
taxonomic keys (museum records), two PhD dissertations (Etnoyer 2009; Giammona
1978) and a comprehensive checklist of GoM octocorals (Cairns and Bayer 2009). From
these accounts, it is known that at least 162 octocoral species occur at depths up to 3000
m in the entire GoM, and 48% of these species are found in deep waters (> 200 m)
(Cairns and Bayer 2009). From these records, various biogeographic provinces have been
proposed (Cairns et al. 1993; Etnoyer 2009; Giammona 1978). But despite these efforts
to characterize the regional species pool in the GoM, the deep-sea octocoral fauna
remains poorly explored. Further, the proposed biogeographic provinces have not been
tested in a systematic study. Faunal zonation with depth has been observed in the GoM
across numerous taxonomic groups such as fishes (Powell and Haedrich 2003),
macrofauna (Wei et al. 2010), and chemosynthetic communities (Cordes et al. 2007;
2010), but whether these same zonation patterns extend to the hardbottom, sessile, coral
fauna is unknown. Discerning the distributions of octocorals in the deep GoM would help
to elucidate deep-water biogeographic provinces, provide estimates of local diversity, and
illustrate meta-community patterns; thus, providing critical data for the effective
conservation of deep-water coral habitat.
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Recent cruises to explore deep-water coral habitat in the GoM enabled targeted
collections of octocorals on the local scale using remotely operated vehicles and
submersibles. Combining molecular barcoding with morphological taxonomy allowed us
to 1) more accurately describe a deep-water regional species pool, 2) provide estimates of
diversity on both taxonomic and phylogenetic scales, and 3) add to the growing efforts of
characterizing the phylogenetic relationships of octocorals. With this dataset, I tested the
hypothesis that the regional deep-water species pool is assembled into distinct
communities associated with particular depth zones across the upper to lower slope of the
Gulf of Mexico.

5.3 Methods
5.3.1 Sample collections
Specimens were collected at depths of 250-2500 m from 31 hardbottom sites and
2 shipwrecks in the northern and eastern GoM during seven cruises in 2008-2011 using
remotely operated vehicles (ROVs Jason, Seaview, Mohican, Schilling UHD) and
human-occupied vehicles (HOVs Alvin and Johnson-Sea-Link) (Fig. 5.1).
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Figure 5.1. Sites surveyed across the northern and eastern Gulf of Mexico.

All vehicles were equipped with conductivity-temperature-depth (CTD) loggers and bowmounted video and digital still cameras. Surveyed sites were named in accordance with
the GoM lease blocks (managed by Bureau of Ocean Energy Management) in which they
occur. Abbreviations are as follows: Atwater Valley (AT), Desoto Canyon (DC), Garden
Banks (GB), Green Canyon (GC), Mississippi Canyon (MC), Viosca Knoll (VK), and
West Florida Slope (WFL). Shipwrecks surveyed included the Green Lantern and the
Gulf Penn. Sites were chosen for sampling based on occurrences of hardbottom in 3D
seismic data (Bureau of Ocean Energy Management) following Roberts et al. (2010) and
on the priorities of the larger research program. Most sites were surveyed once, although
a few sites were surveyed multiple times because of multiple cruise objectives. During
surveys, vehicles traversed expansive soft substrata areas while tracking hard substrate
features using forward-looking sonar (variable but typically at 100 m range) across ~1km
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of the seafloor per dive. With the exception of the Desoto Canyon and the West Florida
slope, hardbottoms occurring at sites were generally composed of outcrops of authigenic
carbonates.
A few genera (Callogorgia and Paramuricea) were targeted for population
genetics during all dives, but I also attempted to collect at least one individual of every
morphospecies of octocoral observed during each dive, as octocoral collections were one
primary research objective during surveys. However, soft-substrate associated sea pens
(Pennatulacea), were often not often encountered or collected, and therefore results and
conclusions are focused on the hardbottom communities. Other than the ~3 species of sea
pens that were observed, I note that no other octocorals were observed anchored in soft
substrata during our extensive surveys. Coral colonies were first imaged and then
branches from each colony were snipped; at times, however, whole colonies were
collected for morphological or additional analyses.
All specimens were preserved onboard. Approximately 2-3 cm tissue samples per
specimen were frozen at -80ºC and preserved in both 95% ETOH (stored at -20 ºC) and a
high-salt EDTA preservative (stored at -80 ºC). Voucher specimens of each individual
were also obtained and either preserved in 95% ETOH or dried. Specimens were
identified following numerous taxonomic keys (e.g., Bayer 1961; 1981; Sánchez 2005;
Cairns and Bayer 2002; 2004; Deichmann 1936; Grasshoff 1977; Madsen 1970) and
many were sent to taxonomic experts for additional confirmation. Alcyonacean sub-order
classification (Scleraxonia, Holaxonia, Calcaxonia, Stolonifera, Alcyoniina) follows Daly
et al. (2007).
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5.3.2 Phylogenetic methods
DNA was extracted using a Qiagen DNeasy kit. An extended mitochondrial
barcode (COI+igr1+mtMutS) was sequenced for phylogenetic inference (McFadden et
al. 2011). Approximately 850 bp from the 5’ end of the mitochondrial mtMutS gene and
~1000 bp of the COI+igr1 (the igr region containing the origin of replication) region
were PCR amplified (Table 5.1, following McFadden et al. 2006; 2011) and sequenced
(Genewiz, Inc and UW-HtSeq). The sequences were edited, aligned by ClustalW
(Higgins et al. 1994) and adjusted by eye by viewing amino acid alignments (MEGA,
Tamura et al. 2011). The gene regions were concatenated into a 2153 bp extended
barcode and Bayesian (MrBayes) and Maximum Likelihood (GARLI, Zwickl 2006)
analyses were performed. Using JModelTest (Guindon and Gascuel 2003; Posada 2008),
the General-Time-Reversible model plus the gamma distribution (GTR+G) was chosen as
the most appropriate nucleotide substitution model for mtMutS (813 bp; AICc=8492.87);
the transversion model plus invariable sites with a gamma distribution (TVM+I+G) was
chosen for COI (752 bp, AICc=7342.72), and the transition model with a gamma
distribution (TIM+G) was chosen for the igr region (AICc=5446.99). Data were
partitioned so that the appropriate models could be applied to each gene region in
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Table 5.1. PCR primers and protocols used to amplify targeted gene regions.
Gene

Sequence (5’ to 3’)

PCR Profile a

Reference

Region
COI+igr1

COII8068F

CCA TAACAGGACTAGCAGCATC

94°:30 s, 60°:90 s, 72°:60 s

McFadden et al. 2004

COII8068xF

CCATAACAGGRCTWGCAGCATC

94°:30 s, 60°:90 s, 72°:60 s

McFadden et al. 2004

ATTGCCCCTATGTTAGTTCTAG

94°:30 s, 54°:45 s, 72°:60 s

Uda et al. 2011

SIRONAD6R1b
COIOCTR
mtMutS

ND4L2475F

France and Hoover 2002

TAGTTTTACTGGCCTCTAC

94°:30 s, 51°:45 s, 72°:60 s

Brugler and France 2008

ND42599F

GCCATTATGGTTAACTATTAC

94°:30 s, 51°:45 s, 72°:60 s

France and Hoover 2002

CO3BAM5657Fc

GCTGCTAGTTGGTATTGGCAT

94°:30 s, 53°:45 s, 72°:60 s

Brugler and France 2008

AGGAGAATTATTCTAAGTATGG

94°:30 s, 50°:45 s, 72°:60 s

Herrera et al. 2010

ANTHOCORMSHb
a

ATCATAGCATAGACCATACC

MUT3458R

TSGAGCAAAAGCCACTCC

Sánchez et al. 2003

PCRs began with 5 min denaturing step at 94°C and ended with 10 min elongation at 72°C. 32 cycles were conducted for each
Forward primer for scleraxonians only (with the exception of Sibogagorgia).
c
Forward primer for bamboo corals only (with the exception of Keratoisidinae clade S1)
b
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in Bayesian and likelihood analyses. In MrBayes, the number of generations was set to
7,000,000, with a sampling frequency of every 100 generations and a burnin of
10,000The consensus tree was rooted at the midpoint and displayed in FigTree. Both
posterior probabilities and bootstrap frequencies (Sumtrees of the DendroPy v3 package,
Sukumaran and Holder 2010) from likelihood analyses are indicated on the consensus
tree. I also created a phylogeny (as described above) of 199 mtMutS sequences (731 bp)
to gain a more thorough picture of the relationships of the GoM haplotypes within the
larger octocoral phylogeny. This analysis was restricted to mtMutS only because this gene
region has been most often sequenced in previous studies. The most similar sequences to
GoM haplotypes were downloaded from GenBank (NCBI) and included in the analysis as
well as many representatives across the octocoral sub-orders. Pairwise uncorrected pdistances were calculated between all haplotypes for the extended barcode and the more
inclusive mtMutS only (MEGA v5, Tamura et al. 2011).
5.3.3 Community structure analyses
Several estimates of species richness and diversity were calculated for each site. I
first constructed a species accumulation curve to estimate how well the deep-water
regional species pool was sampled. (EstimateS, Colwell 2005). The resampling based
SOBS (number of species observed) method was used to generate the expected number
of species per sample and 95% confidence intervals (Colwell et al. 2004; Gotelli and
Colwell 2001). I also calculated phylogenetic diversity at each site (Phylocom v4.2,
Webb et al. 2008) using Faith’s index of diversity (FI, Faith 1992). FI is the sum of the
branch lengths that connect all species occurring at a particular site within the
phylogenetic tree. Both the GoM regional phylogeny (including all haplotypes) and the
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whole phylogeny based on mtMutS only were used for phylogenetic diversity
calculations. For this analysis branch lengths were set to 1 and calculations were thus
based on topology (see Fritz and Rahbek 2012; Schweiger et al. 2008).
Multivariate analyses were used to determine differences in octocoral
assemblages across sites (Primer 6, Clarke and Gorley 2006; Clarke and Warwick 2001).
I delimited species boundaries between taxa using a combination of morphological
characteristics and a criterion of ~0.5% p-distance between putative species (see
McFadden et al. 2011). Similarities between sites were calculated using the Sorensen
Index on presence-absence data. A non-metric multidimensional scaling ordination
(MDS) plot and a dendrogram based on hierarchical clustering of group average linking
were created from the similarity matrix; similarity clusters defined by the dendrogram
were overlain onto the MDS plot. In addition, because I did not incorporate any a priori
knowledge of depth zonation, a SIMPROF test was used to determine whether any of the
clusters were significantly dissimilar from one another.
5.4. Results
5.4.1 GoM collections
During this study, 435 specimens representing at least 52 species were collected
from 33 sites in the GoM (Fig. 5.1, Table 5.2). The species-accumulation curve indicated
that the regional deep-water species pool was well sampled, while suggesting that
additional species remain to be sampled (Fig. 5.2). Five of the six sub-orders of
Alcyonacea were represented in collections. Although one pennatulacean was collected, I
excluded this soft-substrate associated species from analyses because of the focus on
collections from hardbottoms in this study. Holaxonians and calcaxonians were the most
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diverse groups of octocorals collected, representing at least 16 and 17 species,
respectively. The genera Callogorgia and Paramuricea were the most widespread and
abundant octocorals observed in the GoM. Callogorgia was limited to the upper to
middle slope, while Paramuricea was more abundant at deeper sites along the middle to
lower slope (~1000-2500 m). Bamboo corals (Isididae) were also common and occurred
in shallow and deep waters (250-2500 m); however, colonies were lacking from most
mid-slope depths (~500-1300 m). Scleraxonians were well represented in collections with
ten species, including the genera Corallium, Paragorgia, and Sibogagorgia, which were
not previously recorded from the GoM (Cairns and Bayer 2009). In fact, a total of 12
species collected in the present study were previously not known to occur in the GoM
(Cairns and Bayer 2009), thus the geographic ranges of several taxa were extended. An
additional three sub-species collected appear to be endemic to the Gulf of Mexico:
Chelidonisis aurantiaca mexicana (Isididae), Callogorgia americana delta (Primnoidae),
and Anthomastus (Bathyalcyon) robustus delta (Alcyoniidae).

Figure 5.2. Species-accumulation curve. Cumulative number of species (solid line)
collected across the number of sites sampled. 95% confidence intervals are indicated
(dotted lines).
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Table 5.2. Octocorals collected in the deep northern and eastern Gulf of Mexico. Depth ranges (m) of collections are listed under sites
names. n=number of dives per site. Species names in bold indicate new records for the Gulf of Mexico. Cells in gray are based only on
observations. ^indicates specimens could not be barcoded at both gene regions. Letters and numbers denote haplotype designation,
with uppercase letters corresponding to genbank type identifications (S. France, unpubl. data, Thoma et al. 2009; Pante et al. 2011).
mtMutS and cox1+igr1

GB299

GB535

GC140

GC234

GC235

GC246

GC249

Representative

(340-384)

(523-552)

(240-321)

(493)

(532-533)

(844-849)

(777-790)

GenBank Numbers

n=2

n=2

n=1

n=1

n=1

n=1

n=1

Stolonifera
Clavularia rudis 1a

JQ241252, JQ411465

Clavularia rudis 1b

KC984597, KC984633

Clavularia rudis 1c

KC992389, KC992390

Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2

KC984585, KC984621
JQ241245, JQ411462

1

Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^
Anthomastus robustus delta^
Nidalia dissidens

KC984603

1

KC984604

Aquaumbridae sp. 1a

KC984602, KC984638
KC984594, KC984630

Aquaumbridae sp. 1b

KC984595, KC984631

1

Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1

	
  

KC984579, KC984615
KC984584, KC984620

1
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Table 5.2, continued

Corallium sp. 1

KC984580, KC984616
KC984592, KC984628
KC788270, KC788230

Corallium niobe

KC788267, KC788233

Paragorgia cf. johnsoni

KC984606, KC984640
KC788262, KC788232

Anthothela sp. 2
Anthothela sp. 3

Paragorgia johnsoni
Paragorgia regalis

JQ241244, KC984642

Paragorgia sp. 1

KC788261, KC788238

Sibogagorgia cauliflora

KC984605, KC984639

1

Holaxonia

	
  

Acanthogorgia sp. 1

KC984581, KC984617

Acanthogorgia aspera

KC984589, KC984625

cf. Muriceopsis sp.

KC984591, KC984627

Muriceides cf. hirta 1a

KC984586, KC984622

Muriceides cf. hirta 1b

KC984587, KC984623

Muriceides cf. hirta 1c

KC984588, KC984624

Muriceides cf. hirta 1d

KC984593, KC984629

Muriceides sp. 2
Muriceides sp. 3

KC984600, KC984636
KC984583, KC984619

Paramuricea sp. A

KC710843, KC710738

Paramuricea biscaya B1

KC710909, KC710804

Paramuricea biscaya B1a

KC710941, KC710836

Paramuricea biscaya B2

KC710885, KC710780

Paramuricea sp. B3

KC710939, KC710834

Paramuricea sp. E

KC710866, KC710761

Paramuricea sp. H

KC710846, KC710741

1

cf. Echinomuricea sp.

KC984601, KC984637

1

4
1

1
2
1
1

1

2
7

2
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Table 5.2, continued
Scleracis guadalupensis

KC984590, KC984626

Swiftia exserta

KC984582, KC984618

Swiftia cf. koreni

KC984596, KC984632

Swiftia pallida

KC984598, KC984634

1

Calcaxonia
Callogorgia a. americana

KC771876, KC771719

Callogorgia a. delta

KC771720, KC771560

Callogorgia gracilis

KC771845, KC771689

Chelidonisis a. mexicana

KC788274, KC788226

Chrysogorgia averta

KC788265, KC788235

Chrysogorgia sp. 1a

KC788268, KC788223

Chrysogorgia sp. 1b

KC984578, KC984614

Iridogorgia magnispiralis

KC788263, KC788237

Iridogorgia splendens
Keratoisidinae I1
Keratoisidinae I2
Keratoisidinae N1a
Keratoisidinae nr J2a
Keratoisidinae S1a
Keratoisidinae S1b
Keratoisidinae S1c
Lepidisis sp. D1c
Narella pauciflora
Nicella sp.
Paracalyptrophora carinata
Plumarella pellucida/dichotoma
Pennatulacea

	
  

KC788271, KC788229
KC984572, KC984608
KC788264, KC788236
KC984574, KC984610
KC788266, KC788234
KC984575, KC984611
KC788275, KC788225
KC984577, KC984613
KC984573, KC984609
KC788272, KC788228
KC788269, KC788231
KC788273, KC788227
KC788276, KC788224

22
1

7

6

16

12
3

1
1
1

1

1
2

1

1

Total # Individuals

33

16

22

4

7

8

16

Total # Species

6

7

8

4

1

2

1
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Table 5.2, continued
mtMutS and cox1+igr1

GC338

GC354

GC852

AT47

AT357

MC036

Representative

(821-838)

(527-588)

(1396-1427)

(850-854)

(1046-1054)

(1093-1094)

GenBank Numbers

n=1

n=1

n=1

n=1

n=4

n=1

Stolonifera
Clavularia rudis 1a

JQ241252, JQ411465

Clavularia rudis 1b

KC984597, KC984633

Clavularia rudis 1c

KC992389, KC992390

Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2

1
1

KC984585, KC984621
JQ241245, JQ411462

Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^

KC984603

Anthomastus robustus delta^

KC984604

Nidalia dissidens
Aquaumbridae sp. 1a

KC984602, KC984638
KC984594, KC984630

Aquaumbridae sp. 1b

KC984595, KC984631

Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1

Corallium sp. 1

KC984580, KC984616
KC984592, KC984628
KC788270, KC788230

Corallium niobe

KC788267, KC788233

Paragorgia cf. johnsoni

KC984606, KC984640
KC788262, KC788232

Anthothela sp. 2
Anthothela sp. 3

Paragorgia johnsoni

	
  

KC984579, KC984615
KC984584, KC984620
1
1
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Table 5.2, continued
Paragorgia regalis

JQ241244, KC984642

Paragorgia sp. 1

KC788261, KC788238

Sibogagorgia cauliflora

KC984605, KC984639

Holaxonia
Acanthogorgia sp. 1

KC984581, KC984617

Acanthogorgia aspera

KC984589, KC984625

cf. Muriceopsis sp.

KC984591, KC984627

Muriceides cf. hirta 1a

KC984586, KC984622

Muriceides cf. hirta 1b

KC984587, KC984623

Muriceides cf. hirta 1c

KC984588, KC984624

Muriceides cf. hirta 1d

KC984593, KC984629

Muriceides sp. 2
Muriceides sp. 3

KC984600, KC984636
KC984583, KC984619

Paramuricea sp. A

KC710843, KC710738

Paramuricea biscaya B1

KC710909, KC710804

Paramuricea biscaya B1a

KC710941, KC710836

Paramuricea biscaya B2

KC710885, KC710780

Paramuricea sp. B3

KC710939, KC710834

Paramuricea sp. E

KC710866, KC710761

Paramuricea sp. H

KC710846, KC710741

cf. Echinomuricea sp.
Scleracis guadalupensis

KC984601, KC984637
KC984590, KC984626

Swiftia exserta

KC984582, KC984618

Swiftia cf. koreni

KC984596, KC984632

Swiftia pallida

KC984598, KC984634

2
1

1
1
3

2
1

2

2
1
2

Calcaxonia
Callogorgia a. americana

	
  

KC771876, KC771719
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10

2

	
  

Table 5.2, continued
Callogorgia a. delta

KC771720, KC771560

Callogorgia gracilis

KC771845, KC771689

Chelidonisis a. mexicana

KC788274, KC788226

Chrysogorgia averta

KC788265, KC788235

Chrysogorgia sp. 1a

KC788268, KC788223

Chrysogorgia sp. 1b

KC984578, KC984614

Iridogorgia magnispiralis

KC788263, KC788237

Iridogorgia splendens

KC788271, KC788229

1

Keratoisidinae I1

KC984572, KC984608

2

Keratoisidinae I2

KC788264, KC788236

1

Keratoisidinae N1a

KC984574, KC984610

Keratoisidinae nr J2a

KC788266, KC788234

Keratoisidinae S1a

KC984575, KC984611

Keratoisidinae S1b

KC788275, KC788225

Keratoisidinae S1c

KC984577, KC984613

Lepidisis sp. D1c

KC984573, KC984609

Narella pauciflora

KC788272, KC788228

Nicella sp.

KC788269, KC788231

Paracalyptrophora carinata

KC788273, KC788227

Plumarella pellucida/dichotoma

KC788276, KC788224

4
2
1
1

1

1
1

Pennatulacea

	
  

Total # Individuals

8

12

11

3

12

3

Total # Species

5

7

7

2

3

2
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Table 5.2, continued
mtMutS and cox1+igr1
Representative
GenBank Numbers
Stolonifera
Clavularia rudis 1a
Clavularia rudis 1b
Clavularia rudis 1c
Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2
Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^
Anthomastus robustus delta^
Nidalia dissidens
Aquaumbridae sp. 1a
Aquaumbridae sp. 1b
Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1
Anthothela sp. 2
Anthothela sp. 3
Corallium sp. 1
Corallium niobe
Paragorgia cf. johnsoni
Paragorgia johnsoni
Paragorgia regalis
Paragorgia sp. 1
Sibogagorgia cauliflora
Holaxonia
Acanthogorgia sp. 1
Acanthogorgia aspera

	
  

MC118
(882-887)
n=3

MC159
(918)
n=1

JQ241252, JQ411465
KC984597, KC984633
KC992389, KC992390

MC294
(1363-1373)
n=6

MC297
(1549-1589)
n=2

MC388
(1847-1858)
n=3

1

1

1

KC984585, KC984621
JQ241245, JQ411462

1

KC984603
KC984604
KC984602, KC984638
KC984594, KC984630
KC984595, KC984631

KC984579, KC984615
KC984584, KC984620
KC984580, KC984616
KC984592, KC984628
KC788270, KC788230
KC788267, KC788233
KC984606, KC984640
KC788262, KC788232
JQ241244, KC984642
KC788261, KC788238
KC984605, KC984639

1

KC984581, KC984617
KC984589, KC984625

1

105	
  

1

MC506/507
(1040-1041)
n=2

	
  

Table 5.2, continued
cf. Muriceopsis sp.
Muriceides cf. hirta 1a
Muriceides cf. hirta 1b
Muriceides cf. hirta 1c
Muriceides cf. hirta 1d
Muriceides sp. 2
Muriceides sp. 3
Paramuricea sp. A
Paramuricea biscaya B1
Paramuricea biscaya B1a
Paramuricea biscaya B2
Paramuricea sp. B3
Paramuricea sp. E
Paramuricea sp. H
cf. Echinomuricea sp.
Scleracis guadalupensis
Swiftia exserta
Swiftia cf. koreni
Swiftia pallida
Calcaxonia
Callogorgia a. americana
Callogorgia a. delta
Callogorgia gracilis
Chelidonisis a. mexicana
Chrysogorgia averta
Chrysogorgia sp. 1a
Chrysogorgia sp. 1b
Iridogorgia magnispiralis
Iridogorgia splendens
Keratoisidinae I1
Keratoisidinae I2
Keratoisidinae N1a
Keratoisidinae nr J2a
Keratoisidinae S1a

	
  

KC984591, KC984627
KC984586, KC984622
KC984587, KC984623
KC984588, KC984624
KC984593, KC984629
KC984600, KC984636
KC984583, KC984619
KC710843, KC710738
KC710909, KC710804
KC710941, KC710836
KC710885, KC710780
KC710939, KC710834
KC710866, KC710761
KC710846, KC710741
KC984601, KC984637
KC984590, KC984626
KC984582, KC984618
KC984596, KC984632
KC984598, KC984634
KC771876, KC771719
KC771720, KC771560
KC771845, KC771689
KC788274, KC788226
KC788265, KC788235
KC788268, KC788223
KC984578, KC984614
KC788263, KC788237
KC788271, KC788229
KC984572, KC984608
KC788264, KC788236
KC984574, KC984610
KC788266, KC788234
KC984575, KC984611

3
1
8

3
6

3
1
4

8
1
1

2

3

1
1

2

1

106	
  

2

	
  

Table 5.2, continued
Keratoisidinae S1b
Keratoisidinae S1c
Lepidisis sp. D1c
Narella pauciflora
Nicella sp.
Paracalyptrophora carinata
Plumarella pellucida/dichotoma
Pennatulacea
Total # Individuals
Total # Species

	
  

KC788275, KC788225
KC984577, KC984613
KC984573, KC984609
KC788272, KC788228
KC788269, KC788231
KC788273, KC788227
KC788276, KC788224

11
3

4
3

107	
  

17
6

10
3

13
3

3
1

	
  

Table 5.2, continued
mtMutS and cox1+igr1
Representative
GenBank Numbers
Stolonifera
Clavularia rudis 1a
Clavularia rudis 1b
Clavularia rudis 1c
Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2
Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^
Anthomastus robustus delta^
Nidalia dissidens
Aquaumbridae sp. 1a
Aquaumbridae sp. 1b
Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1
Anthothela sp. 2
Anthothela sp. 3
Corallium sp. 1
Corallium niobe
Paragorgia cf. johnsoni
Paragorgia johnsoni
Paragorgia regalis
Paragorgia sp. 1
Sibogagorgia cauliflora
Holaxonia
Acanthogorgia sp. 1
Acanthogorgia aspera

	
  

MC751
(434-445)
n=4

MC885
(623-637)
n=1

VK826
(454-545)
n=15

VK862
(348-354)
n=2

VK906
(332-432)
n=8

DC583
(2203-2249)
n=1

JQ241252, JQ411465
KC984597, KC984633
KC992389, KC992390
1
KC984585, KC984621
JQ241245, JQ411462
KC984603
KC984604
KC984602, KC984638
KC984594, KC984630
KC984595, KC984631

KC984579, KC984615
KC984584, KC984620
KC984580, KC984616
KC984592, KC984628
KC788270, KC788230
KC788267, KC788233
KC984606, KC984640
KC788262, KC788232
JQ241244, KC984642
KC788261, KC788238
KC984605, KC984639

2

2

1
1

1

1

KC984581, KC984617
KC984589, KC984625

3

108	
  

1

	
  

Table 5.2, continued
cf. Muriceopsis sp.
Muriceides cf. hirta 1a
Muriceides cf. hirta 1b
Muriceides cf. hirta 1c
Muriceides cf. hirta 1d
Muriceides sp. 2
Muriceides sp. 3
Paramuricea sp. A
Paramuricea biscaya B1
Paramuricea biscaya B1a
Paramuricea biscaya B2
Paramuricea sp. B3
Paramuricea sp. E
Paramuricea sp. H
cf. Echinomuricea sp.
Scleracis guadalupensis
Swiftia exserta
Swiftia cf. koreni
Swiftia pallida
Calcaxonia
Callogorgia a. americana
Callogorgia a. delta
Callogorgia gracilis
Chelidonisis a. mexicana
Chrysogorgia averta
Chrysogorgia sp. 1a
Chrysogorgia sp. 1b
Iridogorgia magnispiralis
Iridogorgia splendens
Keratoisidinae I1
Keratoisidinae I2
Keratoisidinae N1a
Keratoisidinae nr J2a
Keratoisidinae S1a

	
  

KC984591, KC984627
KC984586, KC984622
KC984587, KC984623
KC984588, KC984624
KC984593, KC984629
KC984600, KC984636
KC984583, KC984619
KC710843, KC710738
KC710909, KC710804
KC710941, KC710836
KC710885, KC710780
KC710939, KC710834
KC710866, KC710761
KC710846, KC710741
KC984601, KC984637
KC984590, KC984626
KC984582, KC984618
KC984596, KC984632
KC984598, KC984634
KC771876, KC771719
KC771720, KC771560
KC771845, KC771689
KC788274, KC788226
KC788265, KC788235
KC788268, KC788223
KC984578, KC984614
KC788263, KC788237
KC788271, KC788229
KC984572, KC984608
KC788264, KC788236
KC984574, KC984610
KC788266, KC788234
KC984575, KC984611

7

2

3
1

1
1
1
9

3

2

5
27

26

2

5

34
2
1

1
1
3
1
1
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Table 5.2, continued
Keratoisidinae S1b
Keratoisidinae S1c
Lepidisis sp. D1c
Narella pauciflora
Nicella sp.
Paracalyptrophora carinata
Plumarella pellucida/dichotoma
Pennatulacea
Total # Individuals
Total # Species

	
  

KC788275, KC788225
KC984577, KC984613
KC984573, KC984609
KC788272, KC788228
KC788269, KC788231
KC788273, KC788227
KC788276, KC788224

2
1

49
6

26
1

110	
  

45
7

5
1

17
6

13
10

	
  

Table 5.2, continued

Stolonifera
Clavularia rudis 1a
Clavularia rudis 1b
Clavularia rudis 1c
Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2
Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^
Anthomastus robustus delta^
Nidalia dissidens
Aquaumbridae sp. 1a
Aquaumbridae sp. 1b
Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1
Anthothela sp. 2
Anthothela sp. 3
Corallium sp. 1
Corallium niobe
Paragorgia cf. johnsoni
Paragorgia johnsoni
Paragorgia regalis
Paragorgia sp. 1
Sibogagorgia cauliflora
Holaxonia
Acanthogorgia sp. 1
Acanthogorgia aspera

	
  

mtMutS and cox1+igr1
Representative
GenBank Numbers

DC673
(2159-2443)
n=1

JQ241252, JQ411465
KC984597, KC984633
KC992389, KC992390

1

WFL1
(408-449)
n=1

WFL2
(415-423)
n=1

WFL3
(488-557)
n=6

WFL4
(507)
n=1

WFL5
(595)
n=1

KC984585, KC984621
JQ241245, JQ411462
KC984603

1
1

KC984604
KC984602, KC984638
KC984594, KC984630
KC984595, KC984631

1
1
1
1

KC984579, KC984615
KC984584, KC984620
KC984580, KC984616
KC984592, KC984628
KC788270, KC788230
KC788267, KC788233
KC984606, KC984640
KC788262, KC788232
JQ241244, KC984642
KC788261, KC788238
KC984605, KC984639

1

1

1

2

2

KC984581, KC984617
KC984589, KC984625

1
2
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Table 5.2, continued
cf. Muriceopsis sp.
Muriceides cf. hirta 1a
Muriceides cf. hirta 1b
Muriceides cf. hirta 1c
Muriceides cf. hirta 1d
Muriceides sp. 2
Muriceides sp. 3
Paramuricea sp. A
Paramuricea biscaya B1
Paramuricea biscaya B1a
Paramuricea biscaya B2
Paramuricea sp. B3
Paramuricea sp. E
Paramuricea sp. H
cf. Echinomuricea sp.
Scleracis guadalupensis
Swiftia exserta
Swiftia cf. koreni
Swiftia pallida
Calcaxonia
Callogorgia a. americana
Callogorgia a. delta
Callogorgia gracilis
Chelidonisis a. mexicana
Chrysogorgia averta
Chrysogorgia sp. 1a
Chrysogorgia sp. 1b
Iridogorgia magnispiralis
Iridogorgia splendens
Keratoisidinae I1
Keratoisidinae I2
Keratoisidinae N1a
Keratoisidinae nr J2a
Keratoisidinae S1a

	
  

KC984591, KC984627
KC984586, KC984622
KC984587, KC984623
KC984588, KC984624
KC984593, KC984629
KC984600, KC984636
KC984583, KC984619
KC710843, KC710738
KC710909, KC710804
KC710941, KC710836
KC710885, KC710780
KC710939, KC710834
KC710866, KC710761
KC710846, KC710741
KC984601, KC984637
KC984590, KC984626
KC984582, KC984618
KC984596, KC984632
KC984598, KC984634
KC771876, KC771719
KC771720, KC771560
KC771845, KC771689
KC788274, KC788226
KC788265, KC788235
KC788268, KC788223
KC984578, KC984614
KC788263, KC788237
KC788271, KC788229
KC984572, KC984608
KC788264, KC788236
KC984574, KC984610
KC788266, KC788234
KC984575, KC984611

2

2

1

1

1
1

1

1
10
1

2

1
1
2
2
1
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1
1

4

	
  

Table 5.2, continued
Keratoisidinae S1b
Keratoisidinae S1c
Lepidisis sp. D1c
Narella pauciflora
Nicella sp.
Paracalyptrophora carinata
Plumarella pellucida/dichotoma
Pennatulacea
Total # Individuals
Total # Species

	
  

KC788275, KC788225
KC984577, KC984613
KC984573, KC984609
KC788272, KC788228
KC788269, KC788231
KC788273, KC788227
KC788276, KC788224

2
2

4

28
12

10
5

113	
  

6

6
4

17
8

1

1
1

6
5

	
  

Table 5.2, continued
mtMutS and cox1+igr1
Representative
GenBank Numbers
Stolonifera
Clavularia rudis 1a
Clavularia rudis 1b
Clavularia rudis 1c
Clavularia rudis
Stoloniferan sp. 1
Stoloniferan sp. 2
Alcyoniina
Anthomastus cf. grandiflorus^
Anthomastus sp.^
Anthomastus robustus delta^
Nidalia dissidens
Aquaumbridae sp. 1a
Aquaumbridae sp. 1b
Aquaumbridae sp.
Scleraxonia
Scleraxonia sp. nov. 1
Anthothela nov. sp. 1
Anthothela sp. 2
Anthothela sp. 3
Corallium sp. 1
Corallium niobe
Paragorgia cf. johnsoni
Paragorgia johnsoni
Paragorgia regalis
Paragorgia sp. 1
Sibogagorgia cauliflora
Holaxonia
Acanthogorgia sp. 1
Acanthogorgia aspera

	
  

Green Lantern
(913)
n=1

Gulf Penn
(541)
n=1

JQ241252, JQ411465
KC984597, KC984633
KC992389, KC992390
KC984585, KC984621
JQ241245, JQ411462
KC984603
KC984604
KC984602, KC984638
KC984594, KC984630
KC984595, KC984631

KC984579, KC984615
KC984584, KC984620
KC984580, KC984616
KC984592, KC984628
KC788270, KC788230
KC788267, KC788233
KC984606, KC984640
KC788262, KC788232
JQ241244, KC984642
KC788261, KC788238
KC984605, KC984639

1

KC984581, KC984617
KC984589, KC984625
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Table 5.2, continued
cf. Muriceopsis sp.
Muriceides cf. hirta 1a
Muriceides cf. hirta 1b
Muriceides cf. hirta 1c
Muriceides cf. hirta 1d
Muriceides sp. 2
Muriceides sp. 3
Paramuricea sp. A
Paramuricea biscaya B1
Paramuricea biscaya B1a
Paramuricea biscaya B2
Paramuricea sp. B3
Paramuricea sp. E
Paramuricea sp. H
cf. Echinomuricea sp.
Scleracis guadalupensis
Swiftia exserta
Swiftia cf. koreni
Swiftia pallida
Calcaxonia
Callogorgia a. americana
Callogorgia a. delta
Callogorgia gracilis
Chelidonisis a. mexicana
Chrysogorgia averta
Chrysogorgia sp. 1a
Chrysogorgia sp. 1b
Iridogorgia magnispiralis
Iridogorgia splendens
Keratoisidinae I1
Keratoisidinae I2
Keratoisidinae N1a
Keratoisidinae nr J2a
Keratoisidinae S1a

	
  

KC984591, KC984627
KC984586, KC984622
KC984587, KC984623
KC984588, KC984624
KC984593, KC984629
KC984600, KC984636
KC984583, KC984619
KC710843, KC710738
KC710909, KC710804
KC710941, KC710836
KC710885, KC710780
KC710939, KC710834
KC710866, KC710761
KC710846, KC710741
KC984601, KC984637
KC984590, KC984626
KC984582, KC984618
KC984596, KC984632
KC984598, KC984634
KC771876, KC771719
KC771720, KC771560
KC771845, KC771689
KC788274, KC788226
KC788265, KC788235
KC788268, KC788223
KC984578, KC984614
KC788263, KC788237
KC788271, KC788229
KC984572, KC984608
KC788264, KC788236
KC984574, KC984610
KC788266, KC788234
KC984575, KC984611

2

1

1

115	
  

	
  

Table 5.2, continued
Keratoisidinae S1b
Keratoisidinae S1c
Lepidisis sp. D1c
Narella pauciflora
Nicella sp.
Paracalyptrophora carinata
Plumarella pellucida/dichotoma
Pennatulacea
Total # Individuals
Total # Species

	
  

KC788275, KC788225
KC984577, KC984613
KC984573, KC984609
KC788272, KC788228
KC788269, KC788231
KC788273, KC788227
KC788276, KC788224

4
3

1
1
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5.4.2 Octocoral phylogenetics and species delimitations
Of the 435 specimens collected, the molecular barcode was successfully amplified
from 422, resulting in 64 unique COI+igr1+mtMutS haplotypes; many of which are new
to the NCBI GenBank database (Fig. 5.3, Table 5.2). mtMutS alone differentiated 59
haplotypes and COI+igr1 alone distinguished 56. COI+igr1 could not be amplified for
species in the genus Anthomastus. For the majority of species, the same haplotype was
observed in all individuals, although there are a few exceptions (see below). In most
cases, species delimitations between sister taxa were achieved by coupling the minimum
p-distance of 0.5% with distinguishable morphological characteristics; however a few
problematic taxa remain and are in progress of being resolved. Bayesian and maximum
likelihood analyses recovered similar topologies, and the majority of nodes were strongly
supported (>90% posterior probabilities and bootstrap values). Two clades consisting of
Holaxonia-Alcyoniina-Stolonifera (with Anthothela) (Clade 1) and ScleraxoniaCalcaxonia (with Anthomastus) (Clade 2) were strongly supported (100% posterior
probability) (Fig. 5.3). These clades were also present in the larger mtMutS phylogeny.
Further, additional stoloniferans, alcyoniins, and holaxonians (Ideogorgia) occurred
across both clades and numerous polytomies existed in the mtMutS only phylogeny (Fig.
5.4).
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Figure 5.3. Consensus tree of the extended mitochondrial barcode. Phylogenetic
inference of the extended barcode (COI+igr1+mtMutS) of Gulf of Mexico deep-water
octocorals. Consensus tree based on Bayesian analysis with posterior probabilities (above
nodes) and bootstrap values (below nodes) indicated on tree. Posterior probabilities are
>90% (*) unless indicated. Tree was rooted at the midpoint. Symbols denote sub-order:
Alcyoniina (white squares), Calcaxonia (gray circles), Holaxonia (gray squares),
Stolonifera (black circles), Scleraxonia (black squares).
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Figure 5.4. Consensus tree of mtMutS. Phylogenetic inference of mtMutS sequences, including Gulf of Mexico deep-sea octocorals
(in bold)and sequences downloaded from GenBank. Consensus tree based on Bayesian inference. Tree rooted at midpoint. Posterior
probabilities >90% unless indicated.
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5.4.3 Alcyoniina
At least five species of Alyconiina were collected in the GoM. Results indicated
that alcyoniins were polyphyletic, falling into both clade 1 and clade 2. Anthomastus spp.
(2 of 3 species barcoded) formed a monophyletic clade that was sister to scleraxonians in
clade 2 (Fig. 5.3-5.4). The other alcyoniins collected from the GoM grouped into clade 1.
Two individuals representing a newly described family of soft coral from the Pacific,
Aquaumbridae (Breedy et al. 2012), were collected. Aquaumbrids were monophyletic
and only 0.1% divergent, differing in only 2 bp along the entire extended barcode.
Whether these species represent one or two new species of Aquaumbridae awaits further
analyses. For purposes of this study, these individuals were considered as one species
because of the low genetic divergence. Another alcyoniin, Nidalia dissidens, was
extremely divergent (13-19% p-distance) from the other alcyoniins collected and all other
octocoral mtMutS sequences (>13% p-distance).

5.4.4 Stolonifera
Three stoloniferans collected in the GoM were polyphyletic in clade 1 (Fig. 5.35.4). The two unidentified stoloniferans were genetically divergent from the other
octocoral species, with a divergence of 3-4% from the most similar mtMutS sequences
(Fig. 5.4). Three Clavularia rudis haplotypes from the GoM were monophyletic and 0.10.3% divergent from each other.
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5.4.5 Holaxonia
Twenty-one holaxonian COI+igr1+mtMutS haplotypes representing at least 16
species were collected in the GoM, forming clade 1 with numerous alcyoniins and
stoloniferans (Fig. 5.3-5.4). The more inclusive mtMutS phylogeny revealed that Swiftia
(0.7-1.8% p-distance) was closely related to the shallow water gorgoniids (Leptogorgia,
Gorgonia, Pseudopterogorgia) with S. guadalupensis as the basal taxon. Two species of
Acanthogorgia were collected in the GoM and were polyphyletic with 5% divergence at
the extended barcode. In the mtMutS phylogeny, Acanthogorgia aspera formed a
monophyletic clade with two unidentified species of Acanthogorgia, which was sister to
the plexaurids Echinomuricea and Paramuricea. The other GoM species, Acanthogorgia
sp. 1, was more distantly related and formed a monophyletic clade with Acanthogorgia
armata and Acanthogorgia angustiflora. Six COI+igr1+mtMutS haplotypes of
Muriceides were present in the GoM, also forming a monophyletic clade. Four of these
haplotypes appear to represent the same species, Muriceides cf. hirta (0.1-0.5% pdistance); two other Muriceides spp. were 1.8-3.2% divergent from types M. hirta 1a-1d.
Paramuricea formed a derived clade within the Holaxonia, and were diverse with
seven haplotypes occurring in the GoM. COI+igr1+mtMutS haplotypes of Paramuricea
types A, B, and E were highly similar, with genetic distances of 0.1-0.6%, but these
haplotypes likely represent different species based on morphology (see Doughty et al.
2014). Paramuricea types A and E grouped with similar haplotypes of Paramuricea
multispina (USNM1071988 barcoded in this study) and Paramuricea placomus,
respectively. All individuals of Paramuricea type B haplotypes were 100% similar at
mtMutS. Adding COI+igr1 revealed four different B haplotypes (B1, B1a, B2, B3),
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differing in 1-3 bp polymorphisms. Paramuricea sp. B3 appears morphologically
different from the Paramuricea biscaya B1, B1a, and B2 haplotypes (see Doughty et al.
2014); thus, I considered this as a different species in the present study, although it was
only <0.2% divergent from P. biscaya. Paramuricea type H was genetically divergent
from the remaining Paramuricea (1.7-1.8% p-distance).

5.4.6 Calcaxonia
Calcaxonian haplotypes were diverse in the GoM, with 21 COI+igr1+mtMutS
haplotypes representing at least 17 species (Fig. 5.3-5.4). The family Primnoidae was
monophyletic in both the extended barcode and mtMutS only phylogenies. Six primnoids
were collected in the GoM. In the mtMutS only phylogeny, Narella pauciflora formed a
clade with Narella dichotoma and Narella nuttingi and Paracalyptrophora carinata was
sister to a species of Paracalyptrophora collected off Hawaii. Eleven Plumarella
individuals were sequenced from the GoM, 10 of which were identified based on
morphology as Plumarella pellucida and one as Plumarella dichotoma. Because these
species shared the exact same COI+igr1+mtMutS haplotype, they are listed in the present
study as a complex of P. pellucida/dichotoma until further analyses. Plumarella were
monophyletic (Fig. 5.4) in both phylogenies and formed a clade with Thouarella; this
clade was sister to Callogorgia. Callogorgia gracilis, Callogorgia americana americana
and Callogorgia americana delta were 1.2-1.6% genetically divergent and were
paraphyletic in the mtMutS only phylogeny, with Fanellia nested within the Callogorgia.
Primnoids were sister to the chrysogorgiids in the extended barcode phylogeny, but sister
to isidids in the mtMutS only phylogeny. Two Chrysogorgia spp. collected from the GoM
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included Chrysogorgia averta and an unidentified species of Chrysogorgia, which were
1.1% divergent. The two different individuals of the unidentified Chrysogorgia were only
0.2% divergent, and likely represent haplotypes of the same species. Two species of
Iridogorgia were collected, Iridogorgia splendens and Iridogorgia magnispiralis, which
differed morphologically, but were only 0.3% divergent at the extended barcode. The
family Isididae was polyphyletic, with nine haplotypes representing at least six species in
the GoM (0.1-5.7% p-distance). Three haplotypes in the Keratoisidinae S1 clade were
very similar to each other (0.1% p-distance), and two haplotypes in the I clade were very
similar (0.1% p-distance), and likely represent haplotypes of the same species,
respectively. Notably, the endemic GoM isidid species Chelidonisis aurantiaca mexicana
was extremely divergent from the other isidids.

5.4.7 Scleraxonia
Eleven scleraxonian haplotypes were found in the GoM and were polyphyletic in
clades 1 and 2. The clade 1 scleraxonians consisted of three Anthothela haplotypes (one
putative new species) and one putative new genus of scleraxonian (K. Moore, unpubl.
data). Further analyses are needed to determine whether the three Anthothela haplotypes
(0.5-0.7% divergent) represent one or more species. The Paragorgiidae-Coralliidae clade
was sister to the calcaxonians in clade 2 with strong support (100% posterior probability)
in Bayesian analysis for both phylogenies (Fig. 5.4). Two Corallium spp. (2.5%
divergent) were collected in the GoM, and were monophyletic and sister to Paragorgia
spp. Paragorgia formed a monophyletic clade and were highly similar at the extended
barcode, with 0.1-1.1% divergences. Five GoM Paragorgia haplotypes were collected,

	
  

123	
  

	
  
representing at least three species. Two Paragorgia cf. johnsoni individuals varied
slightly in morphological characteristics from a third P. johnsoni specimen; however, all
three haplotypes were only 0.1% divergent, suggesting these are likely the same species.
Paragorgia regalis and Paragorgia sp. 1 were 0.8-1.1% divergent from P. johnsoni and
0.7% divergent from each other. With the exception of Paragorgia arborea and
Paragorgia kaupeka, individuals in this clade of Paragorgia collected worldwide were
highly similar at mtMutS (0.1-0.6% divergent). Sibogagorgia cauliflora was found to be
sister to the Corallium-Paragorgia clade in the extended barcode phylogeny; however
this relationship had moderate support (77% posterior probability).

5.4.8 Diversity and community structure
Overall, species richness at sites in the deep GoM was fairly low, with 1-12
species occurring at each site. The deepest sites (2100-2500 m) contained the most
number of species, with 12 species at DC673 and 10 species at DC583, followed by
GC140 (<325 m) and WFL3 (448-557 m) both with 8 species present. Faith’s index of
phylogenetic diversity also indicated high phylogenetic diversity at the DC sites, as well
as GC852 (1400 m) and the upper slope sites (~450 m), VK906, VK826 and MC751
(Fig. 5.4, Table 5.3). In contrast, most mid-slope sites, (600-1100 m) harbored the fewest
species (1-3 species), but had varying phylogenetic diversity (10-26). The few species at
these sites were from genetically distant clades. Similar patterns in FI values were
obtained by either using the extended barcode or mtMutS-only phylogenies, however
filling in the phylogeny with additional alcyoniins and stoloniferans, which are positioned
toward the root of they phylogeny, increased the FI values at some sites (Table 5.3).
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Table 5.3. Faith's Index (FI) of phylogenetic diversity calculated on the topology
produced by a) extended barcode phylogeny and b) MutS only phylogeny.
Site
AT357
AT47
DC583
DC673
GB299
GB535
GC140
GC234
GC235
GC246
GC249
GC338
GC354
GC852
GRNL
GULF
MC036
MC118
MC159
MC294
MC297
MC388
MC506
MC751
MC885
VK826
VK862
VK906
WFL1
WFL2
WFL3
WFL4
WFL5

	
  

FI
(a)
25
15
39
44
31
27
33
30
10
22
10
31
31
41
26
5
21
23
16
28
26
26
12
38
10
38
10
34
29
19
36
5
24

Proportion Branch Length
(a)
0.214
0.128
0.333
0.376
0.265
0.231
0.282
0.256
0.085
0.188
0.085
0.265
0.265
0.35
0.222
0.043
0.179
0.197
0.137
0.239
0.222
0.222
0.103
0.325
0.085
0.325
0.085
0.291
0.248
0.162
0.308
0.043
0.205
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FI
(b)
26
15
46
55
38
34
40
34
11
22
11
33
36
45
27
4
20
21
18
30
25
25
11
40
11
42
11
44
35
24
46
4
33

Proportion Branch Length
(b)
0.078
0.045
0.138
0.165
0.114
0.102
0.12
0.102
0.033
0.066
0.033
0.099
0.108
0.135
0.081
0.012
0.06
0.063
0.054
0.09
0.075
0.075
0.033
0.12
0.033
0.126
0.033
0.132
0.105
0.072
0.138
0.012
0.099

	
  
Sorensen’s Index of taxonomic β-diversity revealed seven distinct species
assemblages that were 80% dissimilar (Fig. 5.5). Five of these assemblages were
associated with five depth zones: <325 m, 325-425 m, 425-600 m, 600-1100 m, and
1350-2400 m. Significant differences (denoted by letters) between these depth zones
were evident (SIMPROF, <0.05; Fig. 5.5), with a few exceptions. First, two Green
Canyon sites, GC234 (493 m) and GC235 (530 m), were not significantly different from
sites within the 600-1100 m depth range (SIMPROF Group f). This was likely due to the
fact that C. a. delta was the only species observed at GC235 (530 m), GC249 (777-790
m), and Mississippi Canyon (MC) 885 (623-637 m), and was also present at GC234 (493
m) and other Green Canyon sites in the 600-1100 m depth range. Paramuricea sp. type
B3 and Chrysogorgia sp. type 1 were also common at sites in depths of 600-1100 m.
Another anomaly in the zonation scheme was the assemblages at the Gulf Penn (541 m)
and WFL4 (507 m) sites (Group e), which were significantly different (SIMPROF,
p=0.002) from the other 400-600 m sites (Group d). This is likely due to the low diversity
at these sites, with only one species, scleraxonian nov. sp., collected at the Gulf Penn and
WFL 4. However, it is likely that WFL4 was not adequately sampled and other species
remain to be described from this site. In addition, some specimen collections
(Keratoisidinae S1c, Muriceides cf. hirta, Aquaumbridae, Anthomastus robustus delta)
from WFL1 (408 m) and WFL2 (417-423 m) overlapped with the upper range of some
specimen (Keratoisidinae S1c, Muriceides cf. hirta, Acanthogorgia aspera) collections at
VK906 (410-432).
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a)

b)

Figure 5.5. Multi-dimensional scaling plots based on Sorensen’s Index. Assemblage
similarity at both 20 and 35% are indicated. Circle size denotes a) average site depth and
b) phylogenetic diversity. Statistically different groups (SIMPROF, p<0.05) are indicated
by letters in a) and species richness is indicated as numerals in b).
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Further assemblage structure was evident within three of the depth zones, and
some within-depth groupings were significantly different. Within 325-425 m, the
octocoral assemblage at VK862 (Group b) was significantly different (SIMPROF,
p=0.006) from GB299 and VK906 (Group c). All three sites shared one species, C. a.
americana, but no other octocorals were collected at VK862. The species assemblage at
GB299 and VK906 also included N. dissidens, M. cf. hirta, Paramuricea sp. type E, and
Keratoisidinae S1. Within 425-600 m, the assemblage structure at the West Florida
(WFL) slope differed from sites to the west at a dissimilarity (Sorensen’s Index) of 70%;
however, this pattern in assemblage structure was not significantly different (SIMPROF,
p>0.05; Group d). Species assemblages within this depth zone of 425-600 m included
Muriceides cf. hirta, cf. Muriceopsis sp., Paramuricea sp. type A and C. a. mexicana, but
Plumarella dichotoma/pellucida occurred only at the WFL slope whereas C. a. delta
occurred to the west. Within 1350-2400 m, assemblage differences were evident with two
distinct assemblages at 60% dissimilarity. Desoto Canyon (DC) sites 583 and 673 (Group
i) were significantly different (SIMPROF, p=0.04) from MC294 and GC852 (Group g)
and MC297 and MC388 (Group h). Although P. biscaya and C. rudis occurred at all deep
(>1300 m) sites, the presence of S. cauliflora, C. averta, Iridogorgia spp., and several
isidids at the DC sites influenced assemblage patterns. This suggests that there may be an
additional depth break at 2100 m.
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5.5. Discussion
5.5.1 Octocoral phylogenetics
Although it is one of the most diverse and ubiquitous marine taxonomic groups,
our understanding of the genetic diversity and phylogenetic relationships of the
Octocorallia is just beginning to emerge. Coupling morphological characteristics with
mitochondrial molecular data has advanced our understanding of evolutionary processes
(Pante et al. 2012), elucidated global genetic diversity and historical dispersal patterns
(Herrera et al. 2012), and revealed cryptic, new, and rare species (Breedy et al. 2012;
McFadden and van Ofwegen 2012). The intent of the present study was not to revise the
taxonomic status of individual species or clades; instead, I used this molecular barcoding
approach to help delimit species boundaries, identify a regional deepwater species pool,
and obtain an estimate of the phylogenetic diversity of octocorals in the GoM. With that
said, the present study contributes a considerable amount of data to the growing field of
octocoral phylogenetics, including some taxa that are new to science, and some that
currently have no close relatives in the GenBank database. Many patterns observed in the
present study were consistent with previous phylogenetic analyses (e.g., McFadden et al.
2006; McFadden and van Ofwegen 2012; Pante et al. 2012; Wirshing et al. 2005);
however, notable relationships were also revealed and/or confirmed in the present study
and warrant further examination, including: 1) the polyphyly of the Isididae with
Chelidonisis a. mexicana divergent from the other isidids 2) the basal position of the
shallower occurring Scleracis guadalupensis relative to the deep-water Swiftia clade, 3)
the close relationship of Swiftia to shallow water species (consistent with Wirshing et al.
2005), 4) the sister relationship of a monophyletic Anthomastus clade with the Corallium-
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Sibogagorgia-Paragorgia clade (consistent with Brockman and McFadden 2012), and 5)
the paraphyly of Callogorgia and Fanellia, the latter of which was a re-validated genus
(from Callogorgia) by Bayer (1982). In addition, the use of different primer pairs for
amplification revealed mitochondrial gene order changes that were previously unknown.
Isidids, coralliids, and paragorgiids are known to have mitochondrial genome
arrangements that differ from the ancestral type (Brockman and McFadden 2012; Brugler
and France 2008; Uda et al. 2011). However, results indicated that Keratoisidinae clade
S1 (Isididae) and Sibogagorgia cauliflora (Paragorgiidae) have the ancestral gene order
whereas other species in their respective families show gene rearrangements. Because I
had difficulties amplifying COI+igr1 in Anthomastus, it is possible that species in this
genus also have gene orders that differ from the ancestral type.
McFadden et al. (2011) indicated that an extended mitochondrial molecular
barcode (COI+igr1+mtMutS) was a valuable tool for guiding species boundaries. Genetic
distances of >1% most often indicate different species, but those with genetic distances of
0.5-1% warrant additional attention (McFadden et al. 2011). I found that the extended
molecular barcode provided sufficient resolution to delimit the majority of species
boundaries at p-distances of >0.5%, with a few derived clades requiring additional data
(particularly Paramuricea, Paragorgia, and Keratoisidinae). Furthermore, the majority of
species had unique mtMutS haplotypes, but additional haplotypes were differentiated by
the inclusion of COI and/or igr1. Also, genetic distances between some pairs of taxa were
higher at mtMutS only compared with the entire extended barcode, which is similar to
other studies that have indicated higher genetic distances at mtMutS compared to other
mitochondrial genes (McFadden et al. 2011; Bilewitch and Degnan 2011). In general, the
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mitochondrial genomes of octocorals have slow evolutionary rates, potentially due to a
mismatch repair function of mtMutS (Bilewitch and Degnan 2011). Informative nuclear
markers that work across a wide variety of taxa are greatly needed to confirm species
boundaries and phylogenetic relationships. With the decreasing costs of next-generation
sequencing, it is imperative that molecular genetic efforts begin to focus on obtaining
additional nuclear markers for octocorals to infer species trees and recover genealogies.

5.5.2 Estimates of octocoral diversity
The regional deep-water octocoral fauna was well sampled, but the species
accumulation curve indicated that the discovery of additional octocoral species inhabiting
the deep GoM is likely. Sampling from hardbottoms at 33 sites in the northern and
eastern GoM revealed 52 octocoral species, including 12 new records for the GoM and at
least three species new to science. Alcyoniin and stoloniferan corals were likely under
represented in collections, as these species are not conspicuous and thus may have been
missed during ROV collections. However, species lists resulting from collections were
supplemented with observational records collected from video and digital images (Suppl.
Table 2). Collections were attempted for every morphospecies observed at each site, but
some sites on the WFL Slope were not as well sampled due to the abbreviated dive time
of the manned submersibles used there, and the lower priority for octocoral collections on
these collaborative cruises.
On the local-scale, peaks in species richness were found at the shallowest (< 325
m) and deepest (> 2100 m) sites sampled, which is in contrast to other faunal diversity
patterns in the GoM. Although species richness estimates will likely be higher at some
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sites with additional sampling, the overall patterns in diversity are robust. The shallowest
(GC140) and deepest (DC673, 583) sites had less survey time than sites on the mid-slope
(e.g., MC751, VK826, WFL3), so increased sampling would only increase the species
richness estimates at these sites and further reinforce the patterns observed in this study.
In chemosynthetic tubeworm and mussel communities, diversity peaks were evident at
~1400 m and 500-600 m with a marked decrease at 2000 m (Cordes et al. 2010).
Diversity peaks were also evident at 1400 m in soft sediment macrofaunal communities
(Pequegnat 1983), whereas in fishes, species richness steadily decreased with increasing
depth (Pequegnat et al. 1990; Powell and Haedrich 2003). The observed peak at the shelfslope transition at GC140 for octocorals likely represents a merging of fauna, and may be
attributed to mid-domain effects (Colwell and Lees 2000). Some of the species collected
at the shallow GC140 site are also known to occur on the continental shelf (C. gracilis, S.
guadalupensis). The octocoral species richness peak at ~2000 m is similar to other
diversity patterns in the deep North Atlantic (see Rex and Etter 2010). For octocorals, this
diversity peak may be due in part to mid-domain effects and evolutionary processes. The
majority of species occurring at these depths were from two closely related families, the
Isididae and Chrysogorgiidae. The diversity of both families peaks in the deep sea, and
there is evidence for at least the Chrysogorgiidae to have originated and diversified in
deep water (Pante et al. 2012).
In the present study, I used two measures of diversity: taxonomic species richness
and Faith’s Index of phylogenetic diversity. Combining phylogenetic information into
diversity estimates has several advantages over taxonomic diversity alone. First, this
approach allows phylogenetic lineages to be incorporated into the diversity measure, thus
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circumventing the question of what is or what is not a species (Faith and Baker 2006).
Therefore, this method is particularly useful when taxonomic statuses are largely
unknown, which is the case for the majority of deep-sea species. Second, phylogenetic
diversity measures allow for the consideration of evolutionary history in local or regional
comparisons of biodiversity (Faith and Baker 2006). For example, a higher phylogenetic
diversity at any one locale indicates that the assemblage contains species across the entire
phylogeny and/or from derived positions in the phylogeny. This type of information
cannot be gleaned from taxonomic status alone because molecular data often reveal that
genera or families are not monophyletic, and even some congeneric species can be very
distantly related. Although these advantages make phylogenetic measures appealing to
use, it must be noted that phylogenies are reflective of the molecular and morphological
data used, and therefore should be continually refined as species trees become available
(Cavender-Bares et al. 2006).
In general, the results of phylogenetic and taxonomic diversity were comparable
between sites, but my approach of combining both taxonomic and phylogenetic measures
revealed interesting patterns in diversity that could not have been obtained without the
phylogenetic context. For example, several sites contained only one species, but
phylogenetic diversity varied among these sites depending upon the derived or basal
position of the taxon present. For instance only one species was present at both the Gulf
Penn (Scleraxonian nov. sp. 1) and MC885 (Callogorgia a. delta), but C. a. delta is much
more derived which results in a twofold higher index of phylogenetic diversity at MC885
compared with the Gulf Penn. In addition, although species richness was slightly lower at
MC751 and VK826 compared with that of the shallower GC140 site, phylogenetic
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diversity was higher at the deeper sites. Interestingly, most of the species present at
GC140 appear to occupy basal positions on the phylogeny compared to species from
MC751 and VK826. It is possible that the shelf-slope transition may be an area of early
divergence in octocorals.

5.5.3 Biogeography of Gulf of Mexico octocoral communities
Biogeographic provinces have been previously proposed for numerous taxonomic
groups in the GoM, and some of these boundaries can be confirmed or expanded upon for
deep-sea octocorals. Extending Bayer’s (1961) proposed biogeographic provinces using
mostly trawl data, Giammona (1978) suggested that octocorals assemble into six zones:
sub-tropical, western Florida, northern, western, southeast Mexican coast, and an oceanic
or deep-sea assemblage. The northern zone was further suggested to be divided into two
zones across the Mississippi River delta defined by the increased diversity to the east of
the Mississippi River delta (Giammona 1978). This east-west boundary across the
northern GoM was also observed in soft sediment deep-sea macrofauna on the mid to
lower slope (Wei et al. 2010). In contrast, I did not observe this longitudinal turnover in
deep-sea, octocoral communities. Likewise, an extensive survey of chemosynthetic
communities on the mid to lower slope also did not reveal this pattern (Cordes et al.
2010). The differences observed between studies may be due to substrate type, as Wei et
al. (2010), attributed the east-west boundary in soft-sediment macrofauna to differences
in sediment characteristics and POC flux delivered by the Mississippi River. Examining
population differentiation across the northern GoM would help determine whether there
is limited gene flow within a species across this potential biogeographic break. Limited
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gene flow has been previously noted across the northern GoM for two scleractinian corals
inhabiting shallow-water oil platforms (Sammarco et al. 2012).
Although I did not observe the east-west break in coral community structure in
the northern GoM perhaps due to limited sampling west of the Green Canyon sites, my
results agree with Etnoyer (2009) that mid-slope octocoral communities tend to differ
between the West Florida Slope and the remaining mid-slope communities in the
northern GOM. This common biogeographic boundary has been observed in numerous
shallow-water taxa, including fishes (Portnoy and Gold 2012) and corals (Giammona
1978), and may now be extended to deep-water coral communities. The GoM Loop
Current may serve as an oceanographic barrier to dispersal of larvae originating in the
northern GoM, but also as a conduit of exchange between the GoM and the Caribbean
Sea. Alternatively, this dissimilarity in community structure may be a result of multiple
vicariance events in the northeast GoM (Portnoy and Gold 2012).
Bathymetry, or the variables associated with bathymetry, is the primary factor
responsible for patterns observed in octocoral community structure. Expanding on
Giammona (1978) who proposed one, extensive deep-sea coral assemblage, Etnoyer
(2009) used museum records to demonstrate that the deep-water assemblage can be
divided into at least three provinces that range from 200-800 m, 800-1600 m, and > 1600
m. The assemblage patterns observed in the present study further refine the proposed
depth provinces, with additional breaks on the upper to lower slope at 300, 400, 600,
1000, 1350, and 2100 m. These depth zones are similar to depth zones noted for other
taxa in the GoM, such as soft sediment macrofauna (Wei et al. 2010), chemosynthetic
communities (Cordes et al. 2007; 2010), and megafaunal invertebrates and fishes
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(Pequegnat 1983; Pequegnat et al. 1990; Powell and Haedrich 2003). However, the
additional depth breaks observed across the upper to middle slope, particularly < 1000 m,
appear to be unique to deep-water octocorals in the GoM. The refined community
boundaries are likely the result of targeted exploration of deep GoM hard substrata. Soft
substrate species may be less specialized in respect to depth, and possibly have broader
depth distributions than those species associated with hard substrata, as observed in sea
pens off of Newfoundland (Baker et al. 2012). The question of whether these depth
breaks are ubiquitous throughout the entire GoM awaits further exploration along the
Texas and the Mexican coasts as well as through the Yucatan and Florida Straits.
Regardless, depth zonation is apparent and predictable in the deep-water octocoral
assemblage and plays a more important role than geographic distance in structuring
octocoral communities, a pattern also observed in GoM chemosynthetic communities
(Cordes et al. 2007).
Depth zonation of deep-sea fauna is of course not a new phenomenon, and has
been investigated in various taxonomic groups inhabiting deep waters worldwide from
the onset of deep-sea exploration. For many taxa, species composition and abundance
gradually change with depth (Rex and Etter 2010), with species inhabiting large depth
ranges from the bathyal to the abyssal region (gastropods; Rex et al. 2005). In contrast,
my results indicate abrupt changes in community composition with depth, at least for
octocorals inhabiting the northern GoM. In fact, 86% of species in the present study were
not broadly distributed across depth, but instead were restricted to certain depth zones.
Moreover, octocoral species appeared to be replaced by congeners along the depth
gradient, a pattern that has not yet been observed in other taxa (see Rex and Etter 2010).

	
  

136	
  

	
  
Restricted depth zonation may be unique to octocorals inhabiting the northern GoM, or
alternatively, broad depth ranges may be more common to species with anti-tropical
distributions (Paragorgia arborea; Herrera et al. 2012) or to species with affinities
towards soft substrates (gastropods; Rex et al. 2005; polychaetes; Wei et al. 2010). It is
also probable, however, that the broad depth ranges observed for other taxa may include
cryptic species inhabiting distinct depth zones. I suggest future studies focus on
molecular barcoding techniques to help elucidate boundaries in deep-sea species.
The restricted depth ranges of certain species could ultimately be a consequence
of adaptation to depth-related environmental variables. Many environmental factors, such
as food supply, temperature, pressure, water mass structure, oxygen, and aragonite and
calcite concentrations co-vary with depth. As noted above, few species were observed
across all depths sampled in the present study. Only three species (Muriceides cf. hirta,
Paramuricea sp. E, Keratoisidinae S1) occurred across the upper to middle slope, three
species (Clavularia rudis, P. biscaya, Keratoisidinae I2) occurred from the lower slope to
the deepest depths sampled, and one species, Acanthogorgia aspera, occurred across the
entire depth range sampled. The depth distributions for these seven species suggest that
dispersal can occur across the depth zones described here. Interestingly, some of these
broadly distributed species also exhibited increased haplotype diversity, which may
indicate high gene flow, an admixture of different larval sources (e.g., Caribbean), and/or
multiple colonization events into the GoM. Although I did not focus on all of the
ecological factors that influence community structure in the deep GoM, evolutionary
processes, such as adaptation, in situ diversification (Pante et al. 2012), and historical
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colonization events (Herrera et al. 2012) likely have a profound effect on the local
structure of octocoral communities.

5.5.4 Conclusions
This is the first study to demonstrate patterns of octocoral community structure in
the deep sea using phylogenetic information to guide species delimitations. Although
species lists for octocorals inhabiting the GoM previously existed (Cairns and Bayer
2009; Giammona 1978), data on deep-water species were incomplete as previous
collections were primarily from trawl surveys, and targeted collections from deep GoM
hardbottoms have been limited. The molecular barcoding approach used in this study
allowed us to identify distinct species associated with hard substrata, while providing
pertinent data for the molecular phylogenetics of the Octocorallia. Because cryptic
species are often revealed and morphological characteristics of species are still being
resolved, it is important to continue incorporating genetic techniques into identifying
species boundaries, and thus assemblage boundaries, of deep-sea communities. Although
the species-accumulation curve did not quite reach an asymptote, octocorals were
adequately surveyed in deep waters of the northern Gulf of Mexico and a considerable
number of species that were not known to occur in the region were documented.
Moreover, my results indicated that octocorals are assembled into distinct biogeographic
and bathymetric provinces in the deep GoM. Community structure appears to change
abruptly with depth, and seemingly does not follow the pattern of slow, gradual turnover
described for other deep-sea fauna (see Rex and Etter 2010). Furthermore, the high
diversity of octocorals found at depths < 300 m and > 2000 m stands in contrast to the
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mid-slope peaks in diversity commonly observed for other deep-sea, taxonomic groups.
Although the ecological factors that contribute to the distribution and assembly of coral
communities on the local scale is beyond the scope of this present study, my data indicate
that phylogenetic history plays an obvious and primary role in the structuring of octocoral
communities in the deep sea. Genetic and taxonomic diversity should be considered in
conjunction when planning mitigation efforts to protect these long-lived, foundation
species from anthropogenic impacts.
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CHAPTER 6
EVOLUTIONARY HISTORY AND NEUTRAL DYNAMICS SHAPE
OCTOROCAL COMMUNITY ASSEMBLY IN THE GULF OF MEXICO

6.1 Abstract
It is commonly recognized that both ecological and evolutionary processes
interact to shape community structure across multiple scales, yet these mechanisms are
poorly studied in the largest environment on earth, the deep sea. Deepwater octocorals
are ideal systems to understand these mechanisms, as they are a species rich group found
worldwide across a strong abiotic gradient in depth (< 6000 m). Investigations in the deep
Gulf of Mexico indicated that octocorals diverged across a depth gradient multiple times
throughout their history, and assemble within depth ranges for which they are
evolutionarily adapted. Within depths <2000 m, however, stochastic dispersal and
recruitment is apparent, as the phylogenetic relatedness of coexisting octocorals was
random. Environmental filtering of species with conserved traits becomes more important
at depths >2000 m. The community phylogenetics approach revealed the importance of
niche divergence across a depth gradient followed by neutral processes in structuring
deep-sea octocoral communities.
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6.2 Introduction
It has long been recognized that both ecological and evolutionary processes
interact to generate and maintain diversity, influence species’ distributions, and regulate
community structure across multiple spatial scales. Over the past decade, there has been
an increase in efforts to incorporate phylogenetics into studies of community assembly,
thus linking the evolutionary history of species to the ecological factors acting on
community structure at a local scale. The burgeoning field of community phylogenetics
(Webb et al. 2002; Cavender-Bares et al. 2009) has made substantial progress in
delineating the relative roles of neutral (Hubbell 2001), niche (Chase and Leibold 2003),
and historical (Ricklefs 1987) processes in the assembly of communities by integrating
phylogenetic history and species’ traits with species co-occurrence patterns across
environmental gradients. As ecological processes (e.g., competition, habitat filtering,
recruitment) may shape the structure of communities on a local-scale, the regional
species pool is primarily formed by the evolutionary history of a region (Ricklefs 1987).
Combining species’ traits, phylogenetic relationships, and environmental data can
help to disentangle the assembly mechanisms of communities. For example, the
coexistence of close relatives with conserved traits may be due to physiological
tolerances to abiotic conditions (environmental filtering). Alternatively, the coexistence
of close relatives may be due to a long history of competition that has resulted in
evolutionary divergence in species’ niches along the α (microhabitat, food resource)
niche gradient (Silvertown et al. 2006). A long history of competition can also cause
divergence along the β (macrohabitat, abiotic gradient) niche gradient (Pickett and
Bazzaz 1978), which could result in close relatives occupying sites that are
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environmentally different. Communities occurring along environmental gradients may
therefore be comprised of distant relatives with traits that match the environment. Finally,
communities may assemble as a result of stochastic processes or dispersal limitation,
resulting in random assemblages of species in regards to their phylogenetic relatedness
(Webb et al. 2002; Cavender-Bares et al. 2009).
Community phylogenetics can be a useful approach to elucidate factors that shape
communities in environments where experimental manipulation can be difficult (Kraft et
al. 2007). One such environment where experimental manipulation is not often performed
and community assembly processes are understudied is the deep sea. With the exception
of chemosynthetic communities (e.g., Cordes et al. 2005), the majority of deep-sea
community ecology studies have focused on patterns in α-diversity in soft-sediment
macrofauna, finding surprisingly high biodiversity in what appears to be a relatively
monotonous environment (Hessler and Sanders 1967). It has been suggested that smallscale disturbances, variability in surface productivity, and sediment heterogeneity may
lead to niche partitioning and thus higher diversity in the soft benthos (Grassle and
Sanders 1973, Snelgrove 1992; Etter and Grassle 1992). Less information exists on
patterns in β diversity, but it is commonly recognized that greater species turnover occurs
across depth zones rather than across geographical distance (Rex and Etter 2010).
Dispersal limitation and environmental filtering were shown to cause species turnover in
deep-sea bivalve communities on an oceanic scale (McClain et al. 2012). Although most
of the deep sea (> 200 m depth) is composed of soft sediment, there is a substantial
amount of topographic complexity and variability in food supply and oceanographic
conditions in the bathyal region (~200 to 3000 m) leading to a highly heterogeneous
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landscape (Levin and Sibuet 2012). High heterogeneity occurring across the continental
slope may promote adaptation in deep-sea species (Rex and Etter 2010), but how and
where deep-sea species form is still not well understood.
In order to fully understand the relative importance of environmental gradients in
shaping community structure and promoting species diversity, it is necessary to
incorporate a phylogenetic approach while broadening the focus of taxonomic groups
(Ricklefs 2006,Graham et al. 2009). The Octocorallia (Phylum Cnidaria) serves as an
ideal system to provide insight into species coexistence and evolutionary history across a
strong environmental gradient (depth), while furthering an understanding of community
assembly process in the deep sea. Octocorallia is a species rich (~3000 species) sub-class
of anthozoan corals that are common foundation species in deep-sea habitats (Daly et al.
2007). Octocorals also occur across a large depth range (from the subtidal to ~6000 m),
often with corresponding changes in assemblage structure and species richness (Quattrini
et al. 2013a). Furthermore, niche divergence along a gradient in depth has been noted in
at least one genus of deep-sea octocoral (Quattrini et al. 2013b). Although community
assembly processes in deep-sea octocorals have not been examined, shallow-water
octocorals tend to sort along environmental gradients of water quality and light intensity
(Sánchez 1999).
As part of a large collaborative study to document deep-sea coral habitat in the
Gulf of Mexico (GoM), octocorals were collected from discrete hardbottom sites across
two large gradients, 900 km of distance and 2000 m of depth. A molecular phylogeny
was constructed using both mitochondrial and nuclear genes in order to determine
phylogenetic relationships among species. With this dataset, we then used a community
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phylogenetics approach to test whether octocoral communities assemble due to species
sorting along an environmental gradient in depth or neutral processes. Similar to bird
communities along altitudinal gradients (Graham et al. 2009), I expect that close relatives
would co-occur (phylogenetic clustering) at deeper depths due to environmental filtering
caused by the increasing physiological demands of deeper environments. Furthermore, it
may be expected that close relatives or even entire clades would replace one another if
adaptation to a particular depth zone occurred on the continental slope. In contrast, if
dispersal limits coral community assembly, then distant sites would contain dissimilar
communities. Finally, if communities consist of random assemblages with respect to
phylogenetic relatedness then neutral processes would influence the structure of octocoral
communities.
6.3 Methods
6.3.1 Field methods
Octocorals were collected at depths ranging from 250-2500 m across 27
hardbottom sites in the northern and eastern GoM using remotely operated and human
occupied vehicles during cruises conducted in 2008-2011. Sites were selected by
examination of 3D seismic data curated by U.S. Bureau of Ocean Energy Management
and high-resolution bathymetry when available. During surveys, vehicles traversed
expansive soft substrate areas while tracking hard substrate features using forwardlooking sonar (variable but typically at 100 m range) across ~1km of the seafloor per
dive. Collections of octocorals were supplemented with video data in an attempt to
document all species at each site. I selected species for community phylogenetic analyses
within the order Alcyonacea that occur on hardbottoms in the GoM. Although there are a
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few species of soft sediment associated Pennatulacea (sea pens) that exist at these depths,
these were poorly represented in collections due to the focus on the hard substrata. For a
complete list of species with corresponding sites and depths see Quattrini et al. (2013a).
6.3.2 Phylogenetic analyses
Mitochondrial (cox1+ mtMutS) sequences of 50 species of octocorals (see
Quattrini et al. 2013a for complete methods) were used in analyses. In addition, nuclear
28S rDNA was amplified using published primers (McFadden and van Ofwegen 2012);
all sequences were added to genbank. Phylogenetic analyses were performed in both
mrBayes (v. 3.2, Ronquist et al. 2012) and BEAST (v.1.7.4 Drummond et al. 2012) with
appropriate priors on a concatenated dataset (detailed in Quattrini et al. 2013a,b). Two
calibrations were used for divergence dating (BEAST) to create an ultrametric tree: 1) the
Coralliidae node was calibrated with fossil data as a lognormal distribution with the 95%
confidence interval covering 84.3-111.1 MYA (Ardila et al. 2012) and 2) the octocoral
ingroup was calibrated with a prior set to a normal distribution with the 95% confidence
interval covering 173-471 MYA. Maximum clade credibility trees with median node
heights were estimated (Tree Annotator v1.7, Drummond et al. 2012). The consensus tree
produced from mrBayes had higher posterior probabilities, yet similar topology to the
BEAST results, with the exception of the placement of one species (Nicella sp.). Nicella
sp. was pruned from the BEAST tree and then used the resulting pruned tree in analyses.
6.3.3 Community analyses
Estimates of the evolutionary dissimilarity among communities [phylogenetic
beta diversity (PBD)] provide insight into how phylogenetic relationships change across
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space and/or environmental gradients and whether certain lineages are driving turnover
patterns within a particular region (Graham and Fine 2008). Using this approach, I
calculated PBD between all pairs of sites present using the PhyloSor index (picante,
Kembel et al. 2010, R Core Development Team 2012). PhyloSor is a measure of the
proportion of branch lengths on the phylogeny shared between two communities and is
an analog of Sorensen’s index of similarity (Bryant et al. 2008). A non-metric
multidimensional scaling (MDS) ordination plot and a dendrogram based on hierarchical
clustering of group average linking were created using the PhyloSor values (Primer-E,
Clarke and Gorley 2006). Similarity clusters defined on the dendrogram were overlain
onto the MDS plot. Five sites with only one species present were removed from
remaining statistical analyses.
The PhyloSor metric was decomposed into two components that account for the
portion of PBD caused by phylogenetic diversity differences alone (PhyloSorPD) and true
phylogenetic turnover (PhyloSorTURN) that indicates the gain or loss of unique lineages
among communities (Leprieur et al. 2012). I subtracted PhyloSorPD from PhyloSorTURN to
examine if lineage turnover rather than differences in α diversity among sites was driving
the observed patterns. PhyloSorTURN -PhyloSorPD was calculated between all pairs of
sites, deep sites only (800-2400 m), shallow sites only (250-600 m), and shallow versus
deep sites only.
To determine whether PBD deviates from stochasticity, a null model of PhyloSor
values was created by sampling the unweighted species pool while maintaining species
richness per sample (999 randomizations) (picante, Kembel et al. 2010). Pairwise
standardized effect sizes were calculated by subtracting the mean null value from the
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observed value and dividing by the standard deviation of the null distribution for each
pairwise comparison in the 999 matrices.
To examine the rate of turnover of compositional beta diversity (CBD, Sorensen’s
Index) and PBD with both difference in depth (bathymetric distance) and geographic
distance, both bathymetric and geographic distance were ln-transformed and linear
distance-decay models were fit. Spatial autocorrelation was not detected in the dataset
(partial multivariate correlogram, ecodist, Goslee and Urban 2007, R Core Development
Team); therefore a partial mantel was used to test whether there was a significant
correlation of PBD and CBD with bathymetric distance given geographic distance and
with geographic distance given bathymetric distance (999 permutations, 500 bootstraps;
ecodist, Goslee and Urban 2007, R Core Development Team). Distance based linear
model (DistLM) marginal tests were also preformed to determine if PBD and CBD were
related to depth (Primer-E, Clarke and Gorley 2006).
To test whether environmental filtering occurs along a depth gradient, I measured
the extent to which co-occurring species within a site are more or less closely related than
expected by chance. If close relatives co-occur in similar depths, it would suggest that
niche conservatism of depth tolerance is important in community assembly. Both the
Mean Nearest Taxon Index (MNTD) and the Mean Pairwise Distance (MPD) were
calculated (picante, Kembel et al. 2010). MNTD is an average of the phylogenetic
distances separating each species in the community from its closest relative. MPD is an
average of phylogenetic distances calculated between each pair of species in the
community. The standardized effect sizes (SES) of each of these measurements were
calculated to compare the phylogenetic structure of the observed community to a null
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model obtained by randomly sampling (runs=999) the pool of all of the species identified
in the study with equal probability. Positive values and quantiles >0.95 indicate species
are more distantly related than expected by chance (phylogenetic overdispersion), and
negative values and low quantiles (p<0.05) indicate they are more closely related than
chance alone (phylogenetic clustering) (Kembel et al. 2010). I also constrained the
phylogeny to those species inhabiting either the deep (>800 m) or shallow sites (<800 m)
based on PBD results, and then I recalculated SES for communities in both of these depth
zones.
To further examine whether the niches of close-relatives have diverged along a
gradient in depth, the overlap in depth range between two species as measured from our
surveys in the GoM was compared with time since divergence (node age on the
phylogeny). Depth overlap was calculated as depth range shared divided by the total
depth range encompassed by the two species. Depth preferences of species are colorcoded on the phylogenetic tree.
6.4 Results
6.4.1 Regional phylogeny
The regional phylogeny of 50 octocoral species occupying hardbottom sites in the
GoM was well supported (Fig. 6.1). Mapping depth as a habitat characteristic onto the
phylogeny indicated that depth of occurrence is not a conserved characteristic for most
octocoral genera and families, with the exception of clades of isidid, coralliid, and
chrysogorgiid octocorals. Rather it appears that close relatives within several clades
throughout the regional phylogeny have converged into inhabiting different depth zones.
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Figure 6.1 BEAST phylogenetic tree scaled to time. Posterior probabilities are noted; * =
>95%. Branches are color coded to depth range where species occur. Octocorals with
terminal branches in gray indicate occurrence across a large depth range.
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6.4.2 Beta diversity
Octocoral phylogenetic beta diversity (PBD) in the deep GoM was more closely
related to the difference in depth between sites (bathymetric distance) than it was to
geographic distance between sites. PBD between octocoral communities was
significantly correlated with bathymetric distance given geographic distance (partial
mantel, r=-0.48, p=0.01) and not with geographic distance given bathymetric distance
(partial mantel, r=-0.07, p=0.32) (Fig. 6.2). DistLM marginal tests indicated a significant
relationship between PBD and depth (=0.002) and CBD and depth (p=0.001).

Figure 6.2. (a) Compositional and (b) phylogenetic similarity between communities. A
function of the change in ln-transformed depth and geographic distance between
communities. Pairwise community similarities of 0% were removed. CBD vs Depth: y=0.058x +0.643, CBD vs. Distance y = -0.039x + 0.532; PBD vs Depth: y=-0.056x +
0.878, PBD vs. Distance y = -0.023x + 0.663.

Differences in PBD are particularly evident at a depth of ~800 m, where octocoral
communities were at least 50% dissimilar in phylogenetic relatedness at sites >800 and <
600 m (Fig. 6.3). Within each of these depth zones, additional clusters of communities at
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70% phylogenetic similarity were evident and were largely due to either closely related
species replacing one another or to differences in α diversity between sites, particularly
within the 800-2400 m depth zone. Aside from this general pattern, four communities
that spanned a depth range of 300-800 m were 50% dissimilar from all of the other sites.
This dissimilarity was due to the presence of a single species, either Callogorgia
americana americana or C. americana delta, at these four sites.

Figure 6.3. Multi-dimensional scaling plot based on phylogenetic similarity, calculated
using the PhyloSor Index of similarity. Assemblage similarities at 50% (solid line) and
70% (dotted line) are defined. Bubble size and color correspond to average depth at each
site.

Results from the null model analysis indicated that octocoral community
similarity was greater than expected between sites occupying similar depths as positive
SES values indicated greater community similarity than expected by chance (Fig. 6.4).
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With increasing bathymetric distance between communities, some communities were
more dissimilar than expected by chance. However, at some very large differences in
depth, both positive and negative SES values were evident and many SES values were
centered on 0. Random patterns with increasing bathymetric distance appear to be the
result of differences in α diversity between sites. Only two or three species were present
at several sites within ~800-1500 m depth. No pattern in community similarity with
geographic distance was observed (Fig. 6.4); however, community similarity was
significantly greater than expected by chance at a few sites that were both geographically
close and occupied similar depth ranges.

Figure 6.4. Standardized effect sizes of phylogenetic betadiversity deviations. Calculated
from a null model that sampled with equal probability of randomized taxa across the tips
of the phylogeny as a function of (a) difference in depth and (b) geographic distance.

Phylogenetic beta diversity was decomposed into the components that account for
true phylogenetic turnover and for changes in diversity among communities (Fig. 6.5).
Subtracting the component of phylogenetic diversity (PhyloSorPD) from phylogenetic
turnover (PhyloSorTURN) indicated that lineage turnover in octocoral communities is
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occurring ~1000 m, as evidenced by the greater PhyloSorTURN values between sites in <
600 m with those in >1400 m. In contrast, community dissimilarities between sites within
the 400-600 m depth zone with those in 800-1000 m were largely due to differences in α

Figure 6.5. Difference in PhyloSorTURN and PhyloSorPD, as a function of (a) difference
in depth between all sites, (b) geographic distance between all sites, (c) difference in
depth between shallow and deep sites, and (d) geographic distance between shallow and
deep sites.

diversity. Low α diversity occurred at sites in Atwater Valley and Mississippi Canyon at
depths of ~ 800-1000 m. These sites with low α-diversity also contributed to the lack of
phylogenetic turnover within 800-2400 m (Fig. 6.5). Within the shallow depth zone (250600 m), higher PhyloSorTURN values indicated some differences in phylogenetic
community structure that are not due to changes in α-diversity (Fig. 6.6). These results
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may be attributed to congeners (within genera Paramuricea, Callogorgia, Muriceides)
replacing one another on the upper continental slope. No patterns in phylogenetic
turnover with geographic distance were observed, with the exception of the shallow sites
(Fig. 6.6); there was evidence of lineage turnover between the West Florida site and those
in the northern GoM.

Figure 6.6. Difference in PhyloSorTURN and PhyloSorPD at deep and shallow sites
only. (a) Difference in depth between shallow sites, (b) geographic distance between
shallow sites, (c) difference in depth between deep sites, and (d) geographic distance
between deep sites.

The relationship of compositional beta diversity (CBD) with bathymetric and
geographic distance revealed a similar distance-decay relationship as PBD (Fig. 6.2), but
CBD was significantly correlated with both bathymetric distance given geographic
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distance (partial mantel, r=-0.64, p=0.001) and geographic distance given bathymetric
distance (partial mantel, r=-0.20, p=0.006). Because the West Florida site is likely in a
different biogeographic province from other sites in the northern GoM, I removed this
site from analyses and the significance in the correlation of CBD with geographic
distance given bathymetric distance decreased (partial mantel, r=-0.14, p=0.03).
Furthermore, higher dissimilarities between communities were evident in CBD estimates
compared with PBD across both bathymetric and geographic distances. This comparison
indicates that most higher-level taxonomic groups, such as sub-order or family, are not
completely replacing one another along either gradient, except that coralliid and
chrysogorgiid families were only found at depths > 800 m.

6.4.3 Phylogenetic relatedness
Standardized effect sizes (SES) of the mean nearest taxon distance (MNTD) and
mean pairwise distance (MPD) indicated that the phylogenetic relatedness of the majority
of octocoral communities was not significantly different from random. Across the 22
octocoral communities examined, 86% and 90% of the nearest taxon and pairwise
distance values were not significant when the entire regional species pool was
incorporated into analysis, indicating that species relatedness within most communities
was not different from random at this broad scale (Fig. 6.7). Further examination of effect
sizes obtained by constraining the regional species pool to either shallow (< 600 m) or
deep (>800 m) sites revealed some patterns in relatedness with respect to depth (Fig. 6.8).
The phylogenetic relatedness measures of all communities at the shallow water sites were
not significantly different from random. However, communities at the deepest sites in the
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study (DC583 and DC673, ~2300 m depth) tended to be phylogenetically clustered, with
significant (p<0.05) effect sizes of mean pairwise distances at both sites. This appears to
be caused by a few families (Isididae and Chrysogorgiidae) of octocorals that were
diverse at these sites. Two additional sites in Mississippi Canyon (MC294 and MC159) at
depths of 900-1400 m also showed significant (p<0.05) phylogenetic clustering, with the
majority of species from the holaxonian-alcyoniin clade.

Figure 6.7. Standardized effect size of phylogenetic relatedness measures. Mean pairwise
and mean nearest taxonomic distances by depth and by longitude calculated using the
phylogeny pool null model. Symbols in black are significantly different (p<0.05) from
random.
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Figure 6.8. Standardized effect size of phylogenetic relatedness measures at deep and
shallow sites only. Mean pairwise distance (MPD) and mean nearest taxonomic distance
(MNTD) by depth and by longitude calculated using the phylogeny pool null model at (ad) shallow and (e-h) deep sites. Symbols in black are significantly different (p<0.05)
from random.
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6.4.4 Niche Overlap
Overlap in depth ranges between all pairs of taxa was calculated and compared to
the median node age obtained from BEAST analyses as a proxy for niche overlap along
an abiotic gradient in depth (Fig. 6.9). Minimal depth overlap was evident in all recently
diverged taxa (<50 MYA) with 0-25% of depth range shared. Only one pair of taxa that
diverged within this time frame had 45% overlap in depth, Paragorgia johnsoni and
Paragorgia sp. 1, but these taxa were rare and found at sites ~150 km away (MC751,
GC234). Two pairs of taxa (Isididae) that diverged ~51 and 78 MYA had 100% of
overlap in depth occurred together at the deepest depths sampled.

Figure 6.9. Overlap in occupied depth between pairs of species since time of divergence.
6.5 Discussion
Community assembly mechanisms have rarely been examined in deep-sea
ecosystems. This is the first study to use a community phylogenetics approach to
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explicitly test hypotheses of community assembly in the deep sea. From examining
octocorals associated with hardbottoms in the deep GoM, results indicated that 1)
octocorals sort along an abiotic gradient in depth, but that 2) within each depth zone
communities are comprised mostly of random assemblages with respect to phylogenetic
relatedness, likely resulting from stochastic recruitment. An exception to this pattern was
observed at the deepest depths surveyed, where communities consisted of species more
closely related than expected by chance, likely a result of environmental filtering of
species with conserved traits for surviving in deep depths. Although a depth-related
pattern in community structure is a common theme in deep-sea environments and has
been previously documented in octocoral communities (Quattrini et al. 2013a), adding a
phylogenetic context to analyses allowed us to determine habitats where octocoral
communities are comprised of closely or distantly related species and how the
phylogenetic structure of communities changes across abiotic gradients of geographic and
bathymetric distance. Thus, I was able to examine the relative roles of niche divergence,
environmental sorting, dispersal limitation and stochastic processes in structuring
octocoral communities.
6.5.1 Niche divergence with depth
Closely related octocoral species in the GoM did not overlap in their ecological
niches with respect to depth, yet distant relatives that diverged >100 MYA overlapped in
their depth range. This ecological convergence into different depths can be seen several
times throughout the octocoral clade. I suggest that niche divergence along the β-niche
gradient could be formed from populations dispersing into different depths followed by
post-settlement selection (Prada and Hellberg 2013), thereby promoting adaptive
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divergence. Although contemporary oceanographic conditions could further limit larval
dispersal across depth zones in the GoM, it is curious that these corresponding water
mass boundaries (Morrison et al. 1983; Rivas et al. 2005) would limit some species, but
not others from dispersing across depths, particularly as a few species occurred across
broad bathymetric ranges. In addition, if these community assembly patterns were only
related to dispersal boundaries, it would be unlikely to see such strong niche segregation
among congeneric species. Rather, it is possible that historical oceanographic events
(anoxic periods, cooling/warming periods) (Tyler et al. 2000; Smith and Stockley 2005)
could have opened new ecological zones of opportunity for populations to invade new
depth zones/water masses at different times throughout history. After populations initially
dispersed and settled into particular depths, a long period of post-settlement selection
(Prada and Hellberg 2013) could then ultimately prevent larvae from surviving in
different depth zones/water masses than where they were spawned, further isolating
populations and leading to adaptive divergence. Disentangling the mechanisms
responsible for niche divergence with depth in closely related octocorals is an exciting
area for future investigation. Furthermore, determining whether depth-related niche
divergence holds for octocorals in other regions will provide insight into the ecological
limits and evolution of octocorals in the deep sea.

6.5.2 Environmental sorting
Octocoral assemblages occurring within comparable depth ranges were more
similar than those from different depths resulting in a pattern of beta diversity controlled
primarily by bathymetric distance. PBD and CBD were significantly correlated with
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bathymetric distance given geographic distance, and the phylogenetic similarity between
communities within similar depths was significantly higher than randomly generated null
communities. Octocoral species in the GoM are therefore persisting within communities
based on their tolerance to depth or depth-related co-variables, including hydrostatic
pressure, temperature, salinity, dissolved oxygen, and carbon flux. Although it is difficult
to tease apart the effects of these variables without experimental manipulation, I propose
that octocoral communities in the GoM are likely driven by a combination of food
supply, hydrostatic pressure, and temperature depending upon the depth of the
community.
Phylogenetic turnover of octocoral lineages occurs at the transition between the
upper and middle to lower slope. Turnover is a result of the presence/absence of certain
lineages on either side of this boundary. Coralliid and chrysogorgiid families and one
clade of isidids were only found at depths >800 m whereas certain taxa were restricted to
depths < 600 m (e.g., Chelidonisis a. mexicana, Nidalia dissidens, Fig. S1). It is well
established that community structure of numerous deep-sea faunal groups changes at a
depth of ~1000 m (Carney 2005). A narrow zone of lineage turnover may be an
indication of a boundary across which adaptive shifts are challenging (Ricklefs 2006).
Low alpha diversity at several sites (Quattrini et al. 2013a) around this depth range
(~800-1200 m) is also suggestive of few species being able to survive or adaptively shift
at this threshold. Adaptation to increased pressure (rather than decreased temperature)
might present a challenge that leads to faunal turnover at 1000 m (Carney 2005). Notably,
600 m has been determined to be a critical threshold for some pressure-adapted enzymes
(Somero 1998). It is also possible that upper slope species may be more tolerant of
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variation in temperature, as temperature can fluctuate widely on the upper slope in the
GoM (Mienis et al. 2012). Finally, in the GoM, 1000 m may be a physical boundary to
dispersal, as water masses change from Antarctic Intermediate water to a mixture of
North Atlantic Deepwater and Caribbean water (Morrison et al.1983).
At depths > 2000 m of the GoM, environmental filtering of species with traits that
are pre-adapted for living in deepwater conditions (e.g., higher pressure, colder
temperatures, lower carbon flux) appears to influence octocoral community assembly. At
the deepest sites surveyed communities included species that were more closely related
than expected by chance. This pattern in community assembly parallels terrestrial bird
communities where a shift to co-existing close relatives occurs with increasing altitude,
potentially because of metabolic and flight challenges (Graham et al. 2009). Similarly,
many deep-sea organisms have enzymatic and membrane-fluidity adaptations to higher
pressure and lower temperatures (Somero 1992; 1995). At the deep sites in Desoto
Canyon, communities consisted of a diversity of species in the families Chrysogorgiidae
and Isididae. Because chrysogorgiid and isidid families may have diversified in deep
water (Pante et al .2012), species within these families may be adapted to living in
environmental conditions associated with greater depths and their ability to disperse to
and compete at shallower depths may be reduced (Somero 1992; Carney 2005). The
evolutionary success of both octocoral families in deep waters may be driven in part by
traits that have enabled them to capture more food in a nutrient-poor environment. I
propose that larger polyp sizes (Isididae) and a radial body plan (Chrysogorgiidae) that
increases surface area may increase food capture and hence survival at very deep depths.
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6.5.3 Dispersal limitation within depth zones
Dispersal limitation within depth zones does not appear to be a primary factor in
community assembly of deep-sea octocorals in the northern GoM, at least at the spatial
scale examined in this study. Further supporting this is the fact that numerous octocoral
species found in the GoM have also been documented at high latitudes of the North
Atlantic Ocean and in the Pacific Ocean (Watling 2007; Pante et al. 2012). Some
community differences, however, were evident between communities that occupied the
northern GoM and the WFL Slope within the same depth range. The Loop Current may
serve as an oceanographic barrier to dispersal between these sites; however, community
differences may also reflect past vicariance events (Portnoy and Gold 2012). Although
both Desoto Canyon sites were geographically close, the high similarity in phylogenetic
community structure between these two sites is likely not attributed to dispersal as
several isidid and chrysogorgiid species were found in the GoM 400 km away (GC852,
1400 m) and are also common in deeper depths in other regions (Watling 2007; Pante et
al. 2012). In situ diversification of these families (Pante et al. 2012) in deep waters
followed by a stepping-stone pattern of global colonization during suitable historical,
oceanographic conditions (Herrera et al. 2013) may explain the widespread occurrence of
these taxa in the deep sea.

6.5.4 Neutral processes
With the exception of the deepest sites, local octocoral communities were
comprised of random assemblages of species with respect to phylogenetic relatedness.
Species occupying sites were from various genera, families, and sub-orders from across

	
  

163	
  

	
  
the phylogeny. It is possible that the broader phylogenetic scale used for analyses may
have lead to the resulting random pattern in phylogenetic relatedness, but restricting
analyses to a certain clade/family did not enable calculations of mean nearest and
pairwise taxonomic distance metrics for numerous sites due to low levels of α-diversity
(Quattrini et al. 2013a). Moreover, many species from various sub-orders across the
phylogeny were found at numerous sites, suggesting an ecological equivalency among
octocorals in the ability to inhabit sites within particular depth zones. One exception to
this pattern may be apparent in species that might have adaptations to thriving in active
hydrocarbon seep areas, such as Callogorgia americana delta (Quattrini et al. 2013b).
Four sites at which C. a. delta was the only species present contained active hydrocarbon
seepage.
Random patterns in phylogenetic relatedness are most likely attributed to
stochasticity in recruitment, resulting in a lottery system for the assembly of octocorals
(Sale 1977). Octocorals often display low and episodic recruitment in both shallow and
deep-sea habitats, and recruitment limitation has been suggested to be a primary factor in
octocoral community assembly (Grigg 1988; Lasker et al. 1998). Although adult
mortality rate is low (Grigg 1988), mortality is often high in young age classes,
particularly in larvae and newly settled recruits (Lasker et al. 1998). Therefore, if
octocorals do recruit successfully at a particular site, possible periods of rapid
reproduction through asexual fragmentation and/or crawling larvae may allow them to
propagate locally. It is also possible for local extinction to occur from re-suspended
sediments smothering newly settled colonies (Brooke et al. 2009) or from predation (Mah
et al. 2010). Although competitive exclusion cannot be completely ruled out as a
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contributing mechanism without further investigation, evidence from other studies (Grigg
1988) suggest that post-settlement competition is not an important factor in octocoral
community assembly in the deep sea.
6.5.5 Community assembly rules
The phylogenetic approach taken in this study provides insight into community
assembly rules for octocorals in the deep GoM. On the first order, octocorals assemble at
sites within certain depth ranges in which may be a result of adaptive divergence, leading
to a pattern of species sorting along an abiotic gradient of depth. Little to no overlap in
depth ranges of congeneric species supports niche divergence with depth among closely
related species. However, the coexistence of close relatives from a few families that
likely diversified in deep waters suggests that environmental filtering becomes a more
important process on the lower continental slope where species are physiologically
adapted to living at those depths. Secondly, with the exception of the deepest depths
sampled (~2400 m), it appears that stochastic processes are governing assembly of
communities on a local scale within each depth zone. Random phylogenetic structure of
the majority of local communities provides evidence for stochastic processes. Because
most species are capable of long distance dispersal, random phylogenetic structure of
communities is likely primarily due to stochastic processes of recruitment. In conclusion,
niche divergence with depth and dispersal limitation across depths followed by stochastic
recruitment within depths could lead to the coexistence of species from across the
phylogeny to depths of ~2000 m in the GoM. At depths > 2000 m, environmental
filtering of species with conserved traits to tolerate depth-related environmental variables
becomes an important mechanism of community assembly in the GoM.

	
  

165	
  

	
  
CHAPTER 7
CONCLUSIONS
In my dissertation, I was able to discern patterns of octocoral community and
population structure across an abiotic gradient of depth in the deep Gulf of Mexico
(GoM) by combining phylogenetics, population genetics and ecological data. The genetic
approach used in my study allowed me to identify distinct species and populations, while
providing pertinent data for the molecular phylogenetics of the Octocorallia. Moreover,
my results indicated that octocorals are assembled into distinct biogeographic and
bathymetric provinces in the deep GoM. Shifts in community structure and congeneric
species replacement with depth were common, while populations of C. a. delta appear to
be isolated by depth in the GoM. These results support the depth-differentiation
hypothesis, revealing the importance of depth and the factors that co-vary with depth in
the ecology and evolution of octocorals in the deep sea.
Related species ecologically replacing one another is a common theme in
terrestrial and coastal environments, but relatively few studies have examined this
phenomenon in the deep sea (Rex and Etter 2010). In my work on octocorals in the deep
GoM, I provide evidence that congeneric species replacement with depth may be more
common in the deep sea then previously realized. This is particularly evident in two
common genera in the GoM, Callogorgia and Paramuricea. Species in both genera
currently occupy distinct niches that correspond with environmental gradients in depth,
allowing regional-scale coexistence of these closely related species. Whether ecological
differences among closely related species are the result of ecological speciation or the
accumulating differences in niche use after speciation remains to be resolved with
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additional data. However, my population genetic data (particularly at the 2 candidate loci
under selection) suggest that adaptive divergence across the continental slope may be one
mechanism that could lead to population isolation in the deep sea. Additionally,
vicariance is an important process in the evolution of deep-sea taxa such as Callogorgia,
evidenced by sister lineages in different basins and divergence dating corresponding to
climatic events.
In order to avoid competitive exclusion, species must diverge ecologically to
capture different or unexploited resources (MacArthur and Levins 1967; Abrams 1983).
In the deep sea, stronger competition may occur among species at intermediate depths
compared with abyssal plains (McClain 2005). Increased competition combined with the
possibility of numerous selective regimes along and across the continental slope, likely
promotes divergence with depth in the bathyal region, ultimately leading to the isolation
of populations and subsequent speciation of deep-sea taxa. For sessile species,
competition may be less important, but it is likely that post-settlement selection (Prada
and Hellberg 2013) to depth-related variables follows colonization of a particular depth
zone. Physiological tolerances to particular abiotic variables may limit larvae from
crossing water mass boundaries that occur with depth. In the GoM, the water mass
distributions (Morrison et al. 1983) correspond well to the distributions of communities
observed. It is likely that both dispersal limitation of octocorals (through larval tolerance
and larval mode) and post-settlement selection are important processes limiting the
distribution of species. Thus, coral communities that occupy different depths should be
considered during the management decision process for conservation.
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Coupling phylogenetics and environmental data in my study also provided insight
into the interplay of ecology and evolution of deep-sea species and the processes that may
shape community assembly. I was able to determine that octocorals assemble at sites
within certain depth ranges in which they may have physiological tolerances, leading to a
pattern of species sorting along an abiotic gradient of depth. This pattern can be a result
of dispersal limitation and evolutionary history, as little to no overlap in depth ranges
occurred between congeneric species in many clades and certain lineages were
present/absent across the ~800 m boundary. With the exception of the deepest depths
sampled (~2400 m), it is possible that stochastic processes are governing assembly of
communities on a local scale within each depth zone. Random phylogenetic structure of
the majority of local communities as well as numerous hardbottom substrata that were
not colonized suggests that stochastic processes may be shaping communities within
depth zones. Because most species are capable of long distance dispersal, random
phylogenetic structure of communities is likely primarily due to stochastic processes of
recruitment. In conclusion, niche divergence with depth followed by stochastic
recruitment could lead to the coexistence of species from across the phylogeny to depths
of ~2000 m in the GoM. At depths > 2000 m, environmental filtering of species with
conserved traits to tolerate depth-related environmental variables becomes an important
mechanism of community assembly in the GoM.
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