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ABSTRACT

Chemosynthetic ecosystems are habitats whose food webs rely on
chemosynthesis, a process by which bacteria fix carbon using energy from chemicals,
rather than sunlight-driven photosynthesis for primary production, and they are found all
over the world on the ocean floor. Although these deep-sea habitats are remote, they are
increasingly being impacted by human activities such as oil and gas exploration and the
imminent threat of deep-sea mining. My dissertation examines deep-sea chemosynthetic
ecosystems at several ecological scales to answer basic biology questions and lay a
foundation for future researchers studying these habitats.

There are two major varieties of chemosynthetic ecosystems, hydrothermal vents
and cold seeps, and my dissertation studies both. My first chapter begins at cold seeps
and at the population level by modeling the population dynamics and lifespan of a single
species of tubeworm, Escarpia laminata, found in the Gulf of Mexico. | found that this
tubeworm, a foundation species that forms biogenic habitat for other seep animals, can
reach ages over 300 years old, making it one of the longest-lived animals known to
science. According to longevity theory, its extreme lifespan is made possible by the
stable seep environment and lack of extrinsic mortality threats such as predation. My
second chapter expands the scope of my research from this single species to the entire
cold seep community and surrounding deep-sea animals common to the Gulf of Mexico.
The chemicals released at cold seeps are necessary for chemosynthesis but toxic to non-
adapted species such as cold-water corals. Community studies in this area have

previously shown that seeps shape community assembly through niche processes. Using
iii



fine-scale water chemistry samples and photographic mapping of the seafloor, | found
that depressed dissolved oxygen levels and the presence of hydrogen sulfide from
seepage affect foundation taxa distributions, but the concentrations of hydrocarbons
released from these seeps did not predict the distributions of corals or seep species. In my
third chapter | examine seep community assembly drivers in the Costa Rica Margin and
compare the macrofaunal composition at the family level to both hydrothermal vents and
methane seeps around the world. The Costa Rica seep communities have not previously
been described, and | found that depth was the primary driver behind community
composition in this region. Although this margin is also home to a hybrid “hydrothermal
seep” feature, this localized habitat did not have any discernible influence on the
community samples analyzed. When vent and seep communities worldwide were
compared at the family-level, geographic region was the greatest determinant of
community similarity, accounting for more variation than depth and habitat type.
Hydrothermal vent and methane seeps are two chemosynthetic ecosystems are
created through completely different geological processes, leading to extremely different
habitat conditions and distinct sets of related species. However, at the broadest spatial
scale and family-level taxonomic resolution, neutral processes and dispersal limitation
are the primary drivers behind community structure, moreso than whether the habitat is a
seep or a vent. At more local spatial scales, the abiotic environment of seeps still has a
significant influence on the ecology of deep-sea organisms. The millennial scale

persistence of seeps in the Gulf of Mexico shapes the life history of vestimentiferan



tubeworms, and the sulfide and oxygen concentrations at those seeps determine seep and

non-seep species’ distributions across the deep seafloor.
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CHAPTER 1

INTRODUCTION

1.1 The ecology of deep-sea environments

The deep sea is commonly defined as all ocean deeper than 200m below sea
surface because this is the depth beyond which, depending on water clarity and seasonal
variation, photosynthethesis is no longer possible (Thistle, 2003). This biome makes up
the majority of the ocean and 95% of all habitable volume on the planet (Ramirez-Llodra
et al., 2010). Below this designated border, depth continues to be the single most
important variable for shaping species distributions and ecological interactions. Although
the deep open ocean seems to be a homogenous ecosystem, many environmental
variables change in predictable ways with depth and challenge organisms’ ability to adapt
their physiology to these changing conditions. In many ways, the depth below the surface
in the ocean is analogous to the effects of elevation in terrestrial ecosystems.

One similarity with elevation on land is that temperature is tightly linked to depth
in the ocean as colder, denser water sinks to the bottom of the water column (Angel,
2003). Temperature drops steadily with depth and reaches temperatures within a few
degrees of freezing at abyssal depths. With no seasonal variation to speak of at these
depths, deep-sea organisms adapt to a narrow range of environmental conditions
(Somero, 1995). Most species cannot survive small changes in temperature and pressure
that occur just a few hundred meters shallower or deeper in the same geographic location

(McClain & Hardy, 2010).



Another environmental variable that changes with depth is oxygen. Generally
oxygen levels decrease to a minimum level around the thermocline at the bottom of the
photic zone and then increase slightly with depth to the seafloor (Angel, 2003). The
physical limit of oxygen saturation state is primarily determined by temperature with
gases dissolving more readily in colder water. There are biological controls that can
depress oxygen levels below the saturation state, however. Oxygen is consumed in the
water column by aerobic organisms’ respiration and replenished through photosynthesis
or mixing with the atmosphere at the surface (Angel, 2003). This balance can be pushed
to extremes in deep water areas below highly productive surface waters (Ramirez-Llodra
et al., 2010). Phytoplankton blooms can create biomass so rapidly in some coastal
upwelling areas around the world that much of this productivity gets exported to deeper
waters at higher rates than average. The consumption of this matter below the photic zone
depletes oxygen levels and creates an oxygen minimum zone (OMZ). OMZs intersect
with benthic habitats over more than a million square kilometers of the seafloor,
accounting for 0.35% of the seafloor globally (Helly & Levin, 2004). Other local features
such as methane seeps can also locally depress the levels of dissolved oxygen by
releasing subsurface waters depleted in oxygen (Tunnicliffe, Juniper, & Sibuet, 2003).

Similar to the effects of elevation in terrestrial ecosystems, depth zonation creates
vertical dispersal barriers within the ocean. Species’ distributions are limited to vertical
ranges not only because of their narrow physiological tolerances, but also due to physical
oceanography (Brown & Thatje, 2014). Two depth ranges in the same geographic area

may have no exchange of propagules because density profiles keep the two water masses



from mixing with one another (Angel, 2003; A. M. A. M. Quattrini, Baums, Shank,
Morrison, & Cordes, 2015; Radice, Quattrini, Wareham, Edinger, & Cordes, 2016).
Conversely, two sites on the opposite ends of an ocean basin may have a dispersal
connection if they are within the same depth range and found within the same water mass
(E. E. Cordes, Carney, et al., 2007; Karine Olu et al., 2010).

The most important biological factor that changes with depth is food input.
Because photosynthesis cannot be performed in the deep sea, food webs are limited to the
productivity that trickles down from the surface (Thistle, 2003). Surface productivity is
consumed by organisms in the water column during its downward journey, causing
pelagic biomass to decrease by an order of magnitude from the surface to 1000m depth
and then by another order of magnitude down to 4000m (Angel, 2003). Only about 10%
of all photosynthetic productivity escapes the photic zone and just 1% reaches the abyssal
seafloor (Buesseler et al., 2007; Gage, 2003). Benthic standing stock and biodiversity are
shaped by this decreasing energy input with depth (Gage, 2003; Rex & Etter, 2010).

Community composition in the deep benthos is also driven by an essential habitat
factor independent of depth: substrate . The vast majority of deep seafloor habitat is wide
expanses of soft muddy sediment. This monotonous environment is home to many
diverse infaunal communities of smaller sediment-dwelling organisms. Most sessile
suspension feeders such as corals and sponges however, cannot live on the mud. They
require a hard, rocky substrate to anchor to, and prefer taller formations that offer vertical
relief as a way to capture more food particles from the currents flowing above the

seafloor (J. M. Roberts, Wheeler, Freiwald, Cairns, & Brooke, 2009). Habitat models



have consistently found hard substrate to be the top predictor of cold-water coral species’
distributions across different deep-sea environments when their niche is modeled at a fine
enough resolution (Freiwald, Wilson, & Henrich, 1999; Samuel E. Georgian, Shedd, &
Cordes, 2014; Guinan, Brown, Dolan, & Grehan, 2009).

1.2 Chemosynthesis in the deep sea

Forty years ago, researchers found an exception to the trend of increasing food
limitation with depth when they discovered a vibrant deep sea community with
unprecedented densities of animals at the first known hydrothermal vent (Lonsdale, 1977;
Van Dover, 2000). The hydrothermal vent could support a high biomass of animals
because these organisms were utilizing chemosynthesis, an alternative energy source to
photosynthesis (Cavanaugh, Gardiner, Jones, Jannasch, & Waterbury, 1981). Bacteria at
the site use reducing chemicals from the fluids flowing out of the seafloor to fix carbon.
These primary producers release the food web from dependence on sunlight and surface
energy input, allowing animals to thrive in the dark depths of the bottom of the ocean
(Carney, 1994).

Chemosynthetic bacteria can be free-living in the environment or living in
symbiotic relationships with adapted animal species (Dubilier, Bergin, & Lott, 2008).
The microbes can use a number of reducing chemicals to power chemosynthesis
including hydrogen sulfide, methane, and hydrogen. A few metazoan taxa that have
evolved complex symbioses with bacteria serve as the foundation species for
chemosynthetic habitats (Kiel, 2010; Van Dover, 2000). Mytilid mussels and vesicomyid

clams host bacteria in specialized cells in their gills to ensure a steady supply of oxygen



and hydrogen sulfide (or in the case of the mussels, hydrogen sulfide or methane) to their
microbial partners (Taylor & Glover, 2010). The symbiosis with siboglinid tubeworms is
so highly derived that these animals have no gut as adults and instead hosts large
populations of sulfide-oxidizing symbionts in a specialized organ called the trophosome
(Bright & Lallier, 2010). The other primary consumer macrofauna at these sites that don’t
host chemosynthetic symbionts gain their nutrition by grazing on free-living bacteria.
Even the non-chemosymbiotic fauna found at chemosynthetic ecosystems are still highly
adapted to these harsh environments and often endemic to them (Bachraty, Legendre, &

Desbruyeres, 2009; E. E. Cordes, Bergquist, & Fisher, 2009).

1.3 From cold seeps to hot vents: the spectrum of chemosynthetic habitats

The harsh qualities of these habitats always include exposure to reducing
chemicals, but other physical conditions vary depending on the geological origin of the
habitat.

1.3.1 Hydrothermal vents

The first deep-sea chemosynthetic habitats discovered were hydrothermal vents at
the Galapagos Ridge in 1977 (Lonsdale, 1977). At this mid-ocean spreading center,
heated seawater laden with minerals and chemicals leached from subsurface magma
spewed out of the seafloor (\Van Dover, 2000). The chimneys formed by minerals
precipitated from the fluids create a bare rock habitat where the water containing
dissolved, toxic metals can reach temperatures up to 401°C (Webber, Roberts, Murton, &
Hodgkinson, 2015). Despite these extreme conditions, researchers found large

communities dominated by the giant vestimentiferan tubeworm Riftia pachyptila, large
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vesicomyid clams, and bathymodiolin mussels along with many other animals adapted to
the local environment (Lonsdale, 1977; Van Dover, 2000).

Since that first discovery, hundreds more vent sites have been discovered around
the world in every ocean basin (Beaulieu, Baker, German, & Maffei, 2013). These
habitats occur at mid-ocean spreading centers and back-arc basins where seawater has the
ability to flow into the crust and interact with magma (Beaulieu et al., 2013; Van Dover,
2000). As scientists have discovered more vent locations, they’ve found biogeographic
variability in the communities that live there (Bachraty et al., 2009). Vestimentiferan
tubeworms including R. pachyptila and other related species dominate vents across the
eastern Pacific from the Juan de Fuca ridge down to the Southern East Pacific Rise.
Tubeworms are completely lacking from the Atlantic, however, and vents along the Mid-
Atlantic ridge are dominated by alvinocarid swarming shrimp instead. In another
variation, the most abundant fauna at vent fields of the southeast pacific in the region of
the Lau Spreading Center are “hairy” snails of the genus Alviniconcha that cultivate
chemosynthetic bacterial populations on projections on their shells. Bivalves of the genus
Bathymodiolus have cosmopolitan range. More than 600 species have been described
from vent communities, 70% of which are endemic to these habitats (Daniel Desbruyeres,

Segonzac, & Bright, 2006; Ramirez-Llodra et al., 2010).

1.3.2 Methane seeps
A decade after hydrothermal vents were discovered in the Pacific, vestimentiferan
tubeworms and other vent-like taxa were collected from the Gulf of Mexico (Paull et al.,

1984). These animals also gained nutrition from chemosynthetic bacteria, but without
6



spreading centers or potential hot vents in the area researchers knew there must be
different geological forces providing reducing chemicals (Paull, Jull, Toolin, & Linick,
1985). Similar to vents, reducing chemicals were being released from discrete sites along
the seafloor, but in this case the flow rate was much lower and the fluids were not heated
above ambient temperature above the seafloor, leading to the designation of these new
sites as “cold seeps.” Instead of the dramatic smoking chimneys created at mid-ocean
spreading centers, fluids here were slowly seeping through conduits in the kilometer-
thick layer of salt that underlays the Gulf of Mexico (Aharon, Roberts, & Snelling, 1992;
Kennicutt, McDonald, Comet, Denoux, & Brooks, 1992). Many bacteria at seeps rely
directly on the oxidation of methane for chemosynthesis, and through the actions of a
consortium of microbes, the hydrocarbons released at these sites are also converted to
hydrogen sulfide (Boetius, Ravenschlag, & Schubert, 2000; Joye et al., 2004).

Seeps have since been discovered at passive and active margins around the world
and are caused by a range of geologic forces (Sibuet & Olu, 1998). These sites have a
similar community structure to vents at the family level with the dominant macrofauna
consisting of vestimentiferan tubeworms, bathymodiolin mussels, or vesicomyid clams

(Kiel, 2010).

1.3.3 Connections between vents and seeps
Due to the starkly different geological conditions that give rise to seeps and vents,
there is little taxonomic overlap between these two habitats at the species level. Of all the

currently described species known from deep-sea chemosynthetic ecosystems, less than



10% are shared globally between seeps and vents (Tunnicliffe et al., 2003). This overlap
is higher when the vent and seep communities are located in closer geographic proximity
to one another, reaching shared species of up to 28% at the vents and seeps of Japan
(Watanabe, Fujikura, Kojima, Miyazaki, & Fujiwara, 2010). Recent studies have also
found that sedimented vents serve as a critical middle ground between hydrothermal
vents and cold seeps (Kiel, 2016; Portail et al., 2015). Sedimented vents create a similar
physical habitat to seeps with their predominantly soft mud substrate, in contrast to the
hard basaltic substrate colonized by animals at typical vents. Community similarity was
higher than predicted between neighboring sedimented vents and seeps in the Guaymas
Basin because of this driving factor of substrate (Portail et al., 2015). A unique instance
of co-existence between seep and vent species was found in the recently discovered
“hydrothermal seep” site of the Costa Rica Margin (L. a. Levin et al., 2012). The
existence of seeps along the Costa Rica margin has been known for more than two
decades, and there are more than 100 likely seep sites in this region (Bohrmann,
Heeschen, Jung, Weinrebe, Baranov, Cailleau, Heath, H??hnerbach, et al., 2002; Sahling
et al., 2008a). The hybrid site Jaco Scar appeared initially to be another tubeworm-
dominated seep site until researchers observed heated, shimmering water flowing from
the base of a tubeworm bush and recognized vent-endemic species among the seep

community members (L. a. Levin et al., 2012).

1.4 Tubeworms as an essential foundation species
Many vents and seep communities are dominated by vestimentiferan tubeworms

(Bright & Lallier, 2010). These animals not only provide a nutritional link between their
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intracellular chemosynthetic symbionts and the food web species that consume their
tissues, but they also create biogenic habitat with their tall, slender chitinous tubes (E. E.
Cordes, Becker, Hourdez, & Fisher, 2010; E. Cordes, Hourdez, Predmore, Redding, &
Fisher, 2005). At methane seeps, tubeworm species such as Lamellibrachia luymesi also
serve as ecosystem engineers (E. E. Cordes et al., 2009). Their posterior “roots” facilitate
a microbial consortium that recycles sulfur species, allowing the seep community to
persist after seepage has ceased, and raises the local alkalinity to allow for the
precipitation of authigenic carbonate rocks (Boetius et al., 2000; E. E. Cordes, Arthur,
Shea, Arvidson, & Fisher, 2005).

One tubeworm species adapted to life at vents, R. pachyptila, is remarkable for
being one of the fastest growing animals on the planet, enabling it to take advantage of
these rapidly changing, ephemeral habitats (Lutz et al., 1994). In the more temporally
stable environment of seeps, L. luymesi, broke a different record. This seep tubeworm
became famous as the longest-lived non-colonial animal (at the time its lifespan was
estimated) (DC Bergquist, Williams, & Fisher, 2000). Based on in situ growth rates and
model predictions, L. luymesi was estimated to reach ages of 250 years (DC Bergquist et
al., 2000). Since then the growth rates of another species of seep tubeworm, Seepiophila
jonesi, have also been studied and shown this species to reach ages of 250-300 years
using similar methods (E. E. Cordes, Bergquist, Redding, & Fisher, 2007).

These two species dominate seeps of the upper slope of the Gulf of Mexico, but a
third species that dominates seeps deeper than 1000m in the Gulf of Mexico, Escarpia

laminata, is relatively unstudied and nothing is known about the ages this tubeworm



reaches (E. E. Cordes et al., 2009). It is expected to reach lifespans at least as old as L.
luymesi and S. jonesi and has the potential to be older given that it occupies deeper
habitats at colder temperatures.

The lifespans of these foundation species are essential to our understanding of
seeps to give us an idea of the continuity these habitats experience over centuries. The
extraordinary ages of these animals also raise basic biological questions about the

evolution of longevity (Williams, 1957).

1.5 The influence of seeps on the surrounding deep sea

Although seeps represent a unique oasis of productivity in the food-poor desert of
the deep sea, they are not isolated from the surrounding environment (Carney, 1994; Lisa
Ann Levin et al., 2016). The productivity can get exported to background community
through mechanisms such as migratory species feeding at seeps or the buoyant bubble
plumes that can deliver hydrocarbons to the overlying water column (Lisa Ann Levin et
al., 2016). The authigenic carbonates produced at seeps become valuable hard substrate
for surrounding species after seepage has ceased (Baco, Rowden, Levin, Smith, &
Bowden, 2010; Samuel E. Georgian et al., 2014; Guinan et al., 2009).

New seeps in the Gulf of Mexico release fluids with enough hydrogen sulfide to
keep away non-endemic species that can’t tolerate the toxicity. As the seeps age, the
authigenic carbonates produced at the seep begin to block off seepage and reduce the
sulfide concentrations in the water column (D. C. Bergquist et al., 2003; E. E. Cordes et
al., 2006; E. Cordes et al., 2005). At the oldest vestimentiferan-dominated seeps, sulfide

is completely absent from the water column, and the tubeworms themselves are only able
10



to persist through their posterior “roots” they’ve anchored deep in the sediment (E. E.
Cordes et al., 2006; E. Cordes et al., 2005). These roots are home to a consortium of
microbes that couple the anaerobic oxidation of methane with sulfate reduction to
replenish the pool of hydrogen sulfide utilized by the tubeworm’s symbionts (E. E.
Cordes et al., 2005; E. E. Cordes, Bergquist, Shea, & Fisher, 2003).

In addition to hundreds of known seep sites, the Gulf of Mexico is home to many
deep-sea background fauna including extensive cold-water coral reefs (E. E. Cordes et
al., 2008; Samuel E. Georgian et al., 2014; Mienis et al., 2012; A. M. Quattrini, Gomez,
& Cordes, 2017). Most corals and coral-associated species are found away from seep
sites, likely due to their intolerance of sulfide or high concentrations of hydrocarbons, but
one octocoral species, Callogorgia delta, has been demonstrated to prefer habitats closer
to seeps (Evans, 1967; A. M. Quattrini et al., 2013, 2017). Although there is a clear
difference between seep and non-seep communities, it is unknown how far seep influence
extends from the center of the seep and what environmental factors most influence

community composition.

1.6 Objectives

This dissertation aims to address the questions raised here about deep-sea
chemosynthetic habitats at multiple ecological scales, from population biology to global
biogeography.

The first chapter of this dissertation investigates the basic biology of a single
species: the seep tubeworm E. laminata. Using in situ growth rates and models similar to

those applied to previous seep tubeworm aging studies, the age of E. laminata is
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estimated with both individual and, for the first time, population-wide growth
simulations.

The second chapter expands its scope from one seep foundation species to the
whole community by examining multiple cold seeps across the Gulf of Mexico. The aim
of this study is to determine which chemical properties of seep environments drive the
niche processes behind community assembly in this region. The habitat of both the seeps
and neighboring benthic habitat are mapped at a fine scale using paired downward-
looking photos and water chemistry data. This comprehensive dataset is able to answer
questions about how far the barrier of a seep extends beyond the center of seepage and
which habitat factors act as environmental filters and best predict the distributions of seep
and non-seep species.

In the third chapter, seep communities in another region, the Costa Rica Margin,
are characterized for the first time. Again questions concerning community assembly are
addressed by analysizing how community composition changes in response to
environmental conditions. The temperature and proximity of each community to the
hydrothermal seep at Jaco Scar are compared to community structure to determine
whether this feature and/or depth influence species composition in this region. The scope
then expands to incorporate community samples from vents and seeps around the world
to examine drivers of community assembly across all biogeographic regions and

chemosynthetic habitat types.
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CHAPTER 2
EXTREME LONGEVITY IN A DEEP-SEA VESTIMENTIFERAN TUBEWORM
AND ITS IMPLICATIONS FOR THE EVOLUTION

OF LIFE-HISTORY STRATEGIES

2.1 Abstract

The deep sea is home to many species that have longer life spans than their
shallow-water counterparts. This trend is primarily related to the decline in metabolic
rates with temperature as depth increases. However, at bathyal depths, the cold-seep
vestimentiferan tubeworm species Lamellibrachia luymesi and Seepiophila jonesi reach
extremely old ages beyond what is predicted by the simple scaling of lifespan with body
size and temperature. Here we use individual-based models based on in situ growth rates
to show that another species of cold-seep tubeworm found in the Gulf of Mexico,
Escarpia laminata, also has an extraordinarily long lifespan, regularly achieving ages of
100-200 years with some individuals older than 300 years. The distribution of results
from individual simulations as well as whole population simulations involving mortality
and recruitment rates support these age estimates. The low 0.67% mortality rate
measurements from collected populations of E. laminata are similar to mortality rates in
L. luymesi and S. jonesi and play a role in evolution of the long lifespan of cold seep
tubeworms. These results support longevity theory, which states that in the absence of
extrinsic mortality threats, natural selection will select for individuals that senesce slower

and reproduce continually into their old age.
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2.2 Introduction

Within the depths of the ocean, there are extraordinarily long-lived animals
including the octopus Graneledone boreopacificia, found up to 2000 m deep, with the
longest brooding period known for any animal (Robison, Seibel, & Drazen, 2014) and
black corals (Antipatharia) more than 4000 years old (Roark, Guilderson, Dunbar, Fallon,
& Mucciarone, 2009). Rockfish, a group with closely related species distributed across a
broad depth gradient, show a trend of increasing lifespan from 12 to 205 years with
increasing maximum depth of occurrence from 37 to 874 m depth (Cailliet et al., 2001).
A similar trend of slower growth rates with depth is apparent in the octocorals (Andrews,
Cordes, & Mahoney, 2002). The slower pace of life at depth can be explained best by the
effects of temperature on metabolism as ambient temperature decreases steadily in deep
waters (McClain, Allen, Tittensor, & Rex, 2012).

One of the longest-lived animals on the planet, the cold-seep vestimentiferan
tubeworm Lamellibrachia luymesi (Polychaetea: Siboglinidae), exhibits lower mortality
rates and a longer lifespan than predicted by metabolic scaling according to body size and
temperature alone (McClain et al., 2012). Even in a study that created universal scaling
laws specifically for deep-sea organisms across the globe using the Metabolic Theory of
Ecology, the data from L. luymesi were recognized as outliers (McClain et al., 2012).
Another Gulf of Mexico cold seep tubeworm, Seepiophila jonesi, would also have
appeared as an outlier in the study had its lifespan been included in the dataset (E. E.

Cordes, Bergquist, et al., 2007). The question remains how widespread these life history
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traits are among the cold-seep vestimentiferans, and if longevity continues to increase
with depth in this group.

Evolutionary theories offer an alternative approach to understanding lifespan
beyond unifying equations that scale with body mass and environmental factors. The
premise of longevity theory is that senescence is allowed to evolve because natural
selection has only a weak influence on genes that contribute to deterioration with aging.
Selection has only a weak effect on these genes because most members of natural
populations are killed before they can reach old age and experience the detrimental
effects of these genes (Kirkwood & Austad, 2000; Williams, 1957). If extrinsic mortality
threats are reduced, however, selection on these genes is stronger and the organisms that
possess genes that allow them to live longer and reproduce viable offspring later in life
become the most successful (Austad, 1993). The deep sea offers a more stable
environment and generally has fewer large predators than other biomes, decreasing the
frequency of mortality events.

Cold seeps provide an additional level of stability beyond that provided by the
majority of the deep sea through the steady release of fluids from the seafloor for
thousands of years at a single seep (E. E. Cordes et al., 2009; Ingram, Meyers, Brunner,
& Martens, 2010; H. H. Roberts & Aharon, 1994). These fluids are rich in methane
and/or hydrogen sulfide and bring a reliable energy source to the microbes inhabiting the
seeps, whether they be free-living or in symbiosis (E. E. Cordes et al., 2009; Paull et al.,
1985). Cold-seep tubeworms are entirely reliant on internal bacterial symbionts for their

nutrition and live an effectively autotrophic lifestyle (Charles R. Fisher, 1990). In
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addition to the geological stability of the cold seep’s sulfide supply, tubeworms
biologically enhance this source of sulfide by facilitating microbially-mediated sulfur
recycling (E. E. Cordes et al., 2005). Microbes in the sediment couple anaerobic methane
oxidation to sulfate reduction using sulfate released from the tubeworms’ posterior
“roots,” and this process produces hydrogen sulfide to be taken up by the tubeworm and
used by its symbionts (E. E. Cordes et al., 2003; Dattagupta, Miles, Barnabei, & Fisher,
2006). When mediated by L. luymesi, this sulfide-replenishing process has been modeled
to supply the tubeworm’s metabolic needs for at least 250 years (E. E. Cordes et al.,
2005). Given this stable energy supply, it is possible for L. luymesi to reach lifespans over
250 years and S. jonesi over 300 years (DC Bergquist et al., 2000; E. E. Cordes,
Bergquist, et al., 2007). Escarpia laminata is another chemosynthetic bacteria-hosting
vestimentiferan tubeworm of the Gulf of Mexico that inhabits seeps between
approximately 1000 m and 3300 m depth, but little is known about this species and its
life history. This study aims to estimate the lifespan of E. laminata and determine if this

deeper-dwelling tubeworm species exhibits longevity similar to its shallower relatives.

2.3 Methods

2.3.1 Collection and in situ growth measurement

To investigate age and life history, the growth of E. laminata tubeworms was
measured in situ using methods developed for L. luymesi (DC Bergquist et al., 2000). Six
aggregations of E. laminata were stained with Acid Blue #158 (Figure 2.1) and seven

different unstained aggregations were sampled with the Bushmaster Jr. collection device
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(D. C. Bergquist et al., 2003) in June 2006. In June 2007, the six stained aggregations
were located again and collected. The total length of each tubeworm was measured from
the anterior end of the tube to the posterior portion that tapered to 2mm in diameter. The
white anterior portion of the tube (new growth above the blue dye line) was measured as
the growth between staining and collection, approximately one year’s growth. In total, six
populations were collected from Atwater Valley 340 (27.64° N, 88.36° W, 2180 m), two
from Alaminos Canyon 818 (26.18° N, 94.62° W, 2745 m), one from Alaminos Canyon
601 (26.39° N, 94.51° W, 2425 m), and four from Green Canyon 852 (27.11° N, 91.19°
W, 1410 m). Growth was measured from 356 total stained tubeworms and standardized
to an annual growth rate based on staining and collection dates, and all 13 Bushmaster-
collected aggregations including an additional 1,046 unstained tubeworms were used as
reference populations for the population simulations. In addition to the stained
tubeworms, five E. laminata individuals banded with zip ties and ID tags in 1992 at
Alaminos Canyon 645 were found alive in 2007 and re-imaged to calculate their average
annual growth rate over 15 years by dividing all new growth by 15 years.

2.3.2 Growth model and individual simulations

The measured growth rates from the stained E. laminata individuals were fit to
the negative exponential equation g = ae™™ derived from L. luymesi growth rates in the
program JMP (DC Bergquist et al., 2000; E. E. Cordes, Bergquist, et al., 2007; SAS
Institute Inc., n.d.). In this model, g is annual growth (cm year™, L is length (cm), and a
and b are constants that were calculated during the regression (a = 2.401 and b = 0.0367).
To create an error term for the model, another nonlinear regression was performed on the
positive residuals from the growth equation. The residuals were best fit by another
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Figure 2.1 — Photograph of stained E. laminata tubes The tubes visible in the left half of

the picture are unstained, natural E. laminata, and the tubes on the right show the

conspicuous Acid Blue #158 stain that was applied to distinguish new growth.

negative exponential equation € = ce™", where ¢ and d are constants (c = 2.102 and d = -
0.0294). The probability of whether or not an individual would grow in a given year was
also found to be correlated to the size of the tubeworm, similar to the cold seep tubeworm
species Seepiophila jonesi (E. E. Cordes, Bergquist, et al., 2007). After calculating
proportions of E. laminata showing nonzero growth in bins of 20 individuals (ordered by
size), the probability of annual growth was best fit by the equation pg = x + ye?- where X,
y, and z are constants (x = 0.264, y = 3.751, and z = -0.0880). If a uniformly-distributed
random number between zero and one was greater than the probability pg, the individual
tubeworm in simulation would increase its length by the size-dependent amount g +

N(0,&) cm that year.
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Figure 2.2 — Relationship between tube size and one year’s growth for E. laminata and L.

luymesi (A) One year’s growth for all collected E. laminata plotted against the size of the
tubeworm measured. The solid line is the best fit negative exponential equation g=ae™-
(R? = 0.1302), and the dashed lines show the 95% confidence interval around the
equation. (B) Comparable measured growth data from the species L. luymesi and the
negative exponential equation that best fit that dataset, reproduced from (E. E. Cordes,

Bergquist, et al., 2007).

To estimate the mean age of the tubeworms in each population, the number of
years required to reach the mean length of that population’s tubeworms’ lengths was
estimated by recording what year the growth simulation exceeded this mean length. The
same method was applied to estimate the age of the largest individuals collected from
each population. To account for the fact that these E. laminata individuals may be the
largest not because they are significantly older but because they grow faster than average,

a second growth simulation for these sizes was run using an increased growth rate. These
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maximum growth simulations used higher percentile values for a and b in the size-
dependent annual growth rate equation (greater than the 50™ percentile values used in the
average simulation and based on the size of the population, percentiles given in Table 1),
and tubeworms grew every year without exception. In each growth scenario (average
growth to mean length, average growth to max length, max growth to max length), the

number of years required to exceed the recorded length was averaged across 10,000 runs.

E. laminata growth over time
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Figure 2.3 — Individual growth simulation results Growth was simulated for 1500 years

for 10,000 individual tubeworms and the maximum, minimum, and averages sizes for
each year were recorded. After 57 years, the average size of the simulated individuals
was equal to the mean length of all collected E. laminata (42 cm), marked with vertical
and horizontal dotted lines. It took 812 years for even the fastest growing tubeworms in
the simulation to reach the 99" percentile length of all tubeworms collected (100 cm),

shown with the larger vertical and horizontal dotted lines.
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2.3.3 Population simulations

The average individual growth model was extended with mortality and
recruitment rates to construct a population-wide simulation in order to estimate the ages
of tubeworms in these collections while capturing more of the variability in their growth
rates.

The rate of removal of individuals from the population was estimated by counting
the number of empty tubes that were collected within the populations. Using in situ chitin
degradation rates of Riftia pachyptila (a hydrothermal vent species of tubeworm) tube
material and adjusting for the temperature difference between cold seeps and
hydrothermal vents (Ravaux et al., 2003), it was estimated that the tubes can stand for
three years in a seep environment after the death of the worm and still be solid enough
(up to 50% degraded by microbial activity) to be collected and measured, allowing for
the conversion of this count into an annual rate. The probability of a mortality event
given a tubeworm’s size was modeled by calculating the proportion of empty tubes
collected across 5 cm size bins. The mortality rate for E. laminata was found to be
extraordinarily low at 0.67% of the population dying annually, and this rate did not
change with tubeworm length.

In order to successfully recruit to a seep, vestimentiferans require exposed hard
substrate and hydrogen sulfide. Substrate surface area is rapidly occupied by the first
recruits, and the low mortality rate of cold-seep vestimentiferans reduces the incidence of
space being made available for a late recruit by the death of an individual already settled

at that site. Additionally, hydrogen sulfide levels in the water column are depleted over
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time, and thus recruitment ceases after a few decades (Dc Bergquist, Urcuyo, & Fisher,
2002; E. E. Cordes et al., 2003). This is evident in the complete absence of small
tubeworms (<10cm) in any of the populations sampled for this study and challenges the
application of recruitment models developed for other species. The density-dependent
model R = Gf published by Kohyama and Takada (1998) was adapted here for E.
laminata (Kohyama & Takada, 1998). Instead of calculating recruitment rate from the
smallest size classes, the maximum recruitment pulse was estimated from the most
common size class. To calculate recruitment, the number of individuals in the most
common 1 cm size class for each collected E. laminata population was correlated with
the areal coverage of the aggregation in m2. The largest possible sampling area was 0.283
m? (the size limit of the sampling device), and the smallest sampling area measured was
0.006 m? due to the small (n=5) population of tubeworms. There was a significant linear
relationship (P < 0.0001) with a slope of 76.36 ind m?2. The size class was assumed to
represent one year’s cohort (R = 76.36 ind m? year?!), and sensitivity tests showed no
significant effect on the estimated age of the simulated aggregation or the quality of the
fit of the simulation to the collected data from varying this parameter between 7.64 ind
m? year? to 152.7 ind m? year.

Each simulated tubeworm in the population grew at the rates defined by the
average growth model. Individuals in the simulated population would be removed from
the population if a uniformly-distributed random number between zero and one was less
than the mortality rate 0.0067 ind year*. The population simulation continued to recruit

the number of new individuals generated by a normally-distributed random number with
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mean R until the population reached carrying capacity (defined as the total number of
individuals collected in the reference population). Each year of the population simulation,
the size distribution of the simulated tubeworm population was compared to the size
distribution of the collected population using a log-likelihood test. The simulation year
with the lowest log-likelihood test statistic was recorded as the estimated age of the
population, and the age was then averaged across 10,000 simulation runs for each

population.

2.4 Results

The E. laminata specimens measured displayed a similar trend to L. luymesi in
decreasing annual growth with increasing size, although E. laminata tubeworms of
comparable size grow less than half as fast (Figure 2.2). According to the average
individual growth simulation, an E. laminata individual with an anterior length of 50 cm
is predicted to be 116.1 (sd = 19.4) years of age, older than L. luymesi and S. jonesi
individuals of the same size that have been estimated to be 21 and 96 years old
respectively (E. E. Cordes, Bergquist, et al., 2007). At the fastest growth rates,
corresponding to the 99"-percentile of measured rates, a 50 cm long E. laminata would
be 19.8 (sd = 1.7) years of age. At greater lengths, the age disparity becomes larger with
E. laminata estimated to reach 1 m anterior length after 1232 (sd = 85.6) years, 67.9 (sd =
2.3) years at maximum growth rates, compared to 68 years for L. luymesi and 605 years
for S. jonesi to reach the same size. Although L. luymesi tubeworms frequently reach
lengths longer than 1 m, 50 cm is a more ecologically relevant comparison for the smaller

species E. laminata and S. jonesi. In the average growth simulations, the age at which
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tubeworms could attain the mean length of each population ranged from 15 to 266 years
from the smallest to the largest mean length (Table 2.1). The age estimates for the largest
individuals from each population ranged from 77 to 15,834 years using the average
growth model and from 17 to 1,059 years when the maximum growth model was applied
(Table 2.1).

The range of growth rates measured from the banded E. lamintata individuals was
0.67 to 2.67 mm year! with an average of 1.38 mm year™ over the 15 year period.
Although the total length of the zip-tied individuals was not measured, these growth rates
fall within the values predicted by the model for moderate to large tubeworms and
suggests that the stained tubeworms’ single year of growth was a representative sample
of rates exhibited by E. laminata over their lifetime. At the average growth rate of 1.38
mm year™ from the 15-year banding data, it would take an individual 362 years to grow
to 50 cm and 725 years to reach 1 m in length, both of which within the range of
estimates from the other methods.

The averages for each collected population range from 21 years to over 9000
years (Table 2.2). In 10 of the 13 simulated populations, the mean length of tubeworms
averaged across all simulation runs in the best-fit year was within 10 cm of the measured
mean length for that collected population. Population-level simulations have the benefit
of capturing more observed growth variation, but in four simulated populations the
average log-likelihood comparisons between the modeled populations and the actual size-
frequency histograms were significantly different (p < 0.05) in even the best-fit years.

The nine simulated populations that were not significantly different from collected
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Table 2.1

Individual simulation results

. Mean Mean Age Largest Population size | . Ag_e of largest . A'gg of largest

Population Length (cm) (yrs) Individual (cm) | (and percentile) individual at mean | individual at max
growth (yrs) growth (yrs)

1 23.0 15+0.03 44.2 158 (99) 77+0.1 17 £0.02

2 33.2 34+0.1 66.2 266 (99) 285+ 0.4 31+0.02

3 34.7 38 0.1 69.0 30 (65) 328+ 0.4 96 + 0.07

4 39.6 55 +0.1 68.7 79 (89.5) 324 +0.4 60 + 0.04

5 42.8 70+0.1 50.2 5 (52.5) 115+0.2 53 £ 0.06

6 44.0 76 £0.1 68.3 227 (99) 317+04 33+0.02

7 48.0 100 £0.2 80.0 203 (99) 545+ 0.5 43 +0.02

8 51.8 127 +0.2 173.4 157 (99) 15834 + 3.4 293 +0.03

9 52.6 135+0.2 87.8 79 (89.5) 757 £ 0.6 107 £ 0.05

10 54.1 147 +0.2 100.4 118 (99) 1247 £ 0.9 69 + 0.02

11 54.7 153 +0.2 66.8 14 (57) 294+ 0.4 97 +0.08

12 60.1 207 £ 0.3 78.4 14 (57) 508 + 0.5 150+ 0.1

13 64.8 266 + 0.3 148.8 52 (76) 7038 £71.0 1059 + 0.2

Note: The mean length and largest individual measured from each population and the simulation year at which individual
growth simulations reached these sizes (averaged across 10,000 simulation runs * standard error) are reported. The Mean Age
was estimated using only the average growth model whereas the age of the largest individual was simulated under both the
average growth model and a model that assumed maximum growth rates. The maximum growth rate was simulated by above
average model parameters adjusted according to the size of the population and corresponding percentile length the largest
individual occupies.
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Table 2.2

Population simulation results

Measured from collected populations Measured frorrg:slrfl::z;tsgrpopuIatlons n Best-fit year

Population Mean Length (cm) _L_argest Simulated Mean Simu.la}ted Largest | Simulated Age
Individual (cm) Length (cm) Individual (cm) (yrs)

1 23.0 44.2 225+0.5 328+1.2 21 +£0.01*
2 33.2 66.2 30.5+0.6 404 +1.2 35+0.01
3 34.7 69.0 25,0+ 1.1 329+18 23 +0.02*
4 39.6 68.7 43.8+ 3.3 69.8 + 14.7 350 + 2.7*
5 42.8 50.2 452 +1.9 484 +25 82+0.1*
6 44.0 68.3 29.1+21.6 39.0 +25.9 82+0.6
7 48.0 80.0 45,0+ 1.6 58.5+2.2 129+ 0.1
8 51.8 173.4 446+ 2.6 58.6 + 3.8 135+ 0.3
9 52.6 87.8 520+1.9 98.5+12.1 9449 + 59.9*
10 54.1 100.4 84.1+7.1 153.5 + 20.4 9311 + 53.5*
11 54.7 66.8 51.5+0.7 56.1+15 127 + 0.08*
12 60.1 78.4 59.7+1.0 64.2+1.7 205+ 0.1*
13 64.8 148.8 414+£23 50.3+55 179+ 1.1*

Note: The best simulation years listed indicate the most likely age of the population (from the first recruited individual to time
of collection) according to the best-fit year. Asterisks indicate that, on average, the simulated population distribution was not
significantly different from the collected population distribution in the best-fit year. The largest individual and mean length of
all individuals in the simulated population at the time of the best fit year were recorded. The mean length and largest individual
measured from the collected populations are listed for comparison. All listed ages and sizes are averaged across 10,000
simulation runs with mean + standard error reported for ages and mean + standard deviation reported for simulated sizes.



populations are marked with asterisks in Table 2. The goodness-of-fit test between real
and simulated data was most likely to indicate similar distributions when the reference
population had a normal distribution and small range between the largest and smallest
individual. The individual- and population-level approaches, despite their limitations,

both indicate that the larger E. laminata individuals reach ages in excess of 250 years

2.5 Discussion

These findings all support the conclusion that E. laminata tubeworms are much
older than similarly sized L. luymesi tubeworms. The explanation for this disparity is not
immediately clear given the close phylogenetic relationship of these species and their
ecological similarity. A full population simulation is more likely to capture the true
growth rates of all the collected tubeworms whereas individual aging methods may be
inaccurate if the largest tubeworms experienced anomalously fast growth rates.
Calculating the age of large tubeworms is also hampered by the asymptotic nature of the
growth model, which introduces a high degree of error in the estimates of the age of the
largest E. laminata individuals. The two oldest population simulation ages are more than
25 times larger than the next oldest estimate, suggesting that these results are outliers and
not a reliable evaluation of E. laminata’s lifespan. Even removing these outliers, E.
laminata individuals are reliably predicted to live in excess of 250 years, and may
occasionally attain far greater ages if given a steady supply of hydrogen sulfide and

oxygen in the absence of predation.
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L. luymesi is found on the upper Louisiana slope between 300 and 950m deep
whereas E. laminata occurs only on the lower slope below 1000m (Cowart, Halanych,
Schaeffer, & Fisher, 2014), and this difference in their depth ranges may potentially
explain their lifespan disparity. Some studies have found decreasing rates of metabolism
with increasing depth of occurrence in some deep sea species (Childress, Cowles,
Favuzzi, & Mickel, 1990; Drazen & Seibel, 2007), and a lower resting metabolic rate can
lead to a longer lifespan (Atanasov, 2005). Although the metabolic rate of E. laminata
has not been measured directly, there was a significant relationship between depth and
growth rate where tubeworms were more likely to grow less than the model predicted the
deeper they were collected (between 1409 and 2746 m). This relationship only held for
larger individuals, as the relationship was only significant when the high degree of
variability from small individuals (<30cm) was removed from the dataset. Observed
trends of decreased metabolism with depth are most likely due to the direct effect of
temperature on metabolism, rather than depth per se (Childress et al., 1990). All E.
laminata collection sites were between 4.2°C and 4.3°C, and the average temperature
difference between these and L. luymesi sites is less than 4°C. According to the
Metabolic Theory of Ecology, E. laminata’s lifespan would be only 1.34 times longer
than L. luymesi’s if the difference were due to temperature alone (McClain et al., 2012).

The interactions between E. laminata’s metabolism, lifespan, and mortality can
also be investigated through published allometric relationships. When calculating the
predicted mortality using terms averaged across fish and invertebrates (McCoy &

Gillooly, 2008), E. laminata has a mortality rate 15 times lower than the equation
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predicts given the tubeworms’ average dry mass and the ambient temperature of the seeps
at which it was collected (avg. 4.2°C). Although hydrothermal vent and cold seep
tubeworms may be subject to non-lethal plume-cropping (Dc Bergquist et al., 2007; E. E.
Cordes, Becker, & Fisher, 2010), lethal predation of tubeworms has not been
demonstrated (D. C. Bergquist et al., 2003). E. laminata does have a blood-sucking
parasite in the polychaete Protomystides sp., and this small polychaete has also been
found inside the empty tubes of dead tubeworms, but whether these small parasites can
cause mortality at appreciable rates is unknown (Becker, Cordes, Macko, Lee, & Fisher,
2013). Thus L. luymesi, S. jonesi, and E. laminata all have similarly low mortality rates.
This low rate of individual turnover places E. laminata in the category with L. luymesi
and S. jonesi as anomalously long-lived deep-sea species according to the Metabolic
Theory of Ecology (McClain et al., 2012). These calculations give increased importance
to extrinsic mortality rate in increasing animals’ lifespans.

At more than 250 years old, E. laminata achieves a lifespan that exceeds other
longevity records such as 177-year-old Galapagos giant tortoises (the longest-lived land
vertebrate), 211-year-old bowhead whales (the longest-lived mammal) (Deweerdt, 2012).
The marine clam Arctica islandica remains the oldest non-colonial animal known with an
inferred age of 507 years (Ridgway & Richardson, 2011), but given the uncertainty
associated with estimating the ages of the longest individuals, there may be large E.

laminata tubeworms alive in nature that live even longer.
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CHAPTER 3
FINE-SCALE HABITAT MAPPING OF THE INFLUENCE OF COLD SEEPS ON

DEEP GULF OF MEXICO COMMUNITIES

3.1 Abstract

In the deep Gulf of Mexico, there are abundant methane seeps that punctuate the
seafloor habitat. These seeps alter the local habitat when they release reducing chemicals
into the water column and attract chemosymbiotic fauna to the community. The
microbially-mediated reactions that occur throughout the lifespan of the seep also create
authigenic carbonate rock. Background deep-sea animals such as corals rely on this hard
substrate for their habitats but typically cannot tolerate the toxic sulfide and hydrocarbons
released at active seep sites. This study examines the influence that seafloor seepage has
on the distribution of seep-associated organisms (tubeworms, mussels, and bacterial
mats) and background deep-sea taxa (scleractinian and non-scleractinian corals) using
fine-scale AUV photo surveys. As expected, the presence of carbonate rocks was the
most consistent predictor of coral distributions in addition to significantly predicting the
presences of tubeworms, mussels, and bacterial mats. Another expected result was the
association of scleractinian corals with higher than average oxygen levels. However, non-
scleractinian corals were sometimes predicted by negative oxygen anomalies. Redox
potential measurements were able to detect a significant effect of hydrogen sulfide levels
on the distribution of tubeworms, demonstrating that this AUV survey design can identify

seepage. This study adds evidence to the theory that seepage is an essential
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environmental filter in niche-driven community assembly in the deep Gulf of Mexico,
and from this dataset it appears that sulfide concentrations, dissolved oxygen levels, and
substrate provision are more important seep influence variables than hydrocarbon
concentrations.
3.2 Introduction

Whether community assembly is driven primarly by niche or neutral processes is
an ongoing source of debate in ecology (Leibold et al., 2004; Urban et al., 2008). Neutral
theory contends that random processes of speciation and extinction are primarily
responsible for the biodiversity and community composition we observe today, as
opposed to traditional ecological theories that assume organisms’ distributions are shaped
by their adaptations to the physical environment and niche processes (Hubbell, 2001). In
the deep-sea, a recent study of octocoral communities, a highly diverse group of benthic
invertebrates, found support for both niche and neutral drivers of species’ distributions
(A. M. Quattrini et al., 2017). The analysis showed species were filtered by depth.
Besides the effects of pressure on organismal physiology, depth also co-varies with many
other environmental variables that contribute to species turnover with depth (Angel,
2003; Somero, 1992). Temperature, dissolved oxygen levels, calcium carbonate
saturation state, and photosynthetic input each change with depth and exert strong
influences on coral distributions (Davies, Wisshak, Orr, & Murray Roberts, 2008; S.E.
Georgian et al., 2016; Thistle, 2003; Yesson et al., 2012).

There are two additional environmental factors that are not determined by depth

has also been found to shape cold-water coral distributions: the availability of hard
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carbonate substrate and the presence of hydrocarbon seepage (Samuel E. Georgian et al.,
2014; A. M. Quattrini et al., 2013, 2015). Hard substrata are considered necessary for the
successful recruitment of coral larvae, and they are a limited commodity on the mostly
soft sediment deep seafloor (J. M. Roberts et al., 2009). Most coral habitat suitability
models, however, do not include this variable because it requires a higher resultion of
bathymetric or photographic data that has not been sufficiently sampled for broad scale
analyses (Davies et al., 2008; Yesson et al., 2012). A recent fine-scale niche model of the
abundant scleractinian coral Lophelia pertusa that examined the environment down to 5
meter resolution did find that the presence of carbonate rocks was a predictor of this
species’ distribution in the Gulf of Mexico (Samuel E. Georgian et al., 2014).

These carbonate substrates of the deep Gulf of Mexico originated from
hydrocarbon seeps. Microbes at these seeps increase the alkalinity of the seawater to
allow carbonate to precipitate out of solution through the anaerobic oxidation of methane
(Aharon & Fu, 2000; Joye et al., 2004). Because this region is home to hundreds of active
seeps and widespread inactive authigenic carbonates ranging from a few hundred meters
deep to over 2000m below the surface, seepage and carbonate rocks contribute
significantly to the habitat heterogeneity of the deep Gulf of Mexico (C. Fisher, Roberts,
Cordes, & Bernard, 2007). These hydrocarbon seeps are also temporally stable with the
release of fluids potentially persisting up to a thousand years at a single site (E. E. Cordes
et al., 2009; Ingram et al., 2010; H. H. Roberts & Aharon, 1994). Besides producing hard
substrata, the bacteria at seeps that harness chemosynthesis for energy and carbon

fixation also support diverse communities (E. E. Cordes et al., 2009). Methane seeps in
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the Gulf of Mexico are colonized by foundation species including vestimentiferan
tubeworms, bathymodiolin mussels, and vesicomyid clams, all of which rely on
chemosynthetic bacterial symbionts for nutrition and create biogenic habitat for the seep
community (D. C. Bergquist et al., 2003; E. E. Cordes, Cunha, et al., 2010).

While the value of carbonates creates by past, now-inactive seeps to coral habitat
IS evident, the effect of active seeps on cold-water coral distributions is less well known.
Seeps support high biomass relative to the surrounding deep benthos, and these habitats
have previously been considered analogous to oases in a desert (Carney, 1994). Seepage
occurs at discrete locations and supports assemblages of specialized, often endemic
species that differ from background benthos and coral communities (E. E. Cordes et al.,
2008, 2009; Kennicutt et al., 1992). The presence of seeps influences octocoral species
distributions in the deep Gulf of Mexico by serving as attractant for the settlement of one
species of non-scleractinian coral . Callogorgia delta has been found to diverge in its
niche from congeners because it is more likely to be found in habitats closer to active
seep sites (E. E. Cordes et al., 2009; A. M. Quattrini et al., 2013, 2017).

There is a new imperative to investigate the impact seeps have on the wider
ecology and oceanographic processes of the deep sea (Lisa Ann Levin et al., 2016). In
addition to contributing to environmental filtering in octocorals, these sites can export
chemosynthetic productivity to the otherwise food-limited deep seafloor, provide habitat
through authigenic carbonates as previously discussed, and alter local water chemistry
(Lisa Ann Levin et al., 2016; Tunnicliffe et al., 2003). The increased biomass and

productivity associated with chemosynthesis could be an ecological benefit to non-seep
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species, but a stable isotope study of L. pertusa reef communities near seeps found that
none of the coral-associated species derived nutrition from chemosynthesis (Becker,
Cordes, Macko, & Fisher, 2009). Non-adapted species may be deterred from obtaining
seep-produced organic carbon due to the toxicity of the hydrogen sulfide and
hydrocarbons released at these sites (Evans, 1967). Additionally, the fluids released at
seep sites are low in dissolved oxygen and locally depress oxygen levels in the water
column, potentially to levels too low for coral habitat requirements (Davies et al., 2008;
Tunnicliffe et al., 2003; Yesson et al., 2012).

To investigate the effects of these seep habitat variables on community assembly
in the deep Gulf of Mexico, this study will map the distributions of seep chemosymbiotic
megafauna, seep microbial mats, and scleractinian and non-scleractinian corals onto the
environmental variables of dissolved oxygen, hydrocarbon concentrations, hydrogen
sulfide concentrations, and carbonate substrate availability. Previous studies of
community ecology in the Gulf of Mexico have found that these foundation taxa each
host specialized communities that make them a reliable indicator of associated species’
distributions (E. E. Cordes, Becker, Hourdez, et al., 2010; E. E. Cordes et al., 2009;
Etnoyer et al., 2017). Additionally, these taxa have lifespans that persist from decades to
centuries, making them a stable feature of the habitat (E. E. Cordes, Bergquist, et al.,
2007; Roark et al., 2009). This study will map the distribution of these organisms using
fine-scale, gridded AUV photo surveys at multiple sites along with concurrently collected
water chemistry measurements to detect seepage through hydrocarbon concentrations,

redox potential (a proxy for hydrogen sulfide concentrations), dissolved oxygen. The
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photo survey will also indicate the presence of authigenic carbonates providing hard
substrate. If this technique finds biotic responses to the environmental variables created
by active and past seepage, it will support the proof of concept that this kind of AUV
survey design can accurately detect seepage in the water column. Since seeps are already
known to be a driver of community assembly in this region, this analysis may also help
determine which environmental variables associated with seepage are directly responsible
for this niche divergence and how far this influence extends locally from the seep.
3.3 Methods

3.3.1 AUV survey design and data collection

In April-May 2014, AUV Sentry was deployed off of the R/V Atlantis for a total of
13 separate dives at nine different sites across the northern Gulf of Mexico (Figure 3.1,
Table 3.1). The average depths of the survey areas were between 400m and 600m except
for GB903 and AT357 which were both found below 1000m (Table 3.1, Figure 3.2).
During the photo survey portion of each dive, the vehicle moved back and forth on
closely spaced tracks (referred to as “mowing the lawn”) according to a preset navigation
plan (Figure 3.). Sentry took downward-facing photos once every 3.5 seconds at an
altitude of 5-6m off the seafloor, capturing a total of 82,230 photos across all dives.
These photos were taken less than 2m apart along the track, and tracks were spaced at
least 5m apart from one another.

During the photo survey, Sentry’s sensors were simultaneously measuring the
dissolved oxygen, hydrocarbon concentrations, and redox potential. Oxygen was

recorded using an Anderaa optode model 4330. To examine the influence that oxygen

35



Figure 3.1. A map of the sites surveyed by Sentry in the Northern Gulf of Mexico.

Table 3.1
Details of Sentry survey locations

Site Sentry Dives Latitude Longitude Depth Range
GB535 238 27.43199 -93.5732 534-556m
GB903 239 27.08096 -92.8165 1040-1118m
GC354 240 27.59742 -91.8253 519-606m
GC226 242 27.72839 -91.61 489-519m
GC234 236, 237,241 | 27.75074 -91.2228 462-559m
MC751 243 28.19425 -89.7988 427-436m
AT357 234, 235 27.58683 -89.7045 1038-1084m
VK906 232,233 29.06766 -88.3771 380-489m
VK826 231 29.15716 -88.0148 449-605m
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Figure 3.2. Map of Sentry's tracks during a single dive's photo survey

had on species’ distributions independent of depth, local anomalies in dissolved oxygen
levels were used as variables in the analysis instead of the measured absolute oxygen
measurements. For each dive, a linear regressions between depth and dissolved oxygen
were calculated from the bottom 100m of the water column measured during the dive.
The residuals from this linear model were used as dissolved oxygen anomalies in later
analyses and to create interpolated maps showing changes in oxygen levels across a site.
The linear regressions were performed in R (R Core Team, 2015).

The water column measurements that most directly indicated seepage were
hydrocarbon concentrations and redox potential. Hydrocarbons, including methane and
longer chain hydrocarbons, were measured through fluorescence using a Chelsea
Aguatraka Fluorometer, but this sensor was only installed on Sentry for dives 236

through 243. Measuring redox potential detects the presence of reducing or oxidizing
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species and acted as a proxy for the presence of hydrogen sulfide at the seep sites. This
water chemistry parameter was measured using Dr. Koichi Nakamura’s electrochemical
(Eh) sensor. Before the readings from this sensor were plotted and analyzed, the Eh
measurements were differentiated to dEh/dt the presence of reducing species is detected
when redox potential drops rapidly. A strong negative slope in dEh/dt indicates the
presence of sulfide and a positive or horizontal slope indicates its absence.

3.3.2 Photo annotation and data analysis

For each individual photo, the presence or absence of seep foundation species
(bacterial mats, tubeworms, mussels) and background foundation species (scleractinian
corals and non-scleractinian corals) were noted (Figure 3.4). The seafloor habitat in each
photo was also characterized by noting the presence of carbonate rocks or the absence of
hard substrate amid the soft, muddy sediment (Figure 3.4). To visualize the distribution
of these organisms relative to the chemical environment across the site, the point
measurements from each water chemistry parameter were plotted and smoothed into an
interpolated layer using inverse distance weighted interpolation in ArcGIS (ESRI, 2014).

The presence or absence of the five foundation taxa (tubeworms, mussels,
bacterial mats, scleractinian corals, non-scleractinian corals) were modeled separately in
response to the fixed effects dEh/dt, hydrocarbon concentrations, oxygen anomalies, and
the presence of carbonate rocks using a generalized linear mixed model in R.
Additionally, the presence of bacterial mats were included as a fixed effect for all other
foundation taxa’s models. The GLMMs included the dive, the site, and a categorical

depth variable (shallow <500m, mid >500m and <800m, deep >1000m) as random
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Figure 3.3. Examples of photo annotation categories. The six photos above each show an

example of the six photo annotations used in this analysis. The seep foundation species of
mussels, tubeworms, and bacterial mats are visible in photos a., b., and c. respectively.
The presence of hard substrate in the form of carbonate rocks is noticeable in photos d
and f. The two categories of corals, scleractinians and non-scleractinians, are shown in

photos e. and f. respectively.
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effects. The parameters of this model were estimated using Laplace approximations. To
reduce spatial autocorrelation in the residuals as measured by Moran’s I, observations
were subsampled to a 10m by 10m grids within each site, condensing the dataset to a
total of 7204 observations. The means of the hydrocarbon concentrations and dissolved
oxygen anomalies were calculated within each grid cell along with the minimum dEh/dt
value observed within the designated area. Because hydrocarbons were not measured on
every dive, only the 4257 grid cells have hydrocarbon measurements are analyzed in the
full GLMM that includes hydrocarbon as a fixed effect. GLMMs that use all 10m grid
cells but do not include hydrocarbon concentration as a variable were additionally run for
each foundation taxa.

3.4 Results

All sites had carbonate rocks available for settlement in addition to soft sediment
habitats (Table 3.2). VK906 was the only site surveyed that had no visible seep fauna. All
other sites had at least some bacterial mats (Table 3.2). GB535 was the only site that did
not have any coral organisms within the photo survey region (Table 3.2).

Concentrations of hydrogen sulfide, as indicated by dEh/dt, successfully predicted
the presence of tubeworms as expected. This measure of seepage had a large effect on the
distribution of tubeworms, but was not a significant predictor in the other foundation
taxas’ responses (Table 3.3, Table 3.4). An example of this relationship is demonstrated
in Figure 5. Dive 236 at site GC234 surveyed a dense tubeworm field in the eastern half

of the site, and within the interpolated dEh/dt a clear, red spot in the southeastern corner
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Table 3.2

Summary of the presence and absence of each photo category across each site.

Site Carbonate | Scleractinian Non— _ Tubeworms | Mussels Bacterial
rocks Corals Scleractinians Mats
GB535 + - - + - +
GB903 + + + + + +
GC354 + + + + - +
GC226 + - + + - +
GC234 + + + + + +
MC751 + + + + +
AT357 + + + - + +
VK906 + + + No seep organisms
VK826 + + + + +
Total 2249 746 1670 432 143 1386
Observations

Note: The total observations listed in the last row indicate how many grid cells out of the
total 7204 that foundation taxa was present in.

indicates a strong redox potential signal and detectable levels of hydrogen sulfide above
these tubeworms (Figure 3.5). Additional site maps are found in Appendix A.

The other direct measure of seepage, hydrocarbon concentrations, was also
significant when modeling the distribution of a chemosymbiotic megafauna, but this
measure was found to significantly predict the absence of mussels, converse to the
relationship hypothesized for a seep species dependent on chemosynthesis (Table 3.4).
The presence of bacterial mats was a predictor for the presence of both chemosymbiotic
fauna (Table 3.4). Bacterial mats also predicted the absence of non-scleractinian corals
(Table 3.3).

Areas of lower than average dissolved oxygen can also indicate seepage, but the
relationship between taxonomic distributions and local oxygen anomalies were mixed
between the GLMM with the full dataset and the GLMM that used only dives where

hydrocarbon concentrations were measured (Table 3.3, Table 3.4). Several of the
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Table 3.3

Summary of GLMM results for each foundation taxa using data from all dives.

Environmental Predictor | Scleractinian Corals | Non-Scleractinians | Tubeworms | Mussels | Bacterial Mats
dEh/dt p-\_/alue 0.470 0.971 0.002 0.930 0.521
estimate 4.359 -0.100 -13.260 -0.445 1.483
Oxygen p-\_/alue 0.0161 0.362 0.053 0.803 <0.0001
estimate 0.159 0.0562 0.105 0.0375 -0.274
Carbonate p-\_/alue <0.0001 <0.0001 <0.0001 <0.001 <0.001
estimate 2.961 3.335 1.670 2.645 0.893
Bacterial p-value 0.600 <0.0001 <0.0001 0.284
Mats estimate 0.0854 -0.464 3.851 0.201
Table 3.4

Summary of GLMM results for each foundation taxa using data only from dives that measured hydrocarbon concentrations.

Environmental Predictor | Scleractinian Corals | Non-Scleractinians | Tubeworms | Mussels | Bacterial Mats
dEh/dt p-\_/alue 0.639 0.621 0.004 0.961 0.739
estimate 28.209 45.450 -13.224 3.077 1.519
Hydrocarbons p-\_/alue 0.426 0.143 0.603 <0.0001 0.203
estimate -10.373 -7.313 -3.414 -301.2 -5.272
Oxygen p-\_/alue 0.567 0.0003 0.0437 0.0168 0.232
estimate -0.318 -0.792 0.109 -1.501 0.0668
Carbonate p-\_/alue <0.0001 <0.0001 <0.0001 0.006 <0.001
estimate 3.321 3.502 1.617 1.846 1.323
Bacterial p-value 0.939 0.395 <0.0001 0.004
Mats estimate 0.0223 -0.129 3.810 1.427
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Figure 3.4. An example from Dive 236 at GC234 showing the habitat mapping process.

The first three maps show each of the three water chemistry layers interpolated over the
survey site on their own. The fourth map displays the distribution of photo-visible

features in within the 10m grid subsampling design over the interpolated later for dEh/dt.

foundation taxa had significant relationships with dissolved oxygen that agreed with
hypotheses about seepage influence. The presences of bacterial mats and mussels were
predicted by lower than average oxygen levels, indicating that their distributions are
clustered around areas of active seepage (Table 3.3, Table 3.4). Tubeworms, on the other
hand, were predicted by higher than average oxygen concentrations (Table 3.4).

Scleractinian corals were also predicted by positive oxygen anomalies (Table 3.3), and
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conversely, the presence of non-scleractinian corals was predicted by negative oxygen
anomalies (Table 3.4).

The most consistent predictor of coral distributions was the presence of carbonate
rocks (Table 3.3, Table 3.4). Hard substrate had highly significant p-values and a large
effect size in predicting the presence of scleractinians and non-scleractinians regardless
of whether the dataset included all dives. Tubeworm, mussel, and bacterial mat
distributions were also positively associated with the distribution of carbonate rocks
across all GLMMs. However, this is most likely caused by the tubeworms’ microbial
consortia actively producing the authigenic carbonates at an active seep that is attracts
mussels and bacteria due to other seepage factors.

3.5 Discussion

The presence of hydrogen sulfide in the water column, as measured by redox
potential, was found to be a significant predictor of tubeworm distributions but had no
measureable effect on any other foundation taxa. However, it is remarkable that a
relationship with this measure was detected at all. At Sentry’s photo survey height, the
sensors measuring water chemistry are at least five meters away from the seafloor to
capture a broad view of the benthic community and to prevent the vehicle from running
into obstacles. In previous studies of cold seep biogeochemistry in the Gulf of Mexico,
researchers found that hydrogen sulfide concentrations are often below the limits of
detection at tubeworm plume height in the water column (E. Cordes et al., 2005; Freytag
et al., 2001). As seep community succession proceeds, microbial reactions create more

authigenic carbonate and cause fluids to cease seeping from the seafloor (E. E. Cordes et

44



al., 2006; E. Cordes et al., 2005). Tubeworms are able to obtain sulfide through their
posterior “root” extensions and tight sulfur recycling with a consortium of microbes,
allowing them to continue thriving even when seep chemicals are no longer entering the
water column (E. E. Cordes et al., 2003; Freytag et al., 2001). Therefore it is possible that
sulfide concentrations would be determined to be an important environmental filter in a
study that collected water chemistry measurements closer to the sediment surface. This
analysis serves as a proof of concept that this survey method can detect seepage in the
water column.

Methane and hydrocarbons, the other compounds released from the seafloor at
seeps and utilized by bacteria for chemosynthesis, did not show a significant influence on
community assembly in this study. This measure had no predictive relationship with
corals, tubeworms, or bacterial mats, but it did have a significant and unexpected
relationship with mussel distributions. Hydrocarbon concentrations strongly predicted the
absence of mussels despite the fact that mussels are they only chemosymbiotic fauna
included in this study whose bacteria can directly utilize methane (Duperron, 2010). This
anomalous relationship, however, appears to be the result of a small sample size. Mussels
were the least frequently observed foundation taxa in this study (Table 3.2), and the
smaller sample size of the hydrocarbon measurement dataset included only 19 grid cells
where mussels were present. Because hydrocarbons are buoyant and can rise higher in the
water column than hydrogen sulfide, it is less likely that this study would have failed to
detect a relationship between hydrocarbons and the other foundation taxa due to sampling

sensitivity issues than was the case for hydrogen sulfide concentrations. This analysis
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suggests that hydrocarbons released from methane seeps are not an essential contributor
to the seep proximity environmental filter.

It was expected in this study that seep organisms would be associated with lower
levels of dissolved oxygen due to the low oxygen content of seeping fluids (Tunnicliffe et
al., 2003). However, oxygen anomalies had a mixed relationship with the distributions of
seep taxa at the sites surveyed. While bacterial mats and mussels were sometimes found
to be predicted by negative oxygen anomalies, tubeworms were predicted by higher than
average dissolved oxygen levels. This may be due to the higher seep flow requirements
of bacteria and mussels. These organisms extract methane and sulfide from the water
column to fuel their chemosynthesis, but tubeworms can obtain sulfide through their
roots and instead need to acquire oxygen through their plume in the water column
(Duperron, 2010; Freytag et al., 2001). Coral distributions also showed differing
relationships with dissolved oxygen levels. Scleractinian corals were predicted by the
presence of positive oxygen anomalies, which is congruent with physiology experiments
and habitat niche models that found corals’ distributions are limited by their oxygen
requirement (Davies et al., 2008; Lunden, McNicholl, Sears, Morrison, & Cordes, 2014;
Yesson et al., 2012). Non-scleractinian corals, on the other hand, were predicted by lower
than average dissolved oxygen concentrations. This negative relationship, however, was
only observed when the smaller hydrocarbon dataset was analyzed (Table 3.4). When all
grid cells were included in the GLMM, scleractinian corals had a positive but non-
significant response to higher oxygen levels (Table 3.3). The non-scleractinians of the

smaller dataset may have been biased towards seep-preferent C. delta individuals. It is
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possible that C. delta is adapted to tolerate lower oxygen conditions than other corals to
allow it to enter this new niche, and in this case oxygen may be a significant component
of the seepage environmental filter.

The availability of hard substrate has often been found to be a significant part of
cold-water coral niche models, and this study was no exception (Samuel E. Georgian et
al., 2014; A. M. Quattrini et al., 2015). As expected, the fine scale of habitat analysis
captured the influence of this highly localized, patchy feature. The results confirm that
authigenic carbonate produced by past seepage in the Gulf of Mexico is essential for
facilitating the settlement of coral larvae and the growth of scleractinian reefs and
octocoral gardens (Lisa Ann Levin et al., 2016; J. M. Roberts et al., 2009).

Overall this study was able to detect a number of predictive relationships between
environmental variables and biological distributions. These findings are additional
evidence that niche driven processes play an important role in community assembly in
the deep Gulf of Mexico and confirm that methane seeps act as an environmental filter on
seep and coral species’ distributions (A. M. Quattrini et al., 2017). Specifically, hydrogen
sulfide concentrations, the provision of hard substrate, and dissolved oxygen levels are
the most likely variables driving this niche divergence. Since a transition between seep
and non-seep habitats can be detected at this spatial scale, this rasies questions about the
nature of the seep-background ecotone. Ecotones are areas of high diversity and potential
speciation (Kark & van Rensburg, 2007; Risser, 1995). The adaptation of the octocoral C.
delta to this near-seep habitat could illuminate the ways in which corals respond to

environmental stressors (A. M. Quattrini et al., 2013). Cold-water corals are susceptible

47



to oil exposure and were most recently impacted by excess hydrocarbons during the
Deepwater Horizion oil spill in the deep Gulf of Mexico in 2010 (C. R. Fisher et al.,
2014). Although this massive oil spill and the dispersants applied at depth to mitigate the
disaster damaged the animals, corals were not always negatively impacted by oil
exposure in a laboratory setting (DeLeo, Ruiz-Ramos, Baums, & Cordes, 2016). This
tolerance may have been acquired through the natural, low-level hydrocarbon exposure

these corals experience due to their proximity to seepage in the Gulf of Mexico.
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CHAPTER 4
COMMUNITY ECOLOGY OF METHANE SEEPS ALONG THE COSTA RICA

MARGIN INCLUDING THE JACO SCAR HYDROTHERMAL SEEP

4.1 Abstract

The Costa Rica margin is home to many methane seeps that host diverse
chemosynthetic communities. The seep sites in this region span a wide depth range from
1000-1800m and have a variety of chemosymbiotic foundation fauna including siboglinid
tubeworms, bathymodiolin mussels, and vesicomyid clams. The Jaco Scar site in this
region is also the location of a hybrid hydrothermal seep community where hydrothermal
vent and cold seep species coexist near a fluid flow source elevated above ambient
temperature. This study examines the influence depth and regional proximity to other
chemosynthetic habitats on community assembly at four seep sites along the Costa Rica
Margin using community dissimilarity metrics and non-metric multidimensional scaling.
This study also asks broader questions about the roles depth, habitat type, and
biogeography play in community assembly for both seeps and vents worldwide. Within
the Costa Rica Margin, only depth was found to be a significant driver behind community
assembly across the sites sampled. Despite the unique assemblage at the Jaco Scar
hydrothermal seep, this site was not found to be significantly different from other seep
sites in the region, and temperature did not appear to be a determinant of community
structure. Globally, depth was still an important influence on community composition at

the family level along with the geographic location of the site and whether the habitat
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was a seep or a vent. Geographic region explained the most variation in community
composition globally both quantitatively and qualitatively, lending support to the
hypothesis that factors common to both vents and seeps and biogeographic barriers play

more of a role in community assembly than the differences between vents and seeps.

4.2 Introduction

The Costa Rica Margin is home to more than one hundred seep sites (Sahling et
al., 2008b). Within the center segment of the margin, fluid seepage is primarily caused by
seamounts on the Cocos Plate being subducted under the Caribbean Plate (Han, Suess,
Sahling, & Wallmann, 2004; Hensen, Wallmann, Schmidt, Ranero, & Suess, 2004;
Sahling et al., 2008b). Researchers have known for more than a decade that these
methane seeps host chemosymbiotic megafauna including tubeworms, clams, and
mussels (Bohrmann, Heeschen, Jung, Weinrebe, Baranov, Cailleau, Heath, Hiilhnerbach,
et al., 2002). Although the carbonate rock-associated communities and a single
tubeworm-associated community from this area have been previously described, the
macrofaunal communities associated with other seep megafauna at these seeps have yet
to be fully characterized (L. a. Levin et al., 2012; Lisa A Levin et al., 2015).

A factor that makes the Costa Rica Margin a unique setting for seep communities
is its geographic proximity to other chemosynthetic communities: the nearest neighboring
chemosynthetic habitats to this region are hydrothermal vents, not other seeps. The seeps
are surrounded by the vents of the Northern East Pacific Rise (NEPR), the Southern East
Pacific Rise (SEPR), the Galapagos Ridge, and the Guaymas Basin. The nearest seeps are

those found along the margin of Peru approximately 1600km away. The nearest vents, on
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the other hand, are found about 900km away on the Galapagos Ridge. The Costa Rica
Margin seeps are also within 2000km of the seeps of the Florida Escarpment, but they
only had a deep water connection until the Isthmus of Panama closed 3-5mya. Seeps and
vents have been found to share more taxa when they are located within closer proximity
to one another (Portail et al., 2015; Watanabe et al., 2010). The NEPR in particular is
considered to be a center for larval export based on biogeography models and could
potentially influence the community assembly and evolution of seep taxa at these Costa
Rica Margin sites with its propagules (Bachraty et al., 2009).

The previously described tubeworm community was sampled at the hybrid
“hydrothermal seep” site first discovered in 2009 (L. a. Levin et al., 2012). The key
feature that makes this habitat novel is an anomalously warm (+1-3°C) and visibly
shimmering flow of water from the base of an enormous vestimentiferan tubeworm
aggregation. Fewer than 10% of all species known from hydrothermal vents and cold
seeps are found across both habitat types, but this location within the Jaco Scar site was
found to host vent and seep species together in an unprecedented intermediate
assemblage that included species which have only ever been reported from vents before
(L. a. Levin et al., 2012; Tunnicliffe et al., 2003). It was hypothesized that this site could
serve as a critical biogeographic and evolutionary link between seeps and vents, but a
recent network study of chemosynthetic habitat biogeography did not find Jaco Scar to be
an essential node to the network based on bivalve and gastropod mollusk taxa (Kiel,
2016). Instead, sedimented vents were found to be a connection between seeps and vents

moreso than whale falls or this hydrothermal seep (Kiel, 2016).
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The purpose of this study is to first comprehensively describe the macrofaunal
communities found at four different Costa Rica Margin seeps: Mound 12, Mount Parrita,
Parrita Seep, and Jaco Scar. In the course of characterizing the faunal composition of
each site, this study also investigated whether the hydrothermal seep at Jaco Scar
influences community assembly at this site. By analyzing samples with community
dissimilarity metrics, this study examined whether the communities collected at the three
sites without hydrothermal seep influence are more similar to one another than they are to
Jaco Scar. As an additional measure of the effect of the hydrothermal seep, the
correlation between community composition and the temperature at each sample
collection location will also be tested. This analysis also hopes to shed light on the global
biogeography of chemosynthetic ecosystems by comparing the community structure of

vents and seeps around the world.

4.3 Methods

4.3.1 Study site description

Mound 12 is the shallowest site sampled in this study (~1000m) and home to
extensive mussel beds in the area of the site named “Mussel Beach” (Figure 4.1). Three
co-occuring species of mussel: Bathymodiolus earlougheri, B. nancyschneideri, and B.
billschneideri form dense aggregations in a large, craggy mounds of carbonate to give
this area its namesake. The site is also home to a location nicknamed “Yetisburg” for its
abundant populations of the yeti crab Kiwa puravida. Mound 12 offers an abundance of

hard substrate habitat, and the morphology of the carbonate at this site tends to resemble
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broken pavement. These slabs are especially prominent at the area nicknamed ““Skate
Park” where Escarpia spicata and Lamellibrachia sp. tubeworms form small
aggregations in the cracks between carbonate rocks.

Mount Parrita also hosts rocky carbonate features, small mussel beds, and
medium-sized tubeworm aggregations containing both E. spicata and Lamellibrachia sp
(Figure 4.1). The most conspicuous seep habitat feature at this site, however, is a
widespread area of soft sediment dominated by Archivesica gigas clam beds. Mount
Parrita was the only site in this study to have such a sizeable soft sediment area and
abundant clam beds.

Only Lamellibrachia sp. was identified in the tubeworm community collections
from Parrita Seep (Figure 4.1). The tubeworm aggregations at this site ranged in size
from small populations where just a handful of tubeworms rose out of the cracks between
carbonate pavement slabs to large bushes arranged vertically to anchor in all available
hard substrate area left under an overhanging carbonate ledge. In addition to the varied
physical habitat of multiple carbonate morphologies interspersed with soft sediment,
Parrita Seep also hosted variation in biogenic habitat with mussels filling in crags next to
tubeworms and vesicomyid clams populating the mud between these rocky features.

Jaco Scar is the deepest site sampled for this study at around 1800m (Figure 4.1).
The samples collected here span a broad 75m depth range due to the steep slope along
which seepage occurs at this site. Abundant E. spicata and Lamellibrachia sp.
populations are found along this vertical feature forming both continuous tubeworm

fields as well as large spherical bushes with their aggregations. The largest tubeworm
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bush at this site, nicknamed “The Volkswagen” because it was the approximate size of a
VW Beetle automobile, was observed to have a fluctuating 1-3°C anomaly when the
shimmering water was measured with a temperature probe and is the site of the hybrid
hydrothermal seep community (L. a. Levin et al., 2012). Although tubeworms are the

dominant foundation species at this site, Jaco Scar also features mussel and clam beds

among its carbonate and soft sediment habitats respectively.

Figure 4.2. A map of the community collection sites along the Costa Rica Margin.

4.3.2 Community sample collection from the Costa Rica Margin and analysis

In February-March 2009 and May-June 2017, 18 community samples were
collected with the DSV Alvin from four sites along the seamount subduction region of the
Costa Rica margin (Figure 4.2, Table B1). The methane seep sites sampled were Mound

12, Mount Parrita, Parrita Seep, and Jaco Scar. Samples collected using the Bushmaster
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Jr. tubeworm community sampling device (D. C. Bergquist et al., 2003) or mussel pots
were processed quantitatively. All organisms captured in the devices’ 63um mesh and
retained on a 1mm sieve were counted and identified to the lowest taxonomic level
possible on board the ship. Ten total samples were processed in this manner with
abundance data recorded for each species (Table 4.3, Table B2). The remaining eight
community samples collected by either scoops or the submersible’s manipulators could
not be compared quantitatively and were processed qualitatively (Table 4.3, Table B3).

Only the presence or absence of taxa retained on a 1mm sieve was recorded on board.

Table 4.3
Costa Rica Margin community sample locations
# #
Site Latitude | Longitude | Depth (m) | Quantitative | Qualitative
samples Samples

Mound 12 8.923°N | 84.312°W | 995-997 5 2
Mount Parrita | 9.001°N | 84.623°W | 1064-1405 1 1
Parrita Seep 9.032°N | 84.621°W 1408 1 1
Jaco Scar 9.117°N | 84.839°W | 1742-1817 3 4

The differences between community samples were calculated using Bray-Curtis
dissimilarity for the quantitative samples and Jaccard’s index for the qualitative samples.
Abundances in the quantitative analysis were first fourth-root transformed to down
weight the effect of dominant species on community differences. Because Bushmaster
collections target tubeworm-based communities and mussel pots and scoops target
mussel-based communities, the foundation species (tubeworms and mussels) were
excluded from the community datasets for both the quantitative and qualitative analyses

to remove bias introduced by the differences in community sampling equipment (E. E.
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Cordes, Carney, et al., 2007; E. E. Cordes, Becker, Hourdez, et al., 2010). The distances
between community samples according to Bray-Curtis or Jaccard were visualized in
NMDS plots using R’s vegan package (Oksanen et al., 2016; R Core Team, 2015).

To detect the influence of site, habitat type, and sampling gear on community
composition, the quantitative and qualitative samples were analyzed using a
PERMANOVA in PRIMER (Anderson, Gorley, & Clarke, 2008; Clarke & Gorley,
2015). The PERMANOVA design tested site as a factor with four levels (Mound 12,
Mount Parrita, Parrita Seep, and Jaco Scar) and a contrast representing the influence of
the hydrothermal seep (Jaco Scar vs. the other three sites) along with a factor for
sampling equipment. The effects of the depth and local temperature anomaly at the
location of each sample collection were measured in addition to the previous factors by
combining all five variables in a DistLM regression in PRIMER. The relationship
between depth and temperature was calculated for each dive during which a community
was sampled by fitting a linear regression in R using the data recorded by Alvin’s CTD
during the vehicle’s descent and ascent in the lowest 250m of the water column (R Core
Team, 2015). To calculate a temperature anomaly value for each sample, the temperature
recorded by Alvin’s CTD at the collection was compared to the temperature predicted
from the depth of collection according to this linear relationship. Because Alvin CTD data
was not available for dives 4511, 4513, and 4907, temperature anomalies could not be
calculated for five of the community samples. Those samples that had temperature data

were evaluated in a DistLM regression model that included all variables, and all samples
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together were evaluated with another DistLM model that included only depth, habitat
type (seep vs. hybrid), site, and sampling equipment.

4.3.3 Global comparison to published community collections

To compare the community composition of the Costa Rica sites to other vents and
seeps around the world, additional community dissimilarity metrics were calculated from
published community samples collected from different geographic regions (Table B4).
Eight studies that also collected samples using mussel pots and the Bushmaster Jr. and
processed the macrofaunal community with the same methods were compared to the
Costa Rica Margin samples using abundance data. A total of 174 independent community
samples taken from 16 individual sites across eight different regions in the Atlantic and
Pacific oceans were analyzed together quantitatively (Figure 4.3). The maximum depth of
the vent and seep samples was similar, but seep sites ranged in depth from 535m to
3466m whereas vent sites were limited to a much narrower depth range between 2122m
and 3490m (Figure 4.5).

As expected, there was little overlap between vent and seep taxa at the species
level in this combined dataset (Tunnicliffe et al., 2003). Of the 333 species present in the
quantitative collections, only 22 were shared (6.6% overlap) between vent and seep
samples with 148 species found only at vents and 163 species found only at seeps. At the
genus level, 37 of the total 245 genera were shared (15.1% overlap). At the family level,
overlap reached 26.2% with 37 of the total 141 families shared between vents and seeps.
To ensure shared taxa among the habitat types, collected abundance data was condensed

to the family level for the analysis. Once again, foundation taxa (tubeworm family
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Siboglinidae and mussel family Mytilidae) were removed from the analysis to reduce

error from the bias introduced by the two quantitative sample types.
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Figure 4.3. A map of all sites from which comparable family abundance data were

collected and used in a guantitative global analysis of seep and vent communities.

To extend the community comparison to a broader geographic range, studies that
used a variety of sampling methods were incorporated into a larger dataset used for a
second global analysis based on taxonomic presence-absence data (Table B4).
Community samples from 32 studies, including the eight quantitative studies previously
evaluated for their abundance data, reported data from 448 individual collections from
vents and seeps in every ocean on the planet (Figure 4.4). The seeps in this global
comparison were collected from depths between 35m and 7380m, and again the vent

samples were limited to a narrower depth range between 105m and 4150m (Figure 4.5).

58



Once again, data was consolidated to the family level of resolution to ensure a
higher amount of overlap between the vent and seep communities. To standardize the
taxonomic data across sampling methods, the analysis included only those families that
were present in samples taken with the lowest resolution sampling method: video data. In
total, 143 families were present in samples that relied only on video for taxonomic
identification. 28 of these families were found only at vents, 47 only at seeps, and 88

were shared between the habitats (61.5% overlap).
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Flgure 4 4. A map of all community samples included in the global analysis and

compared using the presence-absence data of families visible in video analysis.

As with the Costa Rica Margin local analysis, abundance data were fourth-root
transformed before calculating Bray-Curtis dissimilarity for NMDS plotting in R. The

families visible in video data from those quantitative collections were also included in the
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global qualitative analysis as presence-absence data, and distances were measured with
the Jaccard index before plotting the samples on an NMDS.

The influence of geography and habitat type on community composition were
tested with a PERMANOVA. The PERMANOVA design for the quantitative analysis
included a factor of region with nine levels and a contrast for habitat type (all seep
regions vs. all vent regions, Costa Rica Margin vs. all vent regions, Costa Rica Margin
vs. all other seep regions) and a factor of sampling equipment with two levels
(bushmaster and mussel pot). To investigate the effects of geographic region and habitat
type after depth was accounted for, a DistLM regression was performed in PRIMER that
included depth, habitat type (vent or seep), region, and sampling gear as variables in the
model. The qualitative analysis used the same PERMANOVA and DistLM model design
as the quantitative analysis. In addition, these analyses were also run with sedimented
vents as another habitat factor level separate from hard substrate hydrothermal vents.

4.4 Results

4.4.1 Regional comparison among Costa Rica Margin sites

The communities at these three seep sites and Jaco Scar had a richness of 56
species in this dataset. Notably this included 15 different species of limpet, several of
which occurred at high abundances of hundreds of individuals in a single community
sample. In plotting the quantitative samples on an NMDS, depth appears to influence the
observed pattern in community dissimilarity between sites (Figure 4.5). The samples
collected from the shallowest seep (Mound 12) group together on the left half of the plot,

and the rightmost portion of the plot contains two of the three samples from the deepest
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Figure 4.5. A boxplot displaying the range of depths from which communities were

sampled for each analysis and habitat type.

seep (Jaco Scar). The intermediate depth samples from Parrita Seep and Mount Parrita
fall in between these shallow and deep groupings. However, the DistLM regression that
included all sites did not find depth to be a significant variable in determining community
structure. Depth was significant in the marginal tests of the DistLM model that included
temperature anomaly, but because this regression had only five samples with temperature
data available for analysis the DistLM was unable to run the full model in addition to the
marginal tests. The variables for site, habitat type, and sampling equipment were not

found to be significant either in the DistLM. The PERMANOVA test reiterated these
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results, where site, sampling equipment, or the site contrast between Jaco Scar and the

other three sites were not significant factors in structuring communities.
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Figure 4.6. NMDS of Costa Rica quantitative community samples using distances

calculated with the Bray-Curtis dissimilarity index. (Stress = 0.0705)

When all Costa Rica Margin samples were analyzed qualitatively, a similar
pattern was observed in the NMDS with shallow Mound 12 samples grouping towards
the left portion of the plot and all but one of the deep Jaco Scar samples clustering
towards the right (Figure 4.6). The DistLM analyses that included all sites or just those
with temperature data both confirmed that depth was a significant variable in determining
community structure (p < 0.05). The depth of collection accounted for 11.3% of the
sample variation when all sites were included and 13.7% of the variation when only

samples that had corresponding temperature were included. After depth was accounted
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for first in the sequential regression, no other variables were significant. The
PERMANOVA test confirmed that neither site, either by itself or with the Jaco Scar vs.
the other three seeps contrast, nor sampling equipment were significant factors for

explaining the differences between communities.
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Figure 4.7. NMDS of Costa Rica qualitative community samples overlaid with a vector

representing the correlation between depth and community dissimilarity as fit by R's

envfit function. Distances calculated with Jaccard. (Stress = 0.1333)

4.4.2 Global guantitative analysis

When the Costa Rica Margin quantitative samples were compared to quantitative
seep and vent samples globally, a pattern of community dissimilarity influenced by depth
emerges again. The shallowest sites, seeps in the Upper Gulf of Mexico (GoM), are all

found in the lower left portion of the NMDS plot on the opposite side from the
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hydrothermal vent samples which are all collected from a narrow, much deeper depth
range (Figure 4.7). The vents sampled for this analysis are closest in depth range to the
seeps from the Florida Escarpment, and this similarity is reflected in the NMDS as these
deep seeps are the nearest region to the vent regions (Figure 4.8). The narrow depth range
from which vents were sampled quantitatively most likely also explains why the
hydrothermal vents cluster together more tightly than the widespread seep regions.
Besides depth, the nine different geographic regions from which these seeps and vents
were sampled are another evident influence on the community similarity between
samples as evidenced by the 95% confidence interval ellipses drawn to represent each

level of this factor (Figure 4.8).
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Figure 4.8. NMDS plot of Bray-Curtis distances between all global quantitative samples

overlaid with a vector representing the correlation of depth with community ordination as

fit by R's envfit function. (Stress = 0.1961)

64



Global quantitative samples NMDS

Florida Escarpment  Mid-Atlantic Ridge

Costa Rica Seeps
Jaco Scar

Global Seeps
Global Vents

gomoe

Figure 4.9: The same NMDS plot of Bray-Curtis distances between all global quantitative

samples as Figure 4.7 also overlaid with 95% confidence interval ellipses for each

geographic region. (Stress = 0.1961)

The DistLM results confirmed that this relationship between community
composition and depth was significant (p < 0.01). All variables included in the DistLM
regression were significant (p < 0.01). Region was significant even after accounting for
depth and habitat type and explained the most variation in community samples. A
regression model that included region with depth and habitat type explained 51.3% of the
variation in community composition which was almost twice the R? value of the model
based on depth and habitat type alone. When added as a fourth variable to this model, the
equipment used to collect samples was significant despite the exclusion of foundation

species, but this regression captured only 5.0% more variation than the three term
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DistLM. The PERMANOVA test confirmed that region was a significant factor for
determining community differences, and all habitat-based contrasts tested (vents vs.
seeps, Costa Rica Margin vs vents, and Costa Rica Margin vs. other seeps) were also
significant.

According to similarity percentage (SIMPER) tests, many of the taxonomic
differences driving this distinction by habitat type were families that were either observed
only at vents or much more abundant at vents. The crustacean taxa, uristid amphipods
and copepods, were found exclusively at vents in the Southern and Northern East Pacific
Rise. Vents in the quantitative analysis were also distinguished by higher abundances of
lepetodrilid limpets and ampharetid worms. All vents had higher abundances of
ampharetids than Costa Rica seeps, and the Mid-Atlantic Ridge was the only vent region
that did not have higher abundances of lepetodrilids than Costa Rica.

Although the seeps of the Costa Rica Margin had generally lower abundances of
lepetodrilid limpets than vents, the presence of this family at these sites distinguished it
from other seeps as these gastropods were not present at any of the other three seep
regions. The seeps of the upper and lower Gulf of Mexico were also lacking actiniarian
anemones, which were abundant at the Costa Rica seeps. Although the Costa Rica
Margin is found within the same depth range as the Lower Gulf of Mexico, the Costa
Rica sites had far lower abundances of ophiuroids than the deep Gulf of Mexico and
Florida Escarpment sites. The Upper Gulf of Mexico seeps completely lack brittle stars,
and this taxa likely contributes to the higher overlap of Costa Rica with these shallower

seeps. Another taxon in low abundance at Costa Rica was alvinocarid shrimp, which
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were found in high abundance at all other seep regions in the quantitative analysis.
Similar to the vent communities, the Florida Escarpment communities were the only
seeps to have high abundances of ampharetids.

4.4.3 Global qualitative analysis

At this geographic breadth of analysis at the family level, patterns among the
many community samples are no longer clear in the NMDS plot of Jaccard index values
(Figure 4.9). One similarity to the global quantitative analysis is that vents are once again
clustering slightly closer to one another than the widespread seep samples cluster to other
seep samples. Although the vents sampled for the qualitative analysis constitute a wider
depth range, they are still limited to a narrower range than the depth of seep sites, making
it likely again that depth is responsible for shaping this pattern in the plot.

The DistLM regression analysis confirmed again that Depth is a significant
variable in structuring community composition. The other variables included in the model
(habitat type, geographic region, and sampling equipment) were also all significant in
sequential regression. The geographic PERMANOVA testing also confirmed that
geographic region and habitat type (seep or vent) were significant factors for community
composition globally. Geographic region explained the most variation in community
samples again, even moreso than in the global quantitative analysis. A regression based
on depth and habitat type explained just 4.9% of the variation in community composition,
but when region was included, this three variable model captured 45.0% of all observed

variation. Surprisingly, depth was the variable that added the lowest R? to the model and
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Figure 4.10. NMDS plot of Jaccard distances between all global qualitative samples

overlaid with a vector representing the correlation of depth with community ordination as

fit by R's envfit function. (Stress = 0.1902)

explained only 1.8% of the variation in community structure across all samples.
PERMANOVA results confirmed that both region and habitat type were significant
factors in determining community structure. Including sedimented vents as a third level
in the habitat factor did not change the DistLM regression and PERMANOVA test
results. A pairwise PERMANOVA found that vents and seeps and seeps and sedimented
vents were significantly different from one another, but sedimented vent communities
were not significantly different from the communities sampled at hard substrate vents.
As with the quantitative analysis, SIMPER tests between habitat types showed

Ampharetidae and Lepetodrilidae were more common across vent community samples
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than seeps. Ampharetid worms were again found at vent sites than at Costa Rica Margin
seeps, but samples from Costa Rica were on average more likely to contain lepetodrilid
limpets than vent samples when the analyzed at this level. Additionally, hesionid worms
were more common in vent samples than at seeps globally or Costa Rica seeps. The
presence of polynoid worms at the Costa Rica seeps had an intermediate occurrence rate
between seeps samples, where they were rarest, and vent samples, where they were most
likely to be members of the community. Serpulid worms were not among the top
contributors to the differences between vents and seeps, but this family was more likely
to be collected from the Costa Rica Margin than from either vents or seeps globally.
4.5 Discussion

The Costa Rica Margin is home to a remarkable diversity of seep habitats. The
physical habitat at these sites includes a range of authigenic carbonate morphologies to
provide hard substrate for tubeworms and mussels along with areas of soft sediment
where bacterial mats and vesicomyid clams dominate the communities. This diversity of
seep foundation species was previously known, but this study represents the first survey
of the associated macrofaunal community from Mound 12, Mount Parrita, and Parrita
Seep (Bohrmann, Heeschen, Jung, Weinrebe, Baranov, Cailleau, Heath, Hiihnerbach, et
al., 2002). The wide depth range these sites span within a relatively small geographic
distance also contributes to the diversity of seep-associated species in this area.

A previous study in this region proposed that the hydrothermal seep found at Jaco
Scar could serve as an important evolutionary and biogeographic link between vents and

seeps, as evidenced by its unique intermediate environmental conditions and mixed
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community (L. a. Levin et al., 2012). It is most likely that this novel community
containing both vent and seep species is shaped by the high rate of fluid flux containing
elevated sulfide and methane concentrations flowing out of the base of the VVolkswagen
tubeworm bush (L. a. Levin et al., 2012; Portail et al., 2015). The current study, however,
did not find that this local fluid flow feature has much influence on the surrounding Jaco
Scar communities. Samples from the Jaco Scar site were not significantly different from
the other Costa Rica seep sites when analyzed quantitatively or qualitatively.
Additionally, there was no significant relationship between the temperature anomaly of
each sample and community composition. A recently biogeographic network analysis of
vents, seeps, and organic falls globally also did not find the Jaco Scar hydrothermal seep
to be a noteworthy link between vents and seeps (Kiel, 2016).

Instead, this analysis found that depth was the most important influence on
community assembly for the Costa Rica Margin seeps. The turnover of species with
depth is a common contributor to community dissimilarity in the deep sea generally and
at deep-sea chemosynthetic sites in particular (Angel, 2003; E. E. Cordes, Carney, et al.,
2007; Karine Olu et al., 2010). Depth remained a significant variable in determining
community structure when global vent and seep communities were analyzed
quantitatively and qualitatively in this study. Seeps and vents were also significantly
different from one another when compared globally at the family level. The geographic
region of each community, however, explained the most variation in community

composition across all quantitative and qualitative samples in this study.
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Consistent with recent work that has found that vents and seeps share more taxa in
common when biogeographic barriers are removed, region was the most essential factor
in community structure in this analysis (Baco et al., 2010; Portail et al., 2015; Watanabe
et al., 2010). When vents and seeps are in close proximity to one another, one study has
found that the foundation species, substrate type, and flow rate were all better predictors
of community composition at the family level than whether the habitat was a seep or a
vent (Portail et al., 2015). The harsh chemicals and higher temperatures of vent fluids
were not as great a barrier to fauna colonization as previously predicted. This suggests
that biogeographic barriers may play a more important role in community assembly at
higher taxonomic levels than adaptations to vent and seep environmental conditions.

This study also found that although the warm fluid flow from the Jaco Scar
hydrothermal seep did not have an appreciable effect on the surrounding communities,
there were still several similarities between hydrothermal vents and Costa Rica Margin
seeps overall. The Costa Rica sites had an intermediate rate of occurrence of the family
Polynoidae between vents and seeps. These scaleworms are common predators at vents
and less frequently found at seeps. This may suggest that Costa Rica Margin food webs
are able to sustain higher order consumers in a vent-like food web (Turnipseed, Jenkins,
& Dover, 2004). A more in-depth analysis of the consumer relationships using stable
isotopes would be required to examine more precisely how much the food web structure
resembles other seeps and vents. The Costa Rica seeps also had higher abundances of
lepetodrilid limpets than other seeps, a family that is most common at vents (Johnson,

Warén, & Vrijenhoek, 2008; Portail et al., 2015). The high abundance of these limpets
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and other families shared with vents is most likely due to the proximity of the Costa Rica
Margin to the East Pacific Rise. Located in the oldest ocean basin at the fastest spreading
center, the NEPR and SEPR have the highest recorded species richness of any
hydrothermal vent province (Bachraty et al., 2009). The region has been proposed as a
major source of dispersal for vent taxa is likely sending propagules to the Costa Rica
Margin (Bachraty et al., 2009). Population genetics studies of the species shared between
Costa Rica and the East Pacific Rise in addition to phylogeography would be necessary to

confirm this dispersal pathway.
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CHAPTER 5
CONCLUSIONS

In this dissertation, | investigated the influences of environmental conditions on
chemosynthetic populations and communities. This project took a unique multi-scale
perspective to answer this question and examine how the effects of chemosynthetic
habitats on biology change across different spatial and ecological scales.

At the broadest scale, | found that the community composition of seeps and vents
at the family level driven by the universal factors of biogeography and dispersal
limitation more than it is shaped by chemosynthetic habitat-specific features. This result
was surprising given the highly distinct physical environments of seeps and vents and
their historical dichotomy in the research, but my conclusion is in line with recent studies
that are finding more in common between these two habitats. Other researchers have also
found that geographic proximity can bridge the higher-level taxonomic differences
between seeps and vents despite their different abiotic habitat conditions (Kiel, 2016;
Portail et al., 2015). The close biogeographic links between eastern Pacific vents and the
Costa Rica Margin are likely responsible for the similarities I observed between these
seep communities and typical vent community structure at the family level. Within the
region, however, depth was the only demonstrated driver of community composition, and
there was no detectable influence of the unique hydrothermal seep feature on the other
seep communities at Jaco Scar or the other three seep sites sampled along the margin.

Depth was also found to significantly shape the community composition of other vents
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and seeps globally, a finding consistent with the rates of species turnover observed across
other deep-sea habitats with depth (Angel, 2003).

When | examined the abiotic influences of seeps on community structure at a
smaller spatial scale within sites in the Gulf of Mexico, | found evidence for seep-driven
community assembly. My study adds to the extant body of evidence that seeps serve as
an environmental filter for seep and non-seep community assembly in this region (A. M.
Quattrini et al., 2017). Furthermore, my analysis clarifies that hydrogen sulfide
concentrations have a detectable effect on seep community assembly, and the local
depressions of dissolved oxygen levels at seeps appear to influence the distributions of
both seep and non-seep coral taxa. The release of hydrocarbons at these sites, a necessary
fuel for chemosynthesis but a potential toxin for non-adapted background species, had no
significant effect on the distributions of foundation taxa and does not seem to be an
essential component of the seep proximity environmental filter. As has been found with
other studies, the presence of carbonate rocks were required for coral settlement and
serve as a connection between past, inactive seeps and present-day non-seep communities
(J. M. Roberts et al., 2009).

When I zoomed in to analyze a single species’ population dynamics within these
seeps in the Gulf of Mexico, the effect of the seep environment on this animal’s evolution
was evident. | showed that the stability of deep cold seeps in this region allow the
tubeworm species Escarpia laminata to reach ages over 300 years old. Both individual-
based models and population-wide simulations that used in situ growth and mortality data

supported this estimate. The stable environment relaxes the need for the tubeworms to
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develop mechanisms for withstanding disturbance, and the lack of lethal predation on this
species further reduces external mortality threats (Williams, 1957). Instead selective
pressure on E. laminata and its fellow seep vestimentiferans in the Gulf of Mexico
pushes these species towards longer and longer lifespans, allowing them to exceed ages
predicted by universal metabolic scaling laws (McClain et al., 2012).

The work of this dissertation has tested relationships between environmental
factors and species’ responses at deep-sea chemosynthetic ecosystems. Within the Gulf of
Mexico, niche processes are supported as important ecological and evolutionary drivers.
The temporal stability of the widespread seepage in this region has allowed
vestimentiferan tubeworms to reach record-breaking lifespans and shaped the species
composition of seep and coral communities. In the Costa Rica Margin, an expected
ecological relationship was observed between species turnover and depth, but the
temperature anomaly and elevated flow of one unique feature at Jaco Scar was found to
have a very limited, localized influence on community assembly. These ecological
interactions between environment variables and species’ distributions remained
significant in predicting community composition when a global dataset of
chemosynthetic habitats was analyzed. They became dwarfed, however, by the influence
of neutral dispersal limitation and biogeographic barriers at this broadest geographic

scale.
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APPENDIX A

ADDITIONAL GULF OF MEXICO HABITAT MAPS
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Figure Al. Three maps of Site AT357 showing the dissolved oxygen anomalies, redox

potential, and taxa distributions across the site.
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Figure A2. Four maps of Site GB535 showing the dissolved oxygen anomalies,

hydrocarbon concentrations, redox potential, and taxa distributions across the site.
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Figure A3. Four maps of Site GB903 showing the dissolved oxygen anomalies,

hydrocarbon concentrations, redox potential, and taxa distributions across the site.
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Figure A4. Four maps of Site GC226 showing the dissolved oxygen anomalies,

hydrocarbon concentrations, redox potential, and taxa distributions across the site.
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Figure A5. Four maps of Site GC354 showing the dissolved oxygen anomalies,

hydrocarbon concentrations, redox potential, and taxa distributions across the site.
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Figure A6. Four maps of Site MC751 showing the dissolved oxygen anomalies,

hydrocarbon concentrations, redox potential, and taxa distributions across the site.
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Figure A7. Three maps of Site VK826 showing the dissolved oxygen anomalies, redox

potential, and taxa distributions across the site.
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96




L6

APPENDIX B

COSTA RICA MARGIN COMMUNITY ANALYSIS DATA

Table B1

Costa Rica Margin community sample collection information

Sample Site Sample Type | Sample Location | Depth (m) | Temperature (°C) ;—necr)nn?;?t(lirg)
CR4503 Mound 12 Bushmaster 8.930, -84.312 1001.1 4.735 -0.0190
CR4508 Mount Parrita Bushmaster 9.032, -84.622 1418.8 3.302 -0.0350
CR4511T Mound 12 Mussel Scoop | 8.931, -84.312 995 NA NA
CR4511S Mound 12 Mussel Scoop | 8.931, -84.312 995 NA NA
CR4513 Jaco Scar Bushmaster 9.118, -84.839 1817 NA NA
CR4907BM Mound 12 Bushmaster 8.930, -84.312 996 NA NA
CR4907MP Mound 12 Mussel Pot 8.931, -84.313 998 NA NA
CR4914BM Jaco Scar Bushmaster 9.118, -84.841 1751.2 2.582 -0.0115
CR4916BM Jaco Scar Bushmaster 9.118, -84.841 1737.5 2.652 -0.0269
CR4924BM Parrita Seep Bushmaster 9.032, -84.622 1408.4 3.410 0.1481
CR4912 Jaco Scar Grab 9.117, -84.840 1797.5 2.532 0.0033
CR4914MS Jaco Scar Mussel Scoop | 9.117, -84.840 1795 2.519 -0.0232
CR4915G1 Jaco Scar Grab 9.117, -84.840 1797.9 2.445 -0.0502
CR4915G2 Jaco Scar Grab 9.117, -84.840 1797.9 2.445 -0.0502
CR4917 Mound 12 Grab 8.930, -84.312 995.3 4.783 -0.0593
CR4922 Mound 12 Mussel Scoop | 8.930, -84.312 996.8 4.738 -0.0408
CR4923 Mount Parrita Clam Scoop 8.968, -84.635 1063.7 4.337 -0.0960
CR4924G Parrita Seep Grab 9.032, -84.621 1403.9 3.439 0.1621
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Table B2

Costa Rica Margin community sample species abundance data

olol Q9O |o % (:8 % % %

. . s 2R 2 2|85 |8|& S

Phylum Family Species SGl&alala|l&lo|lole|2|N
212|ElE Blal2l8lgs

Sl lHle @iz 5|z|z2|

Amphinomidae Archinome levinae 0 0 0 O (0[O0 0 |3]4]0O0

Ampharetidae Amphisamytha fauchaldi 0 0 0 3 /0|0 0|0]O0]|0O0

Hesionidae Neogyptis sp.nov. 1 0 0 O (00| O0]O0]O0]O

Branchinotogluma sp.1 0 0 0 2 |0/ 0| 0(O0O|O0]|O

Polynoidae Branchipolynoe sp.2 0 0 O 48| 00|18 00O

Unid. 10 | 1 0 o000 |0]O0]|O

. Fabrisabella sp. 3 0 0 0O (0[O0 O0]O0]O0]O

Sabellidae Unid. 00| 0| 0]0|0]| 0 3]2]0

Annelida Serpulidae Laminatubus sp.nov. 0 0 0 1]10|0]0|0|0]0O0
Unid. 0 |50 O 0| 0|18 0|5 |22|0

Spionidae Lindaspio sp. 0 0 1 O (0[O0 O0]O0O]O0]O

Terebellidac Eupolymnia heterobranchia 4 2 1 0O (00| O0]O0]O0]O0

Neoamphitrite 0 0 0 0O (0[O0 0 ]0]|13]0

Capitellidae Unid. 0 1 0 0O (00| O0]O0]O0]O

Phyllodocidae Galapagomystides sp. 79 1137 | 0 O (0[O0 ]|]O0]7]2

Nereididae Unid. 0 1 0 0O (0[O0 ] O0]O0]0]O0

Unid. Unid. polychaete 0 0 0 O |12/ 0 0| 0|00

Arthropoda AIvinocgri(_jidae AIvinocari_s Sp.nov. 0 0 2 1 /16| 0| 0|0 |O0]O0
Ampeliscidae Unid. 1 0 0 O | 00| 0 |0]0]O
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Table B2 (continued)

olo |l Q19 |o % % (:8 % (:8
. . 2| 3| R|R|3B5 5|55 5
Phylum Family Species SGl&|lalag &S]S |RIsIR
|| K| |@T| 2| @ |®|@
| v | £ L
Gammaridae Unid. 1 0 0 o000 |0]O0]|O0
Kiwaidae Kiwa puravida 0 0 0 3 /00| 1]0]0]O0
Amphipoda Unid. 0 [210] O O (0[O0 O0]O0O]21]O0
Arthropoda Cirripedia Unid. 0 4 0 o000 |0]O0]|O0
(continued) . i Munidopsis "orange eyes" 0 0 0 O (0[O0 0 ]21]2]0
Munidopsidae Munidopsis "white eyes" 0 0 0 O (0[O0 02|10
Colossendeidae Colossendeis sp. 0 0 0 O (00| 0]2]0]O0
Lithodidae Unid. 0 0 0 o000 |0]1] 0
Bryozoa Unidentified Unid. 0 0 0 o000 O0|0]O0]|O0
Chordata Zoarcidae Unid. 0 0 0 o000 |0]121]|0O0
. Actiniaria Unid. 0 1 127|146 | 73| 2 1 |53]21| 0
Cnidaria -

Hydrozoa Unid. 0 [36 ] 0 0O (0|0 012|010
. . Ophiura sp. 1 0 0 0O(1(0]0]0]0]O0
Echinodermata Ophiuridae Unid. 0 0 0 0 oo o0 l0 ol
Cerithopsidae Cerithopsis sp. 1 0 0 O (00| O0]O0]O0]O
Lepetidae lothia sp. 0 0 0 O (0[O0 ]|]0]O0]2
Lepetodrilus pustulosis 0 7 0 O] 0,0} 0}|0]0]O

Mollusca - :
Lepetodrilidae Lepetodrll_us ovalis 106 (| 79 |245| 0 | 5| 0| 0O | 0| 0]O
Lepetodrilus sp.2 0 0O |92(/0|0|0]0]0]|O0]|O0
Lepetodrilus guaymasensis 0 0 0 0O |0 (11286 0| 0| O




00T

Table B2 (continued)

ol o Olo|lolo|o

3121838/ /2/2 2|22

Phylum Family Species S5 518 | & | 5|38 |88
| B | K| |@| 2| @ |B|@

O - I -G B

Lepetodrilidae Lepetodrilus "tall" 0 0 0 O |00 0 |97]0/|0

Neolepetopsis sp.1 0 1 0 O (0[O0 ] O0]O0]O0] 4

Lepetopsidae Neolepetopsis sp.2 93| 4 /8|0 |0]0]0|0]0]O0

Neolepetopsis sp.3 1 0 0 O (00| O0]O0]O0]O

Neolepetopsidae Paralepetopsis sp. 1 0 5 O | 0 [55(344| 0|00

Lucinidae Unid. 7 0 0 o000 |0]O0]|O0

Mytilidae Bathymodiolus earlougheri 0 0 0 0O (02| 0]0]0]O0

Bathymodiolus nancyschneideri 0 0 0 o000 |0]O0]|O0

Orbitestellidae Lurifax sp. 10 | 1 4 0O (00| O0]O0]O0]O0

Molll_Jsca Provannidae Provanna sp. 1 O |11 0|0(|19| 0 |0]|O0]|O
(continued) Provanna laevis 0 0 0 0O |00 |11|0]0]|O0
Pyramidellidae Eulimella sp. 0 0 0 O (00| O0]O0]O0]12

Pyropelta sp.1 1 0 0 0O |0 |8 |46 | 0|0 |11

Pyropeltidae Unid. 1 0 0 O (0[O0 O0]O0O]O0]O

Unid. 0 0 2 o000 |0]O0]|O

Skeneidae Fucaria sp. 1 1 0 0O (00| O0]O0]O0]O0

Raphitomidae Phymorhynchus sp. 0 1 0 0O | 00| 0| 2]0]1

Cataegidae Kanoia sp. 0 0 0 0O (02| 2 |14]22]| 0

Pectinodontidae Bathyacmaea sp. 0 0 0 0 |0 | 2 1 |0 (38]|1

Limpets Unid. 0 0 0 0O 00| 0 |0]|8]|5
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Table B2 (continued)

IR IR
: : S| 2B X 512555

Phylum Family Species 2lEslala | &S8Rl |N
SR E|IE BT ZT|B| B| B

@ S| 3| 2|2

Aplacophora Unid. 0 2 0 o000 |0]O0]|O0

Mollusca Gastropoda Unid. 0 0 0 9 110 0 0[O0/ O0
(continued) . . Nudibranchia sp. 0 1 0 o]0y 0}0}|0]0]O
Nudibranchia Nudibranchia tritonia 0]1]0]0Jo0jlo]loO|O0]O]oO

Nemertea Unidentified Unid. 0 0 0 0 0|0 0 1100
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Table B3

Costa Rica Margin community sample species presence-absence data

olo ololololo Olo o o

Q10 || |9 E Py E E E OB |TJT|TW|O |00 |xg

. . DD IR |2|R|o|ld|lco|d|&8|P|&|E5ISIP|B|T |5

Phylum Family Species Sldlalaldlolalr e |8IRIRIBI&EI&|E|C

SIglElEIB|z|2|lg|B|5|8|2(3|8|2(RIBI|E

- o 2|3 |2 |28 R R=S RN ®

Amphinomidae Archinome levinae oj0/0/0|j0})j0Jj0O|2}20]0|1(0|0|0]|]0]O0O]O

Ampharetidae Amphisamytha |\ o 1 5 | 1 9| o |o]o|o|lo|1|1]o]|1lo]o]o0]o0

fauchaldi

Chrysopetalidae Shinkai fontefridae o,o0;j0|j0j0O|jO0OfO0OjO|lO}j]O|O]O]JO}JO]O|lO]1]O

Cirratulidae Cirratulus sp. oj0/0/0|j0|jO0jO|j]O|]O|]0O0O]O0O]O|O|O|O]O]12]O

Dorvilleidae Parougia sulleyi co,o0;j0|j0j0O|jO0OfOjO|lOj]O|O]O]JO}JO]O|2]0]|0O

Maldanidae Unid. ojojo0;j0|0|0j0|j0O0}j0O0|0O|l0O}j]O]J]OJO}jO]J0O}1]0O0

o Lamellibrachia | 4 | 4 | g | o |1 |00 |2|1|2]|2]o|2|1|2]|0]0]o0

Siboglinidae barhami

Escarpia spicata 11002 }j0}j0}j2}j2}j0j0}j0|2}j0|212|0|0]|0O

Annelida o Neogyptisspnov. |1 lololololololololololololololo]o]o
Hesionidae -

Gyptis sp. cofofojojojojojofojojojojo|1|i0|l0|0]O

Bra”Ch'Sgoiog'“ma oloflo|1]|o|lofo|o|o|lo]o|o|1|1]0]|0|0]1

Polynoidae Branchipolynoesp.2 | 0 |0 |0 | 1|o|o|1[ofo]ofofofofo[1][0o]0o]o0

Unid. i1/1/0/0}]0|j]0j0O0O|JO|JO}|O|J0O]O]J]O|O]J]O]JO}O0O]O

. Fabrisabella sp. i1/0(0|0|JO0O]0O0|JOjO|J]O|O|]O|lO|O|O]O]O|O]O
Sabellidae -

Unid. ojojo0j0jo0f0jo0oj1y17j0(0}j21j2y0j0jJ04j01]0O0

. Laminatubus sp.nov. | 0 0| 0O0O|2|0|0O0|O0O|JO|O|O|O0O|O0O|0O0|O0|JO|JO|O]O
Serpulidae -

Unid. oj2y0;0|0f1j0}|2j12|0(0}j0}2|1}j2)1}j0]0O0




Table B3 (continued)

CR4924G |©|o| © |o|o|o|o|o|o|o|o|o|o|lo|o|o|o| ©
CR4923 o|o| o |[o|lo|lo|o|o|o|o|o|o|o|o|lo|o|o| ©
CR4922 old| o |o|d|o|o|o|d|d|o|o|lo|lo|wd|o|o| o
CR4917 o|lo| o |d|d|lo|d|lo|o|o|lo|o|jo|o|d|o|lo]| ©
CR4915G2 |o|o| © |o|d|o|d|o|o|o|o|o|o|o|o|o|o| o
CR4915G]1 |o|o| © |d|d|o|o|o|o|o|o|o|o|o|o|o|o| <
CR4914MS |©|o| © |o|o|o|o|o|o|o|o|o|o|o|o|o|o| ©
CR4912 o|lo| o |lo|lo|lo|d|dH|o|o|lo|o|o|o|lo|o|o]| ©
CR4924BM |©|©| © |o|o|o|+|o|o|o|o|o|o|o|o|jo|o| o
CR4916BM |©|o| © |o|-|o|+|o|o|o|o|o|o|o|o|w|o| «
CR4914BM |©|©o| © |o|o|o|o|o|o|o|o|o|o|o|o|o|o| <
CR4907TMP |©|o| © |o|o|o|o|o|o|o|o|o|o|o|d|o|o| ©
CR4907BM |©|©o| © |o|o|o|o|o|o|o|o|o|o|o|o|o|o| ©
CR4513 o|lo| o |lo|lo|lo|o|o|o|o|d|-|o|lo|lo|lo|o]| o
CR4511S |o|o| © |o|o|o|o|o|o|o|o|d|o|o|d|o|o| o
CR4511T | |o| < |o|o|o|o|o|o|o|o|-|o|o|o|o|o| o
CR4508 o|lo| 4 |o|lo|ld|d|o|lo|ldH|Oo|Oo|lOo|o|O|dH|HA| O
CR4503 o|lo| - |o|lo|lo|d|o|o|o|lo|o|d|H|o|lo|lo]| o
% .
s|lal & o 3 S
g =52 2| |3 S g S
o 2 Y|l m |2 = =% =3 'S S
f) o = Il= = R | @ .| » . | ® . A .
k3] SIBIESSE|IE|IT|2TlelB|Ble|B|B5(B8len
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Table B3 (continued)

olo Olo|o|o|o Olo|o o
ol0 OIRIZIZIZIBIQOIB|IZ|DT|IQO[IQ|0 |3
. . s |R|RI2|5|55lBlB|le|5|sls|2|2|®|R
Phylum Family Species Sl&dlalaldls|gale|BIn|&IRIRIRIBE|IE & e
SlolBEIEleldl@l&dlgldlelslglglr|In|In|R
ClelA e ISz lzlz|IV|5|R|8 Y IV|¢]|0
Munidopsidae | Munidopsis “white |5 1 o\ 5 1 g | o [o|1|1]0|0|lo]lololo]olo]o
Arthropoda eyes
(continued) Colossendeidae Colossendeis sp. oj0/0/0|j0|jO|j0O|]21|]0|]0|]0|]O|O|O|O]|]O]O0O]O
Lithodidae Unid. ojo|jo0jofojo0fjo0o|j0O0j1/0|0|O0O]|JO]J]O]|O]O|O0O]|O
Bryozoa Unidentified Unid. ojo|j0|j0fO0|O0O|O|O|O|0O|O|O|]O]O|JO]O|O0]|O
Chordata Zoarcidae Unid. o,0;0|j0}0O|jO|lO|O|l2|]0|0O]0O]JO}|]O]O|O]O0O]|O
o Actiniaria Unid. o|j1j1{12y232{2;2(2(021211|1)J1]0]0]01]0O0
Cnidaria -
Hydrozoa Unid. oy,12/0|j0(0|jO0|O0O|1|0O}]0|O0O]0O]J2]|]0]0O0|O0O]O0]O
. L. Ophiura sp. i1(/0|{0(O0O|12]|]O|0|O|O|OJO|O]|]O|O]|]O|O]|O]|0O
Echinodermata Ophiuridae -
Unid. ojo|j0j0f0|0jO|O|O|1|0|0O|]O]O]|JO]O|O0]|O
Cerithopsidae Cerithopsis sp. $1/,0)j]0|j0O|O}|O|]O]O]O|O|O|O|JO]JO]|O]O]O]0O
Lepetidae lothia sp. o,o0}j0|j0(0O|jO0OfO}jO|O}j1|0]0O|J212}|0]0O0O|O]O0O]|O
Lepetodrilus ol1]|olojo|oflo|olo|lo|o|lo|olo|o|o|o]o
pustulosis
Lepetodrilus ovalis i1/1)j12|0{2}0}0|]0|O0O|O0O|O|O|JO]JO]jO]O]O]0O
Mollusca . Lepetodrilus sp.2 o,0(1j0(0|j0lO0OjO|O}j]O|O]O]JO}JO]O|O]O]|O
Lepetodrilidae Lenctodrilus
P - ojo|jojofof{1f12|j0j0|j0|0OfO0O|O|1]|]0]1|0]12
guaymasensis
Lepetodrilus "tall" ojo|jo0ojofojofoj|j1j0j0|2(12|0}j1]|0]0|0]O
Lepetodrilus sp. co,0;j0|j0|O0O|jO|lO|O|lO}j]O|O]O]JO}JO|1|0O]0]|O
Lepetopsidae Neolepetopsis sp.1 o,12/0|j0(0|jO0O|O|J]O|O}|]O|O]O]JO}JO]O|O]O]|O




Table B3 (continued)

CR4924G o|lo|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o
CR4923 o|lo|o|lo|o|d|o|o|o|lo|d|lo|o|o|d|o|o|o|o
CR4922 olo|lo|d|o|o|lo|o|d|o|o|o|o|o|o|o|d|-|o
CR4917 o|lo|lo|d|o|o|o|o|d|o|o|o|o|o|o|o|d|-|o
CR4915G2 |o|o|—|o|o|o|o|o|o|o|o|o|o|o|o|o|w|«|o
CR4915G1 |o|o|—|o|o|o|o|o|o|o|o|o|o|o|o|o|—|o|«
CR4914MS |o|o|o|o|o|o|o|o|o|—|o|o|o|o|o|o|o|«|o
CR4912 o|lo|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o
CR4924BM |o|o|—|o|o|o|o|o|o|o|«d|d|o|o|o|d|lo|d|o
CR4916BM |o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|lo|«d|-d|o
CR4914BM |o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|«d|w|o|o
CR4907TMP |o|o|o|—|o|o|o|o|d|o|o|d|o|o|o|o||«|o
CR4907BM |o|o|o |« |o|o|o|d|o|o|o|-|o|o|o|lo|«|o|o
CR4513 o|lo|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o
CR4511S o|lo|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o
CR4511T —d|lo|lo|ld|lo|lo|d|ld|o|o|o|o|o|d|o|o|lo|o|o
CR4508 —d|lo|lo|lo|lo|lo|d|lo|lo|o|o|o|o|o|d|d|o|o|o
CR4503 —d|d|o|ld|d|lo|d|d|o|o|jo|d|d|o|d|o|lo|o|o
N | ™ : ; z o L=
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(7200 -4 iy | = o S| S . @ |z
0| n|.= w|l ol wn ol wn o
%) = .= 7|« D T | & n wlS |l n|l | o
<8} NVl a3 | @ | = | S| . . =] Sl D
'S 2l olglglBlg|s|E|le|lsl=I2|B8|B8|8|lc|e|e|m
@ glelg|a|lElE|E|l5le|l8|g|s|E|E|5|=2S|ale
& LIg|lal P2l c|lE|2D|D|8|€|c|c|c
%) ol o ) o5 IS =13 S1%|8
2213|s| [213|2|3|8|3|S IS
o|o|8| = =2 al2lolw| g 2| &
| D m I al s a = Sl=
2| Z o o ron a
& [¢5)
b © ) o o
[«5) < 5
m 2 [« % M % =] [+ D) m % =]
> = LIs|B|l= =} = k=] c | .= 3 =
= 2 SIZ|E|3 IS o = SIEIZ| &
= L 2|Els|3 c i=] @ | o P B
m o DO | = | = < — o c | = (<) )
$ 2 (85|38 & |E| 5 |§|E|8
L o|S|o|E ~ = £
o 2 = o < = o =
D o | - 2 = Hd = »| SO =
| D Z S o > a & 8
Pz o o
~—~
S
5 g
= =
= 2=
> > <
S
)
o =L

105




90T

Table B3 (continued)

olo|lolo|o Olo|o

ololQ2IQ|ol@|T|D|D|D|lo|lT|T|D|lolo|lo|Q
. , |2 (R |B|E|E5|5|85|nI5|2|23 |2 |3|R
Phylum Family Species S5 |d|a|5I8|8|IBRIB|INIBIR|IQICIE|EBIE|®
SIsElE|S|a|2lg|B|la|R|2(3|8|5(8|B|3
| 23|22 |2 =S RN ©
Hyalogyrinidae Hyalogyrina sp. o,o0;j0|j0j0O|jO0OfO0OjO|lO}j]O|O]j]O]JO}JO]O|2]1]0
Limpets Unid. ojo|jo0jofojo0ofo|joj1y1|j0(0|0}j0|jO]jO|1]|0O
Aplacophora Unid. oj1(0|0|0|O0O|O|]O|O|O|O|]O]O]O|O]|O0O]|0]0O
Gastropoda Unid. oj0/012j2|j]0}j0|jO0O|0O0O|]0|]0O0]O|O|O|O]O]O0O]O
Nudibranchia sp. oji1|/0(0l0|0O|O|O|]O|O|O|O|]O]O]|]O]O|O0]O

Molll_Jsca Nudibranchia - - .p.
(continued) Nudibranchia tritonia | 0 |1 |0 | 0|0 |0 |O|O|O|O|O|O|O|O|O|O|O]|DO
Vesicomyidae Archivesica gigas oj0/0/0|j0}|jO0jO|j]O}|]O|]0O0O]0O0O}|1(0|O0O|JO]0O]12]O
Bathymodiolus | 4 | 5| 5| g | g | 1|1]0]o0]o]o]o]o]ofl1]|1]o]o

- earlougheri

Mytilidae Bathymodiolus
y S ojo|jo0jofo|j0f12|j0j0|j0|O|O]|J]O]J]O]|O]21|0]0O

nancyschneideri
Nemertea Unidentified Unid. o,o0;j0|j0j0O|jO0fO0O}1|0}]0|O0O]0O]|J21]|0]0O0|0O]0]|12
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Table B4

Sites included in global family-level community analysis

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
o Northern East-Pacific Presence- (Bachraty, Legendre, &

1°N Vent Rise Absence 2580 1 Desbruyeres, 2009)

13°N Vent | Northem East-Pacific | Presence- 2615 1 (Bachraty et al., 2009)
Rise Absence

14°S Vent Southern East-Pamflc Presence- 2635 1 (Bachraty et al., 2009)
Rise Absence

17°24S Vent Southern East-Pauﬂc Presence- 2590 1 (Bachraty et al., 2009)
Rise Absence

17°34S Vent | Southem East-Pacific | Presence- 2600 1 (Bachraty et al., 2009)
Rise Absence

17°S Vent Southern FTaSt'PaC'f'C Presence- 2680 1 (Bachraty et al., 2009)
Rise Absence

18°S Vent Souther East-Pamﬂc Presence- 2680 1 (Bachraty et al., 2009)
Rise Absence

21°N vent | Northern East-Pacific |  Presence- 2600 1 (Bachraty et al., 2009)
Rise Absence

21°5 Vent | Southem East-Pacific | Presence- 2000 1 (Bachraty et al., 2009)
Rise Absence

23°S Vent | Southern East-Pacific | Presence- 2600 1 (Bachraty et al., 2009)
Rise Absence

31°S Vent | Southem East-Pacific | Presence- 2360 1 (Bachraty et al., 2009)
Rise Absence

7°S Vent | Southem East-Pacific | Presence- 2600 1 (Bachraty et al., 2009)
Rise Absence

9°N Vent Northern E_ast-Pacmc Presence- 2585 1 (Bachraty et al., 2009)
Rise Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Eastern Lau Spreadin (Podowski, Moore,
ABE vent field Vent P g Abundance 2140 5 Zelnio, Luther, & Fisher,
Center 2009)
Alaminos Canyon Seep | Lower Gulf of Mexico | Abundance | 2208-2223 4 (Cordes et al., 2007)
Alaminos Canyon Seep Lower Gulf of Mexico F:\ESSZ?]%Z' 2200 1 (Sibuet & Olu, 1998)
Aleutian Trench Seep Alaska Presence- | 3200-5900 1 (Sibuet & Olu, 1998)
Absence
Anaximander . Presence-
Mountains Seep Mediterranean Absence 1850 3 (Olu-Le Roy et al., 2004)
Animal Farm Vent SouthernRI?Saest Pacific Abundance 2675 7 (Van Dover, 2002)
Ashadze 1 Vent | Mid-AtlanticRidge | een®® | 4150 1 (Bachraty et al., 2009)
Absence
Presence- (Watanabe, Fujikura,
Ashizuri Knoll Seep Nankai Trough 600 1 Kojima, Miyazaki, &
Absence .
Fujiwara, 2010)
Atwater Valley Seep | Lower Gulf of Mexico | Abundance 1893 1 (Cordes et al., 2007)
Axial Volcano Vent Juan de Fuca Presence- 1525 1 (Bachraty et al., 2009)
Absence
Axial Volcano Ashes Presence-
Vent Field Vent Juan de Fuca Absence 1540 1 (Bachraty et al., 2009)
Axial Volcano Presence-
Coaxial Seamount Vent Juan de Fuca Absence 1580 1 (Bachraty et al., 2009)
Barbados North Seep | Barbados Accretionary | Presence- | 1 6 56 1 (Sibuet & Olu, 1998)
Prism Absence
Barbados South Seep Barbados A_ccretlonary Presence- 1000-2000 1 (Sibuet & Olu, 1998)
Prism Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Barbados Trench Seep Barbados Accretlonary Presence- 4850 1 (Cordes et al., 2007)
Prism Absence
Biovent Vent Northeran?sst Pacific Abundance 2494 7 (Van Dover, 2003)
. . Presence-
Blake Ridge Seep Blake Ridge Absence 2150 1 (Cordes et al., 2007)
Bonjardim mud Seep Gulf of Cadiz Presence- 3059-3150 4 (Pinheiro et al., 2003)
volcano Absence
Broken Spur Vent | Mid-Atlantic Ridge | @ reSence- 3100 1 (Bachraty et al., 2009)
Absence B
Presence-
Brothers Seamount Vent Kermadec Arc Absence 1500 1 (Bachraty et al., 2009)
Bush Hill Seep | Upper Gulf of Mexico | Abundance 540 4 (D.C. BSB%%L;M etal.,
California shelf Seep California Margin Presence- 35-50 3 (L. A. Levin et al., 2000)
Absence
. . . . . Presence- .
California slope Seep California Margin Absence 515 6 (L. A. Levin et al., 2000)
Carlos Ribeiro mud Seep Gulf of Cadiz Presence- 2200 2 (Pinheiro et al., 2003)
volcano Absence
Chile Trench Seep Chile Margin Presence- 1400 1 (Sibuet & Olu, 1998)
Absence
Cleft Segment Vent Juan de Fuca Presence- 2200 1 (Bachraty et al., 2009)
Absence
Coaxial Segment Vent Juan de Fuca Presence- 2055 1 (Bachraty et al., 2009)
Absence
. . . Presence- (Sellanes, Quiroga, &
Concepcidn Seep Chilean Margin Absence 814 1 Neira, 2008)
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Costa Rica Prism Seep | Mid-American Trench IT;\ESSZ?]Z' 3500 1 (Sibuet & Olu, 1998)
Dai-ichi Kashima Seep Japan Trench Presence- | 5640.5695 1 (Watanabe et al., 2010)
Seamount Absence
Dai-ichi Kumano . Presence-
Knoll Seep Nankai Trough Absence 1900 1 (Watanabe et al., 2010)
Dai-ichi Minami- . Presence-
Muroto Knoll Seep Nankai Trough Absence 3540-3620 1 (Watanabe et al., 2010)
Dai-ni Atsumi Knoll Seep Nankai Trough F"Ar\isseer:]((::e;- 1042-1100 1 (Watanabe et al., 2010)
. . Presence-
Dai-ni Tenryu Knoll Seep Nankai Trough Absence 500-900 1 (Watanabe et al., 2010)
Dai-roku Kumano . Presence-
Knoll Seep Nankai Trough Absence 2000 1 (Watanabe et al., 2010)
Dal-san Tenryu Seep Nankai Trough Presence- | 3240.3800 1 (Watanabe et al., 2010)
Canyon Absence
Dai-yon Kumano . Presence-
Knoll Seep Nankai Trough Absence 2000 1 (Watanabe et al., 2010)
. Presence-
Desmos Cauldron Vent | Manus Back-Arc Basin Absence 2000 1 (Bachraty et al., 2009)
L Presence-
East Scotia Ridge Vent Southern Ocean Absence 2400-2600 2 (Rogers et al., 2012)
East Wall Vent Northeranisest Pacific Abundance 2499 8 (Van Dover, 2003)
Eastern . Presence- ,
Mediterranean Seep Mediterranean Absence 1700-2000 1 (Sibuet & Olu, 1998)
Edison Seamount Vent | abar-FeniVolcanic Presence- 1450 1 (Bachraty et al., 2009)
Fore Arc Absence




11T

Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Edmond Vent Field Vent Central Indian Ridge IT;\ESSZ?]Z' 3300 1 (Bachraty et al., 2009)
El Pilar Seep | Barbados Accretionary | Presence- 1300 1 (Cordes et al., 2007)
Prism Absence
Endeavour Segment Vent Juan de Fuca Ridge Abundance 2122 1 (D. Bergquist et al., 2007)
Endeavour Segment Vent Juan de Fuca Presence- 2210 1 (Bachraty et al., 2009)
Absence
. Presence-
Escanaba Trough Vent Gorda Ridge Absence 3280 1 (Bachraty et al., 2009)
(Cordes et al., 2007;
Florida Escarpment Seep Florida Escarpment Abundance | 3286-3291 16 Turnipseed, Jenkins, &
Dover, 2004)
Presence- (Lisa A. Levin &
Florida Escarpment Seep Florida Escarpment 3234-3500 2 Mendoza, 2007; Sibuet &
Absence
Olu, 1998)
Galapagos Spreading . Presence-
Center Vent Galapagos Ridge Absence 2560 1 (Bachraty et al., 2009)
German Elats Vent Southern FTast-Pacmc Presence- 9900 1 (Bachraty et al., 2009)
Rise Absence
Ginsburg mud Seep Gulf of Cadiz Presence- 910 3 (Pinheiro et al., 2003)
volcano Absence
Green Canyon Seep | Upper Gulf of Mexico | Abundance 560 3 (®.C. ng%qsl;m etal,
Guaymas Basin Vent Gulf of California Presence- 1900 1 (Bachraty et al., 2009)
Absence
Gulf of Cadiz diapir 1 | Seep Gulf of Cadiz Presence- 1140 1 (Pinheiro et al., 2003)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Gulf of Cadiz diapir 2 | Seep Gulf of Cadiz Presence- 1962 1 (Pinheiro et al., 2003)
Absence
Gult Of.Cad'Z Seep Gulf of Cadiz Presence- 845 1 (Pinheiro et al., 2003)
submarine channel Absence
Gulf of Guinea Seep Gulf of Guinea Presence- | 440.700 1 (Sibuet & Olu, 1998)
Absence
Hakon-Mosby Mud Presence-
Volcano Seep Hakon-Mosby Absence 1250 1 (Gebruk et al., 2003)
. Presence-
Hatoma Knoll Vent Okinawa Trough 1528 1 (Bachraty et al., 2009)
Absence
. . i Presence- (Baco, Rowden, Levin,
Hikurangi Margin Seep New Zealand Absence 740-1150 8 Smith, & Bowden, 2010)
Hine Hina Vent Lau Back-Arc Basin Presence- 1830 1 (Bachraty et al., 2009)
Absence
. . . Presence- (Sahling, Rickert, Lee,
Hydrate Ridge Seep Cascadia Margin Absence 770 24 Linke, & Suess, 2002)
. . Presence-
Iheya Ridge Vent Okinawa Trough Absence 1392 1 (Bachraty et al., 2009)
Izena Cauldron Vent Okinawa Trough Presence- 1500 1 (Bachraty et al., 2009)
Absence
Jesus Baraza mud Seep Gulf of Cadiz Presence- | 491.1159 2 (Pinheiro et al., 2003)
volcano Absence
Kagoshima Ba Vent Kagoshima Ba Presence- 105 1 (Bachraty et al., 2009)
g y g y Absence y B
. Presence-
Kaikata Seamount Vent Izu-Ogasawara Arc Absence 400 1 (Bachraty et al., 2009)
Kairei Vent Field Vent Central Indian Ridge Presence- 2450 1 (Bachraty et al., 2009)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Kanesu-no-se Bank Seep Nankai Trough IT;\ESSZ?]Z' 270-300 1 (Watanabe et al., 2010)
. Presence- (Lisa A. Levin &
Kodiak Seep Alaska Absence 4425-4430 2 Mendoza, 2007)
. Presence- .
Kurile Trench Seep Japan Trench Ab 3800-6000 1 (Sibuet & Olu, 1998)
sence
. . Presence-
Kuroshima Knoll Seep Nansei-Shoto Trench Absence 636-812 1 (Watanabe et al., 2010)
Laurentian Fan Seep Laurentian Fan Presence- 3800-3900 1 (Sibuet & Olu, 1998)
Absence
. A Presence-
Logatchev Vent Mid-Atlantic Ridge Absence 2980 1 (Bachraty et al., 2009)
Loihi Seamount Vent Intra-Plate Seamount FZESSZ%Z' 960 1 (Bachraty et al., 2009)
. . N Presence- (Bachraty et al., 2009;
Lucky Strike Vent Mid-Atlantic Ridge Absence 1700 2 Desbruyeres et al., 2001)
. . . Presence-
Magic Mountain Vent Explorer Ridge Absence 1825 1 (Bachraty et al., 2009)
Mariana Trough Vent Mariana B_ack-Arc Presence- 2800 1 (Bachraty et al., 2009)
Basin Absence
Marmara Sea Seep Mediterranean Presence- 1111-1122 8 (Ritt et al., 2010)
Absence
. N Presence- (Bachraty et al., 2009;
Menez Gwen Vent Mid-Atlantic Ridge Absence 850 2 Desbruyéres et al., 2001)
Mexico Seep | Mid-American Trench F’Arf)ssee’;‘;ee 2500-4000 1 (Sibuet & Olu, 1998)
Middle Valley Vent Juan de Fuca Presence- 2450 1 (Bachraty et al., 2009)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Minami-Ensei Knoll Vent Okinawa Trough Presence- 705 1 (Bachraty et al., 2009)
Absence
Presence-
Mokuyo Seamount Vent Izu-Ogasawara Arc Absence 1250 1 (Bachraty et al., 2009)
Monterey Bay Seep Monterey Bay F:\ESSZ?]%Z' 600-1000 1 (Sibuet & Olu, 1998)
Monterey Fan Valley | Seep Monterey Fan Valley F:\ESSZ?]%Z' 3000-3600 1 (Sibuet & Olu, 1998)
Muroto Knoll Seep Nankai Trough I?Arf)sence- 600 1 (Watanabe et al., 2010)
sence
Mussel Valley Vent North-Fiji Back-Arc Presence- 2700 1 (Bachraty et al., 2009)
Basin Absence
Myojin Knoll Vent Izu-Ogasawara Arc Presence- 1300 1 (Bachraty et al., 2009)
Absence X
Nankai Prism Seep Nankai Prism Presence- 2000 1 (Sibuet & Olu, 1998)
Absence
Near Axis of Japan Seep Japan Trench Presence- 7326-7434 1 (Watanabe et al., 2010)
Trench Absence
. Presence-
Nikko Seamount Vent Izu-Ogasawara Arc 450 1 (Bachraty et al., 2009)
Absence
Nile Deep Sea Fan Seep Mediterranean Presence- 1154 6 (Ritt et al., 2011)
Absence
North California e Presence- .
Shelf Seep North California Absence 450-600 1 (Sibuet & Olu, 1998)
. . Presence- .
North Carolina Slope | Seep North Carolina 2160 1 (Sibuet & Olu, 1998)
Absence
North Iheya Knoll Vent Okinawa Trough Presence- 970 1 (Bachraty et al., 2009)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Northeastern Taiwan Vent Okinawa Arc librf)sseer;ii- 275 1 (Bachraty et al., 2009)
Oasis Vent SouthernRI?SSt Pacific Abundance 2582 8 (Van Dover, 2002)
Off Hatsushima Seep Sagami Bay F"Ar\asseer:]iee- 800-1300 1 (Watanabe et al., 2010)
Off Kikaijima Island Seep Nansei-Shoto Trench I;{\ESSZ?]Z' 1400-1500 1 (Watanabe et al., 2010)
. Presence-
Off Kumano Seep Nankai Trough Absence 2100-3250 3 (Watanabe et al., 2010)
. Presence-
Off Muroto Seep Nankai Trough Absence 3260-4800 3 (Watanabe et al., 2010)
. Presence-
Off Toi Seep Suruga Bay Absence 1500-1600 1 (Watanabe et al., 2010)
. . Presence-
Okinoyama Bank Seep Sagami Bay Absence 750-1300 1 (Watanabe et al., 2010)
Olenin mud volcano Seep Gulf of Cadiz Presence- 2614 1 (Pinheiro et al., 2003)
Absence
N . Presence-
Olimpi Mud Volcano | Seep Mediterranean Absence 2000 2 (Olu-Le Roy et al., 2004)
. . Presence-
Omaezaki Spur Seep Nankai Trough Absence 1100-1200 1 (Watanabe et al., 2010)
Oregon Prism Seep Oregon Prism F’Arffseerr‘]‘;ee 2000-2400 1 (Sibuet & Olu, 1998)
Orenoque Seep Barbados Accretlonary Presence- 1700-2000 2 (Cordes et al., 2007)
Prism Absence
. Presence-
Pacmanus Complex Vent | Manus Back-Arc Basin 1725 1 (Bachraty et al., 2009)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Presence- (Olu, Duperret, Sibuet,
Peru Seep Peruvian Margin Absence 3850 1 Foucher, & Fiala-
Médioni, 1996)
. . Presence- .
Peru Trench Seep Peruvian Margin Ab 2300-5100 1 (Sibuet & Olu, 1998)
sence
Rabat mud volcano Seep Gulf of Cadiz Presence- 1060 1 (Pinheiro et al., 2003)
Absence
. - N Presence- (Bachraty et al., 2009;
Rainbow Vent Mid-Atlantic Ridge Absence 2320 2 Desbruyeres et al., 2001)
REGAB Pockmark Seep | Congo-Angola Margin I;{\ESSZ?]Z' 3170 10 (Olu et al., 2009)
Rehu Marka Vent SouthernRI?::,t Pacific Abundance 2581 7 (Van Dover, 2002)
Riftia Field Vent NorthernRI?:ést Pacific Abundance 2500 4 (Govenar et al., 2005)
Rumble V Seamount Vent Kermadec Arc Presence- 600 1 (Bachraty et al., 2009)
Absence
. Presence-
Ryuyo Canyon Seep Nankai Trough Absence 1000-1100 1 (Watanabe et al., 2010)
. . Presence- .
Sagami Bay Seep Sagami Bay Absence 900-1200 1 (Sibuet & Olu, 1998)
Sagami Knoll Seep Sagami Bay z%ssi?]ii' 1400-1500 1 (Watanabe et al., 2010)
Saguaro Field Vent Southern E_ast-Pamflc Presence- 2330 1 (Bachraty et al., 2009)
Rise Absence
Presence- .
San Clemente Fault Seep San Clemente Fault 1800 1 (Sibuet & Olu, 1998)

Absence
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Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Sanriku Escarpment Seep Japan Trench librf)sseer;ii- 5343-6809 1 (Watanabe et al., 2010)
. . . Presence-
Sea Cliff Vent Field Vent Gorda Ridge Absence 2750 1 (Bachraty et al., 2009)
Senoumi Bank Seep Suruga Bay F"Ar\asseer:]iee- 200-400 1 (Watanabe et al., 2010)
Snake Pit Vent Mid-Atlantic Ridge Abundance 3490 13 (Turnipseed et al., 2004)
. . A Presence-
Snake Pit Vent Mid-Atlantic Ridge Absence 3490 1 (Bachraty et al., 2009)
i . Presence- (Portail et al., 2015;
Sonora Margin Seep Guaymas Basin Absence 1550-1600 15 Sibuet & Olu, 1998)
Sedim
Southern Trough ented Guaymas Basin Presence- 1900 7 (Portail et al., 2015)
Absence
Vent
Student mud volcano | Seep Gulf of Cadiz KESS(Z?]CC(: 940-955 3 (Pinheiro et al., 2003)
. Presence-
Suiyo Seamount Vent Izu-Ogasawara Arc Absence 1350 1 (Bachraty et al., 2009)
. Presence-
Sumisu Caldera Vent Izu-Ogasawara Arc Absence 920 1 (Bachraty et al., 2009)
. A Presence-
TAG Vent Mid-Atlantic Ridge Absence 3670 1 (Bachraty et al., 2009)
. Presence- L
Tasyo mud volcano Seep Gulf of Cadiz Absence 1098-1100 2 (Pinheiro et al., 2003)
. Presence- (Sibuet & Olu, 1998;
Tenryu Canyon Seep Nankai Trough Absence 3600-3855 2 Watanabe et al., 2010)
Tica Vent Northern East Pacific Abundance 2500 4 (Govenar et al., 2005)

Rise




81T

Table B4 (continued)

Site Habitat Region Sample Type | Depth (m) | # Samples Reference
Tokai Thrust Seep Nankai Trough librf)sseer;ii- 2120-2360 1 (Watanabe et al., 2010)
Train Station Vent NorthernRI?:est Pacific Abundance 2491 8 (Van Dover, 2003)
Tubeworm Site Seep Kagoshima Bay F"Ar\asseer:]iee- 80-130 1 (Watanabe et al., 2010)
. Presence- (Lisa A. Levin &
Unimak Seep Alaska Absence 3267-3283 2 Mendoza, 2007)
Upper Louisiana Seep | Upper Gulf of Mexico | Te€M€ | 4001000 1 (Sibuet & Olu, 1998)
Slope Absence
Vai Lili Vent Lau Back-Arc Basin Presence- 1707 1 (Bachraty et al., 2009)
Absence
. s Presence-
Vailulu’u Seamount Vent Intra-Plate Seamount Absence 700 1 (Bachraty et al., 2009)
. . Presence-
Vienna Woods Vent | Manus Back-Arc Basin Absence 2500 1 (Bachraty et al., 2009)
. Presence-
West Kurile Trench Seep Japan Trench Absence 5131-5785 1 (Watanabe et al., 2010)
White Lady vent | North-Fiji Back-Arc | Presence- 1960 1 (Bachraty et al., 2009)
Basin Absence
N . Presence-
Yukie Ridge Seep Nankai Trough Absence 1940-2180 1 (Watanabe et al., 2010)
Zenisu Ridge Seep Nankai Trough Presence- 3300 1 (Watanabe et al., 2010)

Absence
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