The Pennsylvania State University
The Graduate School
Intercollege Graduate Degree Program in Ecology

THE INFLUENCE OF HABITAT-MODIFYING FAUNA ON THE COMMUNITY
ECOLOGY AT DEEP COLD-SEEPS IN THE GULF OF MEXICO

A Dissertation in
Ecology
by
Stephanie A. Lessard-Pilon

© 2010 Stephanie A. Lessard-Pilon
Submitted in Partial Fulfillment
of the Requirements
for the Degree of
Doctor of Philosophy
December 2010

The dissertation of Stephanie A. Lessard-Pilon was reviewed and approved* by the
following:

Charles R. Fisher
Professor of Biology
Dissertation Advisor
Chair of Committee

Iliana Baums
Assistant Professor of Biology

Denice Wardrop
Associate Professor of Ecology and Geography

Alexander Klippel
Assistant Professor of Geographical Information Sciences

David Eissenstat
Professor of Woody Plant Physiology
Chair of the Intercollege Graduate Degree Program in Ecology

*Signatures are on file in the Graduate School

ii

ABSTRACT
Cold seeps commonly occur on continental margins worldwide where
hydrocarbons and reduced chemicals emerge from the seafloor. In the Gulf of Mexico,
habitat-modifying fauna frequently dominate cold seep communities. Examples of these
fauna include large aggregations of mussels and tubeworms as well as mobile animals
such as burrowing spatangoid urchins. As seepage declines, cold-water corals settle on
authigenic carbonate rock and eventually form large, long-lasting coral reefs that support
diverse coral-associated fauna. In this dissertation, physical collections and nondestructive sampling tools such as image and GIS analyses were used to characterize
newly discovered cold seep and coral communities as well as examine the mechanisms
that influence the ecology of deep seeps. Chapters 2 and 3 examine interspecific
interactions and habitat provision and modification by different foundation fauna, such as
tubeworms, mussels and corals, which harbor unique communities. These fauna are
long-lived, and have generally predictable successional trends that are similar to
shallower seeps in the Gulf of Mexico. However, I also show that exceptions to these
trends occur when small changes in seepage expression over time influence the
recruitment and growth of the foundation fauna. In Chapter 4, I characterize a newly
discovered type of seep community dominated by spatangoid urchins (Sarsiaster griegii),
and provide evidence for the role of interspecific interactions as a strong influence on the
community ecology of seep sediment infauna. I demonstrate that urchins act as habitatmodifying fauna whose activities influence sediment infauna community composition
and structure, and contribute to high spatial heterogeneity in deep seep sediments. In
these seep communities, the dominant megafauna influence the composition, structure,
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abundance and diversity of the associated community as a result of their physical
structure, which provides a habitat resource and as a result of their activities. Facilitative
interspecific interactions, particularly between habitat-modifying fauna and their
associated communities, strongly contribute to the general patterns in the community
ecology observed in these seep environments.
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CHAPTER 1
Introduction and a Review of Gulf of Mexico Oceanography and Cold Seep Ecology
Introduction
Appreciation for the diversity of marine communities changed drastically with the
discovery of cold seep and hydrothermal vent communities in the 1980’s. Increasing
technological advances that enable greater exploration of deep marine environments, a
greater understanding of geologic processes that provide energy for these diverse
communities, and greater attention paid to human impacts on marine systems has led to
the realization that understanding the ecology of marine communities is important not
only for scientific reasons but also to manage these environments for current and future
impacts. Within the Northern Gulf of Mexico, hydrocarbons and other reduced chemicals
that seep out of the sea floor support communities of organisms very different from those
found in the surrounding sediment. In many cases, these areas are dominated by large
aggregations of megafauna with internal chemosynthetic symbionts that use the
chemicals present in seeping fluids as their major source of nutrition. These megafauna
influence the community composition and structure of a diverse group of endemic and
generalist fauna as a result of both their activities and their physical structure. A greater
understanding of the specific characteristics of these megafauna that influence the
community ecology within these sites may enable us to be able to better predict and
potentially mitigate the effects of human influences on marine communities. In this
dissertation, I characterize three little-studied seep-related community types in the deep
Gulf of Mexico, and explore the influence of habitat-modifying fauna and small-scale
habitat heterogeneity on the composition, structure, and dynamics of these communities
1

using a combination of image analysis, physical collections and in-situ experimental
manipulations. In this first chapter I introduce my research questions and provide
background on the geology, geochemistry and ecology of the Gulf of Mexico and its
hydrocarbon seep communities.
The composition of ecological communities is dependent on the ability of
species to tolerate the abiotic conditions within the habitat as well as interspecific
interactions such as facilitation, predation and competition (Putnam, 1994). Once an
organism finds an appropriate habitat, the ability of that organism to settle and create a
reproducing population has much to do with interspecific factors (Diamond, 1975). One
of these factors is habitat modification, in which the presence or activity of specific
organisms act as a facilitative force that influences the composition, structure, and
dynamics of ecological communities. Habitat modification can occur as biologically
produced structure that can modify the environmental characteristics of the site (in the
case of foundation fauna), or as a result of the activity of an organism (in the case of
ecosystem engineers).
Foundation fauna are habitat-modifying organisms that alter species composition
and affect community dynamics by influencing environmental conditions, species
interactions and resource availability through their presence (Bruno and Bertness, 2001).
As a result of this type of habitat modification, current flows may be reduced (Leonard
and Luter, 1995), substrates stabilized, (Bruno and Kennedy 2000), sedimentation rates
increased, and propagules retained (Bruno and Bertness, 2001). Flow modifications also
can increase or decrease turbulence, and reduce the foraging efficiency of predators.
Foundation species (sensu Dayton, 1972) create habitat and provide opportunities for
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colonization for diverse fauna. Each type of foundation fauna may host a unique
community maintained by a reproducing population within the habitat (Bruno and
Bertness, 2001). Foundation fauna can also displace species, so that at small spatial
scales, there may be a decrease in species richness or diversity as a result of the
foundation fauna. At larger spatial scales, the foundation fauna may increase regional
diversity because they harbor different communities than the surrounding environment
and occupy only a small area themselves (Bruno and Bertness, 2000). Despite the
importance of these interactions, very little work has been done to explore the role of
facilitative interactions in ecology, and especially in deep-sea environments (Bruno and
Bertness, 2000).
A variety of deepwater cnidarians, including the cold-water coral Lophelia
pertusa, are often found on carbonate outcrops in areas where seepage has occurred over
an extended period. L. pertusa forms large reefs that can host abundant and diverse
communities of both endemic and vagrant fauna (Moore, 1960, Jonsson et al., 2004,
Cordes et al., 2008). In the Gulf of Mexico, L. pertusa and other deepwater corals are
frequently found in association with vestimentiferan tubeworms (Cordes et al., 2007), but
the ecology of these deep coral communities has only begun to be studied. The coral
provides its own, unique habitat resource, forming a different community from nearby
tubeworm and mussel-dominated seeps.
Tubeworms and mussels function as facilitators for abundant assemblages of
associated fauna, and may also be considered foundation fauna (Bergquist et al., 2003
a,b; Cordes et al., 2005). On the upper slope of the Gulf of Mexico, the tubeworm
species Lamellibrachia luymesi and Seepiophila jonesi form hemispherical bushes that
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can grow several meters high and wide, providing habitat for low-diversity but highbiomass communities that are distinct from those in the surrounding sediment
environment (Cordes et al., 2005). Habitat complexity, measured as tubeworm density, is
positively correlated with animal density (Bergquist et al., 2003a; Cordes et al., 2005).
Species richness is also correlated with patch size, tube surface area, and vestimentiferan
biomass (Cordes et al., 2005). Mussel beds dominated by bathymodioline mussels also
provide habitat for seep communities with high levels of endemicity, high biomass, but
lower species richness (Bergquist et al., 2003b). While upper-slope communities in the
Gulf of Mexico are among the most well-understood seep sites in the world, Gulf of
Mexico cold seeps that occur at depths below 1000 meters have not been well described
or studied. However, as a result of increased domestic drilling for oil and gas in deep
water, increased interest has arisen in the basic ecology, successional patterns and
composition within communities associated with foundation fauna at these seeps.
In addition to habitat modification created by the physical structure and activity of
sessile fauna, mobile animals can modify their habitat as a result of their activities at a
site. For example, consumers such as sea urchins bioturbate the sediment on the seafloor.
This sediment turnover oxygenates deeper sediments and potentially increases sediment
particle size heterogeneity (Osinga, 1995). Urchin burrowing disturbs the sediment
habitat, and can influence habitat heterogeneity, increase spatial complexity and alter the
community composition of the sediment infauna (reviewed in Bruno and Bertness, 2001).
Both organisms that influence communities through their presence and those that
influence communities through their activities increase the habitat heterogeneity on a
local scale. Foundation fauna often transform two-dimensional landscapes into three-
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dimensional structures, while ecosystem engineers physically alter materials from one
form to another. Both yield, for example, edge effects and a modified physical habitat
structure. Increased small-scale habitat heterogeneity and occasional disturbances have
been shown to result in higher species diversity within communities, allowing
competitors to co-exist, and enabling both refuges for prey and food sources for predators
(reviewed in Bruno and Bertness, 2001).
In Chapter 2 of this dissertation, I examined the influence of the deepwater
scleractinian coral Lophelia pertusa on the community composition and structure within
coral outcrops in the Gulf of Mexico using photomosaics and Geographic Information
Systems (GIS) analyses. The objective of this study was to determine which traits of the
coral aggregations influenced the composition and structure of the coral-associated
communities. I hypothesized that clusters of live and dead coral host communities that
are distinct from those found on other substrates, and that increased habitat heterogeneity
would result in higher species diversity at these sites. I demonstrated that the amount of
live and dead coral in the aggregations and the number of abiotic and biotic substrates
influence the community composition and structure of coral-associated fauna. I also
provided evidence that live and dead coral and other three-dimensional sources of habitat
at these sites are associated with different communities of associated megafauna,
indicating that not only is high diversity linked to habitat heterogeneity but that there are
species-specific associations between foundation fauna or substrates and associated fauna
within these sites. As a result, I show that this coral facilitates the presence of abundance
communities of coral-associated fauna in the Gulf of Mexico as a result of the habitat
heterogeneity provided by the coral.
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In Chapter 3 of this dissertation, I examined temporal change in the spatial
distribution and community composition at four sites in two regions of the deep Gulf of
Mexico over the course of 1 year and 15 years using a combination of photomosaics, GIS
analyses and physical collections. The objective of this study was initially to characterize
these newly discovered seep communities, and then to evaluate changes in the spatial
distribution of the dominant fauna to determine whether the changes were consistent with
successional models from similar communities on the upper Louisiana slope. These
dominant fauna provide key habitat for a combination of endemic seep-associated species
and vagrants, and a greater understanding of the way that communities naturally change
over time can lead to a greater understanding of the short-term dynamics within seep
communities. I characterized the occurrence and distribution of the habitat-forming
species at these sites, examined species associations within each community and provided
evidence suggesting that while these deeper seeps follow similar successional patterns to
those observed at shallow seeps there are small-scale changes in environmental
conditions at the site that may enable some exceptions to the general successional trends
observed at shallow seeps. As a result of the habitat provided by mussel shells and
tubeworm tubes, facilitation and other biological interactions are likely to play an
important role in structuring these long-lasting communities (Bruno et al., 2003).
A recently discovered community type at deep Gulf of Mexico seeps consists of
dense aggregations of heart urchins that burrow through sediment. In previous studies,
the influences of physical disturbance and interspecific interactions, such as predation, on
the surrounding community are often confounded (reviewed in Olafsson, 2003). In
Chapter 4 of this dissertation, I investigated the role of disturbance, specifically
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bioturbation, as a force that maintains or increases diversity in these relatively stable
environments using data collected from image analyses, physical collections from urchindisturbed and undisturbed sediments, and an in-situ manipulative experiment using an
artificial urchin to mimic the motion of a burrowing urchin to examine the role of
physical disturbance on the sediment infaunal community. The goal of this study was to
not only increase our understanding of a new type of seep community but also to evaluate
the role of bioturbation and facilitation in maintaining diversity within seep sediments.
In this chapter, I show that sediment infaunal populations increase in response to urchin
bioturbation but not to physical disturbance alone. Also, I show that community
composition is different in bioturbated sediments than in physically disturbed and
undisturbed sediments, and suggest this is due to urchin activities in the sediment that
facilitate increased habitat heterogeneity at these sites. In this study, I present a
hypothesis proposing a complex cycle in which bioturbation on the part of the urchin
actually increases sediment infaunal and bacterial abundances, making increased organic
resources available to the urchin community.
Review of Gulf of Mexico Oceanography and Seep Ecology
Gulf of Mexico Formation and Geological History
The Gulf of Mexico formed when North and South America separated during the
late Triassic and early Jurassic approximately 200 million years ago (mya) (Sassen et al.,
2001). During the Mid-Jurassic, repeated opening and closing of the connection to the
Atlantic led to the evaporation of the water in the basin and created a salt sheet called the
Louann salt (Bouma and Roberts, 1990; Pindell et al., 1994). Along with the salt,
limestone from ancient tidal flats, reefs and other carbonate-producing environments also
7

accumulated. The rise of the Rocky Mountains approximately 150 to 100 mya led to
additional sediments from the eroding mountains being transported by rivers to the north
and northwestern rim of the Gulf where they were deposited above the Louann Salt
(Gore, 1992). This process continued until the Caribbean plate moved east, causing the
Cuban arc to form a barrier, turning the Gulf of Mexico into an inland sea. A rapid drop
in sea level and additional evaporative deposition during the Paleocene and the Eocene
followed this event (55-50 mya, (Rosenfeld and Pindell, 2003). Approximately 21 mya,
in the early Miocene, the Yucatan Strait opened to the newly formed Caribbean Sea,
which refilled the basin with water and allowed siliciclastic sediments (which formed
non-carbonate sedimentary rock) to be deposited onto the salt layer (Sassen et al., 1994).
Additional deposition from river sediments created a thick and unevenly distributed layer
of sandstone and shale to form above the salt layer (McGookey, 1975; Gore, 1992). This
unequal pressure over incompressible salt caused a horizontal migration of the salt sheet
down the continental slope, deforming the salt sheet into vertically mobile domes and
diapirs (Humphris, 1979) (Figure 1.1).

Figure 1.1. Simplified diagram of Gulf of Mexico salt tectonic geology (courtesy of
NOAA Ocean Explorer)
These domes and diapirs cracked the shale above, allowing brines and trapped
hydrocarbons from decomposed organic matter to migrate upwards towards the sea floor
8

(Kennicutt et al., 1988). Biogenic and geologic processes alter these hydrocarbons and
brines, yielding variability in the abundance and types of reduced chemicals that reach
the sea floor (Ficker, 1999; Seewald, 2003).
Gulf of Mexico Topography and Geology
The Gulf of Mexico is alternately described as a “Mediterranean-type sea” and a
“small ocean basin” (Bouma and Roberts, 1990). The coast extends throughout the
southern border of the United States and the northern and eastern border of Mexico, and a
wide continental shelf extends into the Gulf until approximately 200 meters depth. The
continental slope runs from 200 meters to 3400 meters depth, and varies in slope and
topography throughout the Gulf. There is a large submarine fan complex that extends
from the Mississippi River into the Gulf Basin (Bouma and Roberts, 1990). The
continental rise is a gentle incline that lies between the continental slope and the abyssal
plain, and is covered with sediments that have fallen from the slope. Carbonate rocks
that are formed as an indirect byproduct of microbial sulfate reduction and methane
oxidation occur in patches over the entire depth range of the continental slope (Aharon
and Fu, 2000). The abyssal plain of the basin and floor ranges in depth from
approximately 3400 to 4400 m, and is covered with sediments transported from the north.
The Sigsbee Knolls and other small diapiric salt domes represent the only major
topographic features in the basin (Gore, 1992) (Figure 1.2a). The northern Gulf of
Mexico has been divided into lease block regions by the US Minerals Management
Service based on the geographic characteristics within the regions, and each of the
regions are further separated into 3 digit numbered lease blocks. Sites in the Gulf of
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Mexico are often referred to by the lease block and number in which they reside (Figure
1.2b).

a)

b)
Figure 1.2. a) The major geological features of the entire Gulf of Mexico (from Bouma
and Roberts, 1990) and b) bathymetry, regions and lease blocks on the Texas-Louisana
continental shelf and slope (figure courtesy of NOAA).
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The continental slope between the Bay of Campeche and the DeSoto Canyon is
considered a carbonate province, while the remainder of the Gulf of Mexico consists
largely of siliciclastic sediments (Cary, 1989). Although salt has been observed in
numerous areas of siliciclastic provinces and adjacent coastal areas, the major impact of
diapirism is found on the Texas-Louisiana slope (Bouma and Roberts, 1990). The
hummocky bathymetry and subsurface complexity of the continental slope (see Figure
1.2b) is directly related to the deformation of the underlying salt, and the resulting
faulting, folding and slumping (Treadwell, 1949; Bouma and Roberts, 1990).
The Texas-Louisiana slope has an area of 120,000 km2, extending from the
continental shelf break to the continental rise south of the Sigsbee Escarpment (Figure
2b). The slope consists of smooth flat basins, submarine canyons, and channel-type
depressions. The maximum relief is found in the Green Canyon area, where topographic
highs reach a relief of 300 m above the sea floor, and in the Keathley Canyon, where
intraslope basin relief is greater than 900 m (Cary, 1989).
At the bottom of the Louisiana Slope is the Sigsbee Bulge, which ends in the
Sigsbee Escarpment. The Sisgbee Escarpment was formed as a result of vertical salt
ridges that extend and spread laterally above the sea floor (Bryant et al., 1990). East of
the Louisiana Slope lies the Florida Escarpment, which is located off the western edge of
Florida between 2000 m and 3300 m. The Florida Escarpment occurs where the base of
the wall meets the abyssal plain, and contains extensive areas of hypersaline brine
seepage that are thought to be a result of the dewatering of the Florida platform (Paull,
1984). Both biogenic and geothermal sulfide are present, indicating that the seepage in
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this region may be a result of sediment compression and brine mobility along the
intersection of the platform with the abyssal plain sediments (Cary, 1989).
Physical Oceanography and the Gulf of Mexico
Currents
The Eastern Gulf Loop Current, an extension of the Gulf Stream, dominates the
currents in the Gulf of Mexico. The Loop Current enters the eastern Gulf from the
Caribbean via the Yucatan Channel at speeds up to 4 knots and exits into the Atlantic
through the Florida Straits, where it rejoins the main Gulf Stream (Gore, 1992). This
current moves larvae, pelagic fishes, plant material, and warm water into the eastern Gulf
from the Caribbean Sea (Nowlin and McLellan, 1967; Pequegnat et al, 1990). When it is
fully extended into the northern Gulf, anti-cyclonic (clockwise) rings (called gyres) form,
which migrate further into the Western Gulf of Mexico (Pequegnat et al, 1990).
Anticyclonic gyres are warm core features that consist of water from the Gulf Stream,
with higher temperatures than the surrounding water. These gyres may occasionally
entrain water on the north-western edge of the Gulf that spin off into cyclonic gyres that
also move southwest, potentially resulting in two loops in the western Gulf of Mexico,
one northern cyclonic gyre and one mid-position anticylonic gyre (Nowlin and McLellan,
1967; Pequegnat et al, 1990). The cyclonic gyres are cold-core features with cooler
temperatures than the surrounding water. The gyres have a mean longevity of 6 months,
and are responsible for providing a means for the exchange of biological and chemical
constituents within the Gulf of Mexico and between the Gulf Stream and the slope region
(Kennish, 1989).

These thermal and dynamic features extend from several feet to over

1000 m depth (Gore 1992). However, the Loop Current is strongly influenced by
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seasons, weather, wind speeds and bottom topography, and is highly variable (Gore,
1992).
Circulation in the deep waters of the Gulf of Mexico has only begun to be studied
in any detail. Work by Welsh and Inoue (2000) suggests that when the Loop Current
moves northward, an anticyclonic-cyclone pair develops beneath the newly forming ring
and begins to move in a westward migration with the cyclonic ring leading (Figure 1.3)
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Figure 1.3. Loop current in the Gulf of Mexico at a) 38.5 (contour from 20 to 26 by 0.5),
b) 1050 m (contour from 4.4 to 6.2 by 0.2) and c) 2550 m (contour from 4.125 to 4.175
by 0.25) for the same time point. This figure displays modeled temperature and velocity
(C and cm/s-1) based on salinities, temperatures and bathymetry from NOAA
topographical maps (from Welsh and Inoue, 2000).
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The deep anticyclonic layer decays more quickly than the cyclone in the western Gulf,
and the resulting cyclone dominates deep circulation below the Loop Current (Welsh and
Inoue, 2000). These deeper gyres below the Loop Current and its spinoffs are highly
coherent from depths between 1000- 1500 meters to the bottom of the Gulf (Welsh and
Inoue, 2000). Maximum velocities of these deeper currents may become slightly higher
than the surface Loop Current, and are highest near the Campeche and Sigsbee
Escarpments (Welsh and Inoue, 2000).
The Yucatan Strait is 1900 m deep while the Florida Strait is 800 meters deep
(Welsh and Inoue, 2003). This discrepancy in depths suggests that the waters in the
basins below these depths are therefore blocked from direct horizontal exchange with the
Caribbean and the Atlantic oceans (Welsh and Inoue, 2003). However, water in the deep
Gulf of Mexico is well-oxygenated, which implies that there is vertical mixing in the
water column due to energy propagation from the upper water layers, possibly as a result
of the formation of Loop Current rings and their interaction with bottom topography
(Welsh and Inoue, 2003).
The Mississippi river also brings freshwater, fine sediments, plant material and
other organic material into the river delta and from there into the Gulf of Mexico. As
freshwater moves over saline water, it creates a geostrophic current that usually moves
westward due to the Coriolis effect and carries huge amounts of sediment - some
transported due west, and the rest going south towards the Mississippi fan and abyssal
plain (Pequegnat et al., 1990). There is also evidence of an eastward enrichment of
sediment as a result of the Mississippi outflow, due to early summer seasonal prevailing
winds (Walker et al., 2005).
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Depth Gradients
In the Gulf of Mexico, temperature gradients include a mixed surface layer that
extends to 35 -110 meters in winter and 35-50 meters in summer (Gore, 1992; Day,
2008). Seawater salinity ranges from 28-36.6 ppt, excluding areas affected by the
Mississippi river outflow or brine seepage. The amount of particulate organic matter
settling to the sea floor follows the general trend observed in oceans worldwide, with
decreasing amounts observed as depth increases (Turley et al., 1995; Baguley et al.,
2006). The central and northwestern Gulf are characterized by typical patterns of
seasonal productivity with high concentrations of chlorophyll-a in the winter-spring
months and lower concentrations in the summer-fall months (Muller-Karger et al., 1991).
Variation in the timing of these high concentrations is due to interannual variability in
wind patterns that influence coastal currents (Martinez-Lopez, Zavala-Hidalgo, 2009). In
a survey of hundreds of sites randomly selected over the upper Louisiana slope, Baguley
et al. (2006) found high amounts of particulate organic matter on the seafloor near the
outflow of the Mississippi river, as well as increased amounts in DeSoto and Mississippi
Canyons and by the base of the Florida escarpment. As a result of seasonal prevailing
winds in the early summer, there are temporary eastern surface flows in the northern Gulf
of Mexico (Walker et al., 2005; Gardner et al., 2006), so that the nutrient rich water from
the Mississippi plume moves to the western Florida slope (DiMarco et al., 2005;
Hamilton and Lee, 2005; Morey et al., 2005). The northeastern Gulf has high bi-weekly
variations in surface primary productivity in the summer months (Hu et al., 2003),
yielding higher amounts of POM in the eastern Gulf than in the Western Gulf (Baguley et
al., 2006). This is partly due to current eddies that bring low salinity, high chlorophyll-a
waters from the continental shelf to the Northeastern slope, stimulating increased primary
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productivity in these waters. The northwestern Gulf of Mexico does not receive this
same high input of terrigenous organic matter, and instead there is the standard decrease
of POM flux with increasing depth (Baguley et al., 2006).
Depth also affects carbonate chemistry; this is important because carbonate
regulates the pH of seawater and controls the circulation of CO2 in the biosphere
(Millero, 2006). Carbon dioxide diffuses into the water at the ocean surface as a result of
higher partial pressure in the air above the water (Millero, 2006). Carbon dioxide in
water dissociates and yields HCO3-1 + H+ + H20. Bicarbonate (HCO3-1) can further
dissociate to yield CO3-2 + 2H30+1. The pH in most of the world’s surface waters is
approximately 8.2, and fluctuates in a daily cycle which is highest in the day as a result of
photosynthetic carbon fixation and lowest at night as a result of increased respiration and
a loss of CO2 (Millero, 2006). The pH minimum coincides with the oxygen minimum at
around 1000 m depth, and pH increases with depth as a result of the dissolution of marine
CaCO3, including carbonates from biological sources such as corals and foraminifera
(Millero, 2006, Feely, 2004).
Surface waters are supersaturated with dissolved calcium carbonate (Gore, 1992).
Calcium carbonate dissolution rates are influenced by temperature, pressure and the
partial pressure of CO2. Carbon dioxide is soluble in water according to the equation
CaCO3 + H2O + CO2 ÅÆ Ca++ + 2HCO3- so that as the amount of CO2 increases, the
more CaCO3 will dissolve. Because more CO2 can be held in solution at higher pressures
and cooler temperatures, CaCO3 is more soluble in deeper waters than in surface waters.
The depth at which the production of CaCO3 equals the rate of its dissolution is called the
calcium carbonate compensation depth (CCD) (Naehr, 2007). The depth of the CCD in
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the temperate and tropical Atlantic Ocean is approximately 5000 m, and is shallower in
the Indian (4700 m) and the Pacific (4200-4500 m) oceans, as well as in polar latitudes
(Morelock, 2008). The rate of dissolution increases sharply at a depth called the
lysocline, which is where seawater carbonate ion content and carbonate in its mineral
phase intersept, and below which carbonate begins to dissolve. This occurs at
approximately 3000 m-4000 m in the Atlantic Ocean (Honjo, 1975) but is affected
temporally by seawater chemistry and temperature (Dittert, 2003). Carbonate chemistry
is also affected by climate change. As ocean acidification increases as a result of
increasing carbon dioxide dissolving in seawater, carbonate converts to bicarbonate,
which can influence coral calcification rates and carbonate skeletons (Jury et al., 2009).
Calcium carbonate may be found in one of four different structures that have the
same chemistry but different physical structures. The most commonly observed forms of
calcium carbonate in the world’s oceans are calcite and aragonite. Rarer species of
carbonate include dolomite and magnesian calcite. Calcium carbonate skeletons in corals
and pteropods are formed from aragonite, and calcite is found in foraminifera and
coccolithophorids (Feely, 2004). Aragonite is 1.5 times more soluble than calcite at any
given salinity, temperature, or pressure (Millero, 2006), and is harder, more brittle and
denser than calcite (Dodd, 1990). Aragonite is typically found in shallow seas and
warmer temperatures. Calcite is usually more stable at colder temperature and higher
pressure. According to Millero (2006), the carbonate compensation depth, is 4300 m in
the North Atlantic and 750 m in the North Pacific for calcite, and 1500 m (North
Atlantic) and 500 m for aragonite (North Pacific). Magnesian calcite is a variety of
calcite that has magnesium carbonate in a calcite lattice, and dolomite is a calcium
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magnesium carbonate (CaMg(CO3)2). Dolomite is usually found as in high-pressure
regions with supersaturated saline and may also develop as a result of the action of
sulfate reducing bacteria (Deelman et al., 1999). All organisms using calcium carbonate
as part of their skeletons are affected by changes in the degree of supersaturation of
calcium carbonate in the surrounding water, but organisms that use aragonite and
magnesium calcite are particularly affected by increasing CO2, exhibiting a marked
decline in calcification rates (Feely, 2004).
At Gulf of Mexico seeps, bicarbonate is produced as an indirect byproduct of
microbial methane oxidation and sulfate reduction in a reducing environment, which
causes the water nearby to become more alkaline (Wollast and Chou, 1998). The
bicarbonate produced from methane oxidation binds with calcium and enhances the
precipitation of calcium carbonates around seeps (Wollast and Chou, 1998). High
concentrations of sulfate have been shown to inhibit the rate of aragonite precipitation,
but even more so, high sulfate inhibits the rate of calcite precipitation (Baker and
Kastner, 1981; Walter, 1986; Savard, 1996). The overall influences of the high
concentrations of bicarbonate and variable SO4-2 could determine the mineralogy of the
precipitating carbonates. Around seeps, the SO42- concentration in the water is controlled
by biogenic processes in a reducing environment, while inorganic processes control SO42production in oxidizing environments. In reducing environments where SO4-2 is low,
calcite is the common precipitate. In oxidizing areas, where there is high sulfate and high
bicarbonate, aragonite is the common carbonate product (Naehr, 2006; Dong et al, 2008).
This is commonly observed at or very close to the seafloor, where HCO3- rich fluids mix
with sulfate-rich bottom water (Naehr, 2006).
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At Gulf of Mexico seeps, the mineralogy of the carbonate precipitates is complex,
and carbonates are primarily dominated by aragonite, calcite and dolomite (Ferrel and
Aharon, 1994). Shallower regions of the Gulf of Mexico, from the shallow edge shelf
and the upper Louisiana slope to approximately 200 meters are dominated by magnesian
calcite and aragonite, while deeper sites, from approximately 200 m to 1000 meters,
contain mostly magnesian calcite and dolomite (Roberts and Aharon, 1994). Sites below
1000 meters, including sites in the western Gulf at 2600 meters depth, contain primarily
aragonite (98%), but all sites have all varieties in differing proportions (Roberts and
Aharon, 1994; Dong et al., 2008)). This may be a result of the fact that aragonite may be
more prone to precipitation at the relatively aerobic conditions found at the seafloor
(Dong et al., 2008), and calcite and dolomite are inhibited by the presence of sulfate. The
presence of several different varieties of calcium carbonate precipitations may be due to
spatial and temporal flux in the seepage of reduced chemicals and hydrocarbons. During
early seepage, the carbon dioxide produced as a result of oxic conditions dissolves some
of the carbonate, but eventually oxygen becomes depleted by this process and anaerobic
methane oxidation produces a different species of carbonate rock (Dong et al., 2008).
Biological Oceanography and Diversity
Diversity of organisms in benthic communities has been linked to productivity
gradients, latitude, bottom water currents, oxygen levels, habitat heterogeneity and
catastrophic disturbances (Levin et al., 2005). In general, diversity-depth patterns in the
deep sea sediments are unimodal, with an intermediate depth peak and lower diversity in
shallower and abyssal depths (Rex, 1993; Grassle, 1989; Etter and Grassle, 1992), but
these patterns are not universal, and may be due to environmental gradients (Gray, 2001;
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reviewed by Levin et al., 2005). Rex et al. (1993) noted a diversity-latitude trend that
mirrors terrestrial and shallow water patterns, with diversity increasing towards the
equator and decreasing towards the poles. Biological diversity in benthic communities is
also influenced by productivity, which is confounded with depth. Typically, sources of
primary productivity (apart from chemosynthetic production at vents and seeps) for deepsea benthic fauna comes from food sinking from the photic zone, and this source
becomes depleted as depth increases. Most studies that have examined the relationship
between diversity and productivity are in terrestrial systems, where there is a unimodal
relationship between productivity and species richness (Rosenzweig, 1995). This
relationship may also hold true for productivity and diversity at large scales in the oceans
(Levin et al., 2005).
In the Gulf of Mexico, benthic diversity has been shown to be highest around
1400 m and declines after that depth (Pequegnat et al., 1990). Species replacements
occur across taxonomic levels and habitats (Pequegnat et al., 1990). These differences in
species distributions could be due to thermal changes, pressure tolerances (Mestre et al.,
2009), hypoxic tolerances (Wishner et al 1995), or dispersal barriers (George and
Menzies, 1972; Soto, 1991). Pequegnat et al (1990) separated the benthic fauna of the
deep Gulf of Mexico below the photic zone into 7 biological depth zones based on
species replacements that consistently occur at 450-500 m, 750-800 m, 1050 m, 2250 m,
and 3250 m. The shallow zone begins around 118 meters and extends to 475 meters. It
is a biologically productive zone, with many species of fishes, asteroids, and brachyurans
present. In the archibenthal zone (between 500-900 meters depth), a reduction in species
richness was observed. In this zone, species replacements in urchins, crabs and shrimps
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occurred, and fish, echinoid and asteroid populations declined with depth. The upper
abyssal zone, between 1000-2275 m depth has yet fewer fishes and brachyuran species.
There was an increase in numbers of large sea cucumbers observed, and there are species
replacements within the crustaceans. The mesoabyssal zone (2300-3225 meters) includes
a sharp faunal break from the upper abyssal zone, which Pequegnat et al. (1990)
attributed in part to the presence of steep escarpments, and species richness continued to
decrease in this zone. The lower abyssal zone includes the base of the continental rise
and the abyssal plain, and contains fauna that is richer in species than expected by the
drop in species richness over the two levels above.
General Background Regarding Cold Seep Communities

Figure 1.4. Locations of fossil and known cold seep locations (Levin, 2005)
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Cold seep chemosynthetic communities were first discovered at the base of the
Florida Escarpment (Paull 1984), but have since been shown to have a worldwide
distribution (Figure 1.4). Currently known cold seep communities exist on continental
slopes worldwide at both geologically active and passive margins. Cold seep
communities have been found along the coasts of the Pacific Ocean from the western
coast of the United States to the Aleutian subduction zone, off the Kamchatka Peninsula
and Japan in the northern Pacific, and the coasts of Chile, Peru, Costa Rica, and New
Zealand as well as in the Lau Basin in the southern Pacific (Mirinov, 2000; Tyler et al,
2003). In the Indian Ocean, seep communities have been found near Pakistan (von Rad
et al., 2000), and recently off the coast of Indonesia and the Bay of Bengal (Cordes et al.,
2008). Seep communities are also known in the Atlantic Ocean off the coast of Brazil,
near Barbados, on Blake Ridge off the North Carolina coast as well as in the Eastern
Atlantic including the Gulf of Cadiz (Pinheiro et al., 2003), and off the coast of Angola
and Nigeria (Olu-Le Roy et al., 2007; Cordes et al., 2007). The communities associated
with the Haakon Mosby mud volcano, a seep off of Norway in the Barents Sea, has also
been extensively studied (Vogt et al., 1999). Inland lakes and seas (i.e. the Black Sea, the
Mediterranean Sea, the Marmara Sea, as well as the Gulf of Mexico) also harbor seep
communities (Zitter et al., 2008). Cold seep communities are likely to be observed in
reducing environments and on continental slopes throughout the world. Seep
communities supporting siboglinid polychaetes with symbiotic sulfide-oxidizing
symbionts have been found from depths of 80 meters in Kagoshima Bay (Miura et al.,
2002) to more than 9300 meters in the Kurile Trench (Mirinov, 2000).

23

Cold seeps occur where reduced chemicals emerge from the seafloor. This
emergence is a result of compaction-driven over-pressurizing of sediments due to
convergent plate tectonics or sedimentary overburden, which causes fluids to exit overpressurized regions through fractures (Sibuet and Olu, 1998; Levin, 2005). Seeps are
often found along the crests of anticlines and fault and slump scarp faces (Tunnicliffe,
2003). New discoveries of likely cold seep communities are continuously being made as
a result of the discoveries of hydrocarbon deposits in cores, and 3D seismic signals of
fluid expulsion and carbonate zones, but the presence of seep communities must be
confirmed using trawls, box-cores or expensive and time-consuming ROVs and
submersibles. Other geological indications of seepage include pockmarks, carbonate
rock, mud volcanoes, and hydrates (reviewed in Levin, 2005).
Seeps were first discovered in the Gulf of Mexico in sediment samples with oil
and gas in the late 1970’s and chemosynthetic communities associated with these regions
were discovered while the geology of the sites was being studied in the mid-80’s
(Bernard et al., 1976; Brooks et al., 1984; Paull et al., 1984). The cold seeps in the Gulf
of Mexico at depths less than 1000 meters have been studied extensively since the mid
1980’s. Recent increase in drilling activity in deeper waters has led to increased
scientific funding to study deeper sites in the Gulf of Mexico, and as a result, it has
become apparent that although the species in the deeper waters of the Gulf of Mexico are
different, many of the dominant patterns in community development appear to be very
similar (Cordes et al., 2008).
In the Gulf of Mexico, seeps may occur as mud volcanoes, brine seeps, gas seeps,
and/or oil seeps. The most active of these are mud volcanoes, which occur when there is
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active venting of subsurface fluids and/or gases. Sediments are unstable at active mud
volcanoes, preventing mussels or tubeworms from establishing (MacDonald et al., 2000).
Bacterial mats are often present associated with these active seeps and clams with
chemosynthetic symbionts are found as the sediments begin to stabilize. At brine seeps,
subsurface fluid venting is moderate to slow. Surface manifestation of seepage is limited
to dark depressions or brine pools and rivers. The salinity of these brines can be very
high (up to 300 ppt), and supersaturated with methane (MacDonald et al., 1992). An
abundance of methane at brine seeps supports abundant bacterial mats and occasionally
beds of mussels (with intracellular methanotrophic symbionts) (Macdonald et al., 2000).
Oil seeps are generally characterized by slow rates of seepage. Oil accumulates below
low porosity traps and seeps created by the impact of salt domes and diapirs (Kennicutt et
al., 1992). Visible indications of oil seeps include sediments that appear very similar to
the surrounding area, except that there are occasionally methane bubbles and oil droplets
present, and bacterial mats, mussels and tubeworms may be extremely abundant (Sassen,
1994).
Microbial processes that oxidize methane and reduce sulfate link the presence of
hydrocarbons and other reduced chemicals to the macro- and megafauna at cold seeps
(Fisher et al., 2007). Methane concentrations in seeping fluids range from the micromolar
to the millimolar scale (up to 63 mM at a Brine Pool (NR1)), and vary with the organic
content of underlying deep sediments, as well as the nature and rate of flow (Joye et al.,
2005). Methane is oxidized aerobically by bacteria to form carbon dioxide and water.
However, methane can also be oxidized anaerobically in a reaction that is frequently
coupled to anaerobic sulfate reduction, yielding high levels of sulfide in surficial
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sediments (up to 20-26 mM, on the Upper Louisiana Slope, (Aharon and Fu, 2000)). This
provides the energy for sulfide-oxidizing free-living and symbiotic bacteria (Aharon and
Fu, 2000). An indirect byproduct of microbial activity in the sediments is bicarbonate,
which along with bicarbonate from seawater may bind to calcium in the alkaline
conditions at seep sites, producing authigenic carbonate rock. Other reduced compounds
that can fuel microbial chemoautotrophy, including H2, NH4, Fe2+, and Mn2+ are also
found at seeps.
Species replacements over short depth intervals in the Gulf of Mexico have been
noted in cold seeps as well as along other continental margins worldwide (Carney, 2005;
Cordes et al., 2008, 2010). At shallower seeps (less than 900 meters), the tubeworms
Lamellibrachia luymesi, Seepiophila jonesi and an occasional undescribed escarpid are
found in aggregations that harbor assemblages of other organisms dominated by
gastropods and crustaceans (Bergquist et al., 2003; Cordes et al., 2003; 2005). At the
deeper cold seeps, there are different species of tubeworms found in tubeworm
aggregations (two potentially new species of Lamellibrachia as well as Escarpia
laminata) and many of the associated fauna are also different species in the same genera.
Species compositions in mussel populations also shift with depth. At shallower seeps
(<1000 m), mussel beds consist of the species Bathymodiolus childressi. Below 1000 m
depth, a mix of B. childressi and Bathymodiolus brooksi are found, and below 1800 m,
the species B. heckeri is also observed. At the deepest sites below 2300 m, B. childressi
is no longer observed, although the other two species remain common (Roberts et al.,
2007). There is also a general shift in the communities associated with mussels and
tubeworms from gastropod and crustaceans to polychaetes, echinoderms and cnidarians
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as depth increases (Cordes et al., 2007). Despite the fact that many deep sea
communities, including vents and seeps, are different from the surrounding environment
(hosting communities with larger and more abundant sessile organisms, lower diversity
and higher endemicity), there are differences in species richness and composition from
shallow to deep sites apparent even in these already extreme environments. Even when
separated by extensive distances, seeps and vents are more similar to other seeps and
vents at similar depths than they are to their own surrounding environment (Carney,
1994; Desbruyeres, 2000).
These changes in the community composition of fauna associated with cold seeps
in the Gulf of Mexico across relatively short depth differences could be due to a number
of different factors, including factors which also influence background fauna, such as
changes in the underlying geology. As described above, the upper slope of the Gulf of
Mexico is dominated by vertical salt migration, with sediment accumulating between salt
pillars and domes. The presence of salt in the shallow subsurface layers produces brine
pools and flows along the lower slope (Brooks et al., 1990). However, on the lower slope
of the Gulf of Mexico, lateral salt sheets migrate southward towards the Sigsbee
Escarpment. These differences in the underlying geology of the sites yield differences in
seep fluid origin and flow, which may influence the community composition of the
overlying animal communities. For example, the westernmost and easternmost sites
sampled in this study (Alaminos Canyon and Atwater Valley, respectively) have different
origins of seep fluids: Atwater Valley seeps are found over the salt sheets, and therefore
do not have access to deeper sources of hydrocarbons. This means that hydrocarbons
observed at Atwater Valley are of biogenic origin. However, Alaminos Canyon is a
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reentrant into the salt sheet, which means it has access to deeper hydrocarbon seepage of
thermogenic origin (Bouma and Roberts, 1990; Bryant et al., 1990). Despite these
differences in the underlying geology of these sites, evidence suggests that depth
influences seep community composition and structure more significantly than distance.
Cordes et al. (2010) found that communities Atwater Valley and Alaminos Canyon had
similar communities if they were sampled from the same depth ranges. These patterns
mirror those observed in other studies that examined the patterns of species distributions
with depth in non-seep related fauna. For example, Baguley et al. (2006) found, with the
exception of samples obtained near the Mississippi River outflow, that depth was a much
stronger predictor of species composition in sediment infauna than longitude in the Gulf
of Mexico. In general, faunal distributions tend to be more strongly linked to depth along
continental margins globally than to other factors (Carney et al., 2005).
Dominant Fauna at Seeps in the Gulf of Mexico
Three major groups of fauna are associated with sites of active seepage in the
Gulf of Mexico: clams, mussels and vestimentiferan tubeworms, all of which have
internal chemoautotrophic and/or methanotrophic bacterial symbionts.
Clams
Clams in the vesicomyid, lucinid and thyasirid families are among the most
pervasive of all seep fauna, with animals or shell remains found at almost every seep site
discovered (Levin, 2000). Vesicomyids are found at the sediment/water interface. They
have a foot that mines sulfide from the sediment, and blood that binds sulfide reversibly
and with high affinity (Barry and Kovechar, 1998). They have greatly enlarged gills that
house bacteriocytes with intracellular sulfide-oxidizing bacterial symbionts (reviewed in
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Fisher, 1990), and obtain sulfide for their symbionts through their foot. They extend their
siphon into the water column to obtain oxygen, thus spatially separating the acquisition of
sulfide and oxygen (Fisher, 1990 and references therein). The trails and shells of these
clams are frequently more abundant than living clams (Scott and Fisher, 1995). Lucinids
and thyasirids burrow beneath the sediment, and pump water down into the burrow to
obtain oxygen. Both of these families use extensions of their foot to create extensive subsurface burrows to acquire sulfide from deeper anoxic sediment layers, but unlike
lucinids and vescomyids, thyasirids have only extracellular symbionts, and appear to
digest their symbionts to obtain nutrition (reviewed in Fisher, 1990).
Mussels
There are at least 6 species of modioliform mussels with chemo- and/or
methanotrophic symbionts in the Gulf of Mexico (Cordes et al., 2008). They have the
widest variety of symbiont types and levels of symbiont integration of the main groups of
symbiont-containing seep fauna, and at least some species are also capable of obtaining
some nutrition from filter feeding (Page et al., 1990). The three most abundant species at
cold seeps in the Gulf of Mexico are all in the genus Bathymodiolus. Bathymodiolus
childressi has intracellular methanotrophic symbionts (Childress et al. 1986) and is the
only mussel in its genus found at seeps less than 800 meters depth (Bergquist 2004),
although they have also been found as deep as 2220 m in Alaminos Canyon lease block
645 (Cordes et al., 2007). B. brooksi is found at deeper sites (1040 to 3300 m), and is the
most common mussel found at seeps at these depths (Roberts et al., 2007). It has both
intracellular methanotrophic and sulfide-oxidizing symbionts (Fisher 1993, Duperron et
al., 2007), and these different kinds of symbionts may exist within the same cell. The
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proportion of the types of symbionts may vary according to the environmental conditions
at the site (Fisher, 1993). B. heckeri is the third bathymodioline species that dominates
the deeper cold seep sites in the Gulf of Mexico (1800 to 3300 m). This mussel has at
least four types of intracellular symbionts, including two sulfur-oxidizing symbionts, and
two strains that use reduced carbon as energy and carbon sources (in the form of methane
and perhaps methanol) (Duperron et al., 2007).
Tubeworms
Vestimentiferan tubeworms in the family Siboglinidae (Rouse, 2001) are
frequently found at cold seep sites in the Gulf of Mexico (reviewed in Cordes, 2008). On
the upper slope of the Gulf of Mexico (<1000 m), three tubeworm species co-occur:
Lamellibrachia luymesi, and two species of escarpids (Seepiophila jonesi and a rare
undescribed escarpid) (depth range 300-1000) (reviewed in Cordes et al., in press). On
the lower slope, two new species of lamellibrachid have been found (observed from 1100
m to 2300 m) and one escarpid, Escarpia laminata dominated the depths greater than
1400 m (Miglietta et al., in press). All adult vestimentiferan tubeworms lack a mouth, a
gut and an anus and obtain all of their nutrition from intracellular sulfide-oxidizing
chemoautotrophic symbionts contained in a highly vascularized organ called the
trophosome (reviewed in Fisher, 1990). Their blood is capable of reversibly binding both
sulfide and oxygen with high affinity (Arp and Childressi, 1981). L. luymesi provide the
bacterial symbionts with sulfide from their roots, and oxygen from their plumes (Freytag
et al., 2000).
Models based on growth rates of L. luymesi and S. jonesi at cold seeps in the Gulf
of Mexico have shown that these animals are capable of living for centuries (Bergquist et
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al., 2000; 2002; Cordes et al., 2007). This is enabled in part by the ability of seep
tubeworm L. luymesi to pump sulfate (a by-product of sulfide oxidation produced by its
symbionts) back into the sediment to prime microbial production of sulfide to sustain its
nutritive needs (Cordes et al., 2005; Dattagupta et al., 2006).
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CHAPTER 2
Megafauna community composition associated with L. pertusa colonies in the Gulf
of Mexico
Abstract
The deep-water coral Lophelia pertusa provides habitat for diverse communities
in the Gulf of Mexico. Photomosaics and analyses within a Geographic Information
System (GIS) were used as non-destructive sampling tools to examine megafauna
community composition associated with L. pertusa colonies on authigenic carbonate
outcrops in two regions of the Gulf of Mexico. Megafauna communities associated with
L. pertusa were more similar within a region than between regions. Within regions, the
amount of dead coral, number of abiotic and biotic substrata and the percentage of live L.
pertusa influenced the diversity, composition and structure of the coral-associated
communities. Elevated diversity levels in the communities associated with L. pertusa
structure indicate that L. pertusa provides a distinct, localized habitat source. Outcrops
with high proportions of dead L. pertusa harbored more higher-order consumers than
outcrops with primarily live coral framework.
Keywords: Lophelia pertusa, foundation species, habitat, deep-sea coral, community
composition, ecological associations, underwater photography, USA Gulf of Mexico
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Introduction
Foundation species (sensu Dayton, 1972), such as reef-building corals or the kelp
Macrocystis pyrifera, provide habitat, colonization opportunities, and increased local and
regional habitat complexity. Different types of foundation fauna provide different forms
of structure, and these distinct habitats often harbor distinct assemblages of associated
organisms (Bruno and Bertness, 2001). Mixed assemblages of structuring organisms,
such as those forming coral reefs, provide increased habitat heterogeneity and
complexity, which affect the composition of the associated community and typically lead
to higher diversity.
The deep-water coral Lophelia pertusa (L. pertusa) is a foundation species
(Jonsson et al., 2004; Cordes et al., 2008) that is found throughout the world’s oceans on
topographic features from depths ranging from 40 m (Freiwald et al., 2005) to 2170 m
(Cairns, 1979). L. pertusa requires a hard substrate such as carbonate rock on which to
settle (Moore, 1960). On the Upper Louisiana Slope of the Gulf of Mexico, authigenic
carbonate is produced as an indirect byproduct of a coupled reaction between methane
oxidation and sulfate reduction carried out by microbial consortia in seep sediments
(Aharon and Fu, 2000; Boetius et al., 2000; Thiel et al., 2001). As a result, L. pertusa
and other deep-water corals are often found near areas of active hydrocarbon seepage in
the Gulf of Mexico. However, corals appear to be limited to regions where hydrocarbon
concentrations are at most slightly elevated above background levels (Hovland, 1998;
Cordes et al., 2008) and current speeds are high enough to provide sufficient prey and
prevent sedimentation on coral tissues (Frederiksen, 1992).
Lophelia pertusa’s anastomosing branches provide a large, stable structure and
host communities consisting of both coral-dependent and habitat-generalist fauna,
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including many other types of corals (e.g., octocorals and other scleractinians), other
cnidarians, crustaceans, fishes, and polychaete worms (Roberts et al., 2006). In the
Northeast Atlantic, extensive communities of L. pertusa-associated fauna have been
discovered that have diversity indices as high as those found in shallow-water coral
communities (Jensen and Fredericksen, 1992; Mortensen et al., 1995; Rogers et al.,
1999). In the Atlantic and the Gulf of Mexico, these corals have been shown to provide
important habitat for commercially important deep-sea fishes (Ross et al., 2007).
Targeted physical sampling using a Bushmaster device to obtain standardized collections
of L. pertusa colonies on the upper slope of the Gulf of Mexico found 64 species
associated with the coral framework, of which at least three had well-identified
relationships with the coral (Cordes et al., 2008).
In this study, we investigated the relationship between substrata and associated
megafauna to determine which habitat characteristics influence the community
composition, diversity and structure across carbonate outcrops with L. pertusa present.
We used a Geographic Information System (GIS) to analyze photomosaics created from
high-resolution imagery obtained from two regions of the Gulf of Mexico. Megafauna
were identified and their densities and coverage areas were quantified within each
photomosaic. We expected that live and dead L. pertusa would host specific
communities that differ from other hard-bottom and biogenic substrata.
Methods
Site descriptions
Photomosaics were assembled from nine locations at five sites in two regions in
June 2004 and September 2005. Sites are named according to the Minerals Management
Service lease blocks in which they occur. Each site contains at least one photomosaic
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location. Two of the sites were within the Viosca Knoll (VK) region of the Gulf of
Mexico, on the upper DeSoto Slope between 315 and 470 m depth (Table 2.1). Three
sites were in the Green Canyon region on the Upper Central Dome and Basin region,
more than 350 km west of Viosca Knoll between 500 and 535 m depth (Table 2.1).
The four photomosaics at the Viosca Knoll lease block 826 site (VK826) were
obtained from the top and flanks of a knoll that rises approximately 100 m from the
seafloor (Cordes et al., 2008). Extensive L. pertusa colonies occur over an extent of 600
x 300m, including living coral growing from a dead coral framework. Aggregations of
seep-related Lamellibrachia luymesi and Seepiophila jonesi tubeworms (Polychaeta:
Siboglinidae) occur occasionally near coral colonies in this area (Cordes et al., 2006).
Sediment, disarticulated shells and carbonate rubble surrounded the outcrops selected as
study sites. The single photomosaic at the Viosca Knoll 862 site (VK862) is on a
topographic high of exposed carbonate rock. Scattered live L. pertusa thickets grow on
large carbonate boulders with abundant anemones, Callogorgia americana delta, bamboo
corals (Isididae), antipatharians and an unidentified species of hexactinellid sponge. This
area lacked visible seep megafauna.
The photomosaic in the Green Canyon 354 site (GC354) was obtained over a
slope that descends from 520 to 560 m. Abundant authigenic carbonate boulders occur
with occasional L. pertusa colonies (between 3-5 m in diameter and 2-3 m high) that
consist primarily of dead coral with intermittent live coral branches extending from the
framework. As the slope descends, carbonate outcrops support smaller L. pertusa
colonies. There are also scattered vestimentiferan tubeworms around the periphery of the
many carbonate outcrops near the base of the slope (Cordes et al., 2006). The two
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photomosaics within the Green Canyon 234 site (GC234) were obtained along a single
ridge approximately 100 m long at 500 m depth that contains colonies of L. pertusa with
predominantly dead coral and live outer branches. Abundant C. americana delta
gorgonians are also found on authigenic carbonate boulders in this site. A few colonies
of scattered vestimentiferan tubeworms occur along the ridge with the corals and
abundant chemosynthetic communities dominated by tubeworms and mussels occur a
few hundred meters east of the ridge (MacDonald et al., 1990, 2003; Sager et al., 1999).
Corals at the “Bush Hill” site in Green Canyon 185 (GC185) are located on the western
edge of an active seep on an authigenic carbonate hillock approximately 40 m tall. There
are several low-relief boulders colonized by C. americana delta, and small colonies of
mostly dead standing L. pertusa. Vestimentiferan tubeworms and bathymodiolin mussels
with methanotrophic symbionts are abundant along the crest of the hill at approximately
540 m depth (MacDonald et al., 1989).
Image collection and analysis
All imagery was collected using a Canon PowerShot G2 digital camera encased in
a pressure-safe housing and mounted on the side of the Johnson-Sea-Link I submersible
perpendicular to the sea floor. Light for the images was provided by xenon arc lights.
The submersible was maneuvered over haphazardly selected outcrops colonized by L.
pertusa in a series of overlapping lines while overlapping pictures were taken of the
seafloor. The images within each line and the lines within the photomosaic overlapped
one another by approximately 20%. Parallel lasers were spaced 10 cm apart and were
visible in most images to provide a scale reference. The images were optimized using
Photoshop CS2 auto level, auto color and auto contrast settings to maximize image
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evenness and clarity. Optimized images were then assembled into photomosaics using a
Matlab program (Pizarro and Singh, 2003) that seamlessly blends the overlapping edges
of the images together to produce a composite image (Figure 2.1a).
A scaling system was created for the photomosaics based on the presence of the
parallel lasers in each image. The distance between the laser points in the images was
measured using Photoshop CS2’s measure tool for at least 10 images per photomosaic,
and this distance was averaged and scaled to represent 10 cm. Photomosaics were
imported into ArcGIS v 9.1 using the laser-derived scale in an undefined coordinate
system. Each of the individual high-resolution images was hyperlinked to the
photomosaic. The individual images have resolution sufficient to identify organisms and
objects greater than 2 cm in size and were referenced to identify and digitize the fauna
and abiotic substrata. Living, standing dead and mixed live and dead L. pertusa, other
habitat-forming corals (including bamboo corals, antipatharians and gorgonians),
carbonate rock, rubble (consisting of crushed dead coral and isolated small pieces of
carbonate rock in sediment), bacterial mats, demospongiae sponges, and tubeworms were
digitized as polygons and were analyzed as potential habitat sources (substrata) for
mobile or non-colonial organisms. Small, solitary or mobile fauna, including arthropods,
fishes, anemones, solitary corals, sabellid polychaetes, snails, echinoderms and a small
hexactinellid sponge were digitized as points, as these organisms were not considered
potential habitat sources (Figure 2.1b). All assembled and digitized photomosaics are
included as supplementary material, except for the one in the VK862 site, which is
included as Figure 2.1a and 2.1b. All fauna were identified to the lowest possible
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taxonomic level. Location-based queries were used to determine the distribution of the
solitary fauna across each of the substrata.
Statistical analysis
Diversity was assessed as standardized species richness (calculated as the number
of species present within a photomosaic divided by the area of the photomosaic), as well
as the Shannon diversity index (natural log scale) and Pielou’s evenness index, using all
organisms that could be enumerated in the images (excluding hydroids and L. pertusa).
The Shannon index and Pielou’s evenness were calculated using the DIVERSE
application in PRIMER v 5 software (Clarke and Warwick, 2001).
Similarity in community composition among regions and sites was examined
using the Bray-Curtis similarity index in PRIMER v. 5 with presence/absence
transformations to permit analysis of both solitary and colonial fauna. Multi-dimensional
scaling plots and average linkage cluster analyses were used to determine which
photomosaics were most similar to one another based on community composition. The
ANOSIM procedure in PRIMER was used to determine whether there were significant
differences in community composition at sites between regions (Green Canyon versus
Viosca Knoll) and among photomosaics within sites. We used the BIO-ENV analyses in
PRIMER to test for relationships between community composition and habitat
characteristics by comparing a similarity matrix of the community composition data
across the photomosaics with similarity matrices of all combinations of the habitat
characteristics data. For all analyses, the percent hard substrata (including live and
standing dead L. pertusa, carbonate rock, and rubble), percent live L. pertusa, percent
standing dead L. pertusa, ratio of live to dead coral, percent abiotic substrata (including
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dead corals, rubble and rock), number of substrata available, depth and area covered by
the photomosaic were considered as habitat characteristics.
Chi-square analyses were used to test whether there were significant associations
between the enumerated fauna and substrata within a photomosaic. A general linear
model in Minitab v. 12.21 with Tukey pairwise comparisons was used to examine
differences in the Shannon diversity index among substrata within photomosaics.
Solitary fauna were divided into one of three trophic levels based on feeding
morphology: primary consumers, secondary consumers, and higher order consumers or
scavengers. Least squares regression was used to compare the proportion of primary to
secondary and higher order consumers to habitat characteristics.
Results
Diversity and colonization trends
Thirty taxa were distinguished in the photomosaics (based on morphotypes), with
each photomosaic containing between seven and fifteen taxa (Table 2.2). Of these taxa,
28 represent a single species. The exceptions included Munidopsis species and hydroids,
which could not be differentiated to the species level in the images. Most photomosaic
locations hosted the galatheoids Eumunida picta and Munidopsis spp., as well as
Odontozona edwardsi shrimp (identified as Stenopus sp. in Cordes et al. 2008), the
solitary coral Caryophyllia sp. and cerianthid anemones. In the VK862 photomosaic,
there were extremely high abundances of anemones, which included one morphotype of
Actinostolidae and one morphotype of Hormathiidae (Table 2.2). A fish (Polyprion
americanus) that has not been previously reported at Gulf of Mexico deep coral sites was
also observed at the VK862 study site (Figure 2.2). Chi-square analyses indicated that
many of the fauna associated with coral communities were non-randomly distributed
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across substrata and identified positive associations between certain organisms and
particular substrata (Figures 2.3 and 2.4). In particular, Munidopsis spp. and E. picta
crabs were strongly associated with dead coral and rubble (Figures 2.3 and 2.4). There
were also strong associations between the snail Coralliophila sp. and live coral (Figure
2.4). Crinoids (Comatonia cristata) and Echinus spp. urchins were found within
photomosaics with large amounts of living L. pertusa, which occurred primarily at the
Viosca Knoll sites. Fishes were associated with various types of vertical relief, including
mixed live and dead coral and carbonate rock. Munidopsis spp. crabs were associated
with tubeworms when tubeworms were present, and were not observed at VK862, which
was the only area where there are no tubeworms (Figures 2.3 and 2.4). Other deep-sea
background fauna, such as asteroids and the giant isopod, Bathynomus giganteus,
occasionally occurred in the sediment near the coral communities; however, the densities
of these organisms were very low (less than 1 per 10 square meters). A survey of images
and video taken from the surrounding sea floor at each photomosaic location showed
mostly sediment, with very few visible megafauna.
Within-region analyses
MDS ordination showed a separation of the photomosaics by region (Figure 2.5),
which was confirmed with an ANOSIM analysis that found significant differences in
community composition based on region (global R = 0.609, p = 0.008). As a result of
this analysis and the presence of several confounded variables including depth, proximity
to actively seeping communities, and different current and nutritional input regimes, each
region was further analyzed separately.
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At Viosca Knoll, an ANOSIM test showed significant differences in community
composition among photomosaics (r = 0.353, p = 0.01). All of the VK826 photomosaics
were more similar to each other than to the photomosaic at VK862, and the strongest
differences separated VK826a (r= 0.625, p = 0.008) and VK826b (r =0.656, p = 0.008)
from VK862.

Community composition was not dependent on substrata within the

photomosaics at Viosca Knoll (global R = 0.127, p = 0.12). The BIOENV analysis
indicated that the percentage of standing dead coral within a study site was the strongest
determinant of community composition (R = 0.964, p < 0.05).
At Green Canyon, significant differences in community composition were
detected among sites (one-way ANOSIM, global R = 0.335, p = 0.04), and there were
differences among communities when substrata were considered as a factor (global R =
0.229, p = 0.055). The proportion of hard substrata available at a study site best
explained the differences in community composition within Green Canyon (R = 0.464),
although this result was not significant (p > 0.10).
Within-site analyses
Shannon diversity indices of the communities of mobile megafauna varied
significantly across substrata (General linear model, F statistic = 9.01, p < 0.001; Figure
6) with live and standing dead L. pertusa and rubble communities exhibiting higher
diversity than bacterial mats, sponges, tubeworms or other corals (including
antipatharians, gorgonians and scleractinians besides L. pertusa). Tukey pairwise
comparisons demonstrated that both live and dead L. pertusa had significantly higher
diversity indices than Demospongiae sp. (p = 0.001, p = 0.002, respectively), bacterial
mats (p = 0.017, p = 0.017 respectively), and other corals (p < 0.001, p < 0.001,
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respectively). Rubble hosted communities that had significantly higher Shannon
diversity indices than sponges (p = 0.006), tubeworms (p = 0.002), and other corals (p <
0.001). Communities associated with dead corals also had significantly higher diversity
indices than tubeworm communities (p = 0.006).
The proportion of organisms in different trophic levels also varied among
photomosaics (Figure 2.7). Almost no higher order consumers were present in the
VK862 photomosaic, while almost one third of the organisms present were secondary or
higher order consumers in some Green Canyon photomosaics. Regression analysis
revealed a correlation between study sites with greater proportions of dead coral hosted a
higher frequency of higher order consumers (T = 12.17, p < 0.001). There was no
significant effect of area (T = 2.06, p = 0.078), region (T = -0.68, p = 0.52), or percent
hard substrata (T = 1.8, p = 0.12) on the abundance of fauna of higher trophic levels.
Discussion
Large bioherms of living and dead L. pertusa framework may persist for
thousands of years, providing a long-lasting and stable habitat resource for communities
of associated animals (Freiwald et al., 2005). Photomosaics provide an opportunity to
non-destructively examine the distributions and associations among corals, other
substrata, and the solitary megafauna in deep-water coral communities (Solan et al.,
2002).
The Shannon diversity index was highest in living L. pertusa, followed by dead L.
pertusa and rubble, and then carbonate rock, across all photomosaics (Figure 2.6).
Mortensen et al. (1995) also found the highest diversity of organisms associated with
dead and living coral, and Cordes et al. (2008) found a weak positive correlation between
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the proportion of live coral in a physical collection and the Shannon diversity index of
that collection. However, the photomosaic at VK862 had the greatest amount of live coral
and the highest standardized species richness, but had a low Shannon diversity index.
This was due to the large number of rare species and very high abundance of actinostolid
anemones found on carbonate rock and rubble, resulting in a low Pielou’s evenness
value. At 315 meters, this site is also shallower than the VK826 site, which lies between
459 and 470 m depth. In general, the study sites at Viosca Knoll contained higher
amounts of live coral than those at Green Canyon, and also had higher species richness.
Cordes et al. (2008) suggested that the snail Coralliophila sp. and the shrimp
Odontozona edwardsi may be tightly associated to L. pertusa coral communities, since
both are closely related to taxa that play important roles in shallow-water coral reefs.
Coralliophila sp. was strongly associated with the presence of live L. pertusa, although
one individual was found on carbonate rubble. This supports the suggestion that this
snail, which is a known corallivore, may be consuming live coral and may be an obligate
associate of live L. pertusa. O. edwardsi may play a similar role to other shrimps in the
family Stenopodidae, which are common cleaner shrimp on reefs (Jonasson, 1987).
These shrimp were found associated with carbonate rock, sponges, and dead or live
corals, suggesting that if they are performing a cleaning function in deep-water coral
communities, they may be attracted to species found within the three-dimensional
structure, and may not be specifically associated with live corals.
Within each region, the amount of dead coral or hard substrata within the study
sites were the variables that best explained the similarity among the communities of
coral-associated fauna. In addition, at Green Canyon, the number of substrata (a measure
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of habitat heterogeneity) also had a strong impact on similarity of community
composition among photomosaics. Viosca Knoll is located near the Mississippi River
outfall, and may receive different nutrient inputs than Green Canyon, which lies further
west. In addition, the depth differences across these regions coincide with the steepest
gradients in chlorophyll α abundance (Baguley et al., 2006). Baguley et al. (2006) also
report that the resulting higher nutrient input due to this depth gradient and river input is
reflected in the meiofaunal biomass in these regions and the presence of some of the
fauna at Viosca Knoll but not at Green Canyon may reflect this higher nutrient input.
At both Green Canyon and Viosca Knoll, the presence of hard, complex substrata
in the form of live or standing dead L. pertusa within photomosaics led to a higher
standardized species diversity and richness (Figure 2.6). Increased habitat complexity
has been shown to result in higher species richness and abundance of organisms in many
systems (Bartholomew, 2000) including on continental slopes (Cordes et al. in press) by
providing increased niche availability (O’Connor, 1991), increased surface area for
settlement (Heck and Wetstone, 1977) and decreased competition among organisms
(Diehl, 1988). However, the effect of the structural complexity itself cannot be
confounded with the effect of the identity of the particular substratum that is providing
the complexity (McCoy and Bell, 1991). In this case, the positive relationship between
the abundance of primary consumers and the proportion of live corals within
photomosaics indicate that the substrata (here, live L. pertusa as opposed to dead L.
pertusa) is correlated with community structure on these outcrops. This suggests that
species richness is affected by not only the presence of hard substrata, but specifically the
identity of those substrata.
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Previous studies of shallow-water corals have shown that declining live coral
coverage is accompanied by a trophic shift (Johnson, 1995), which was attributed to
fauna using the dead coral as a source of shelter to forage nearby. Live and dead L.
pertusa provide very similar habitat types: both are three-dimensional structures with
smooth surfaces and interstitial spaces that may be used as a resource for both predators
and prey. Henry and Roberts (2007) found higher proportions of filter/suspension
feeders than higher order consumers on deep-water coral mounds in the NE Atlantic,
which they attributed to the presence of the coral framework and the extensive vertical
habitat heterogeneity. L. pertusa corals generally occur in areas with fast current speeds
where particle encounter rates are very high (Thiem et al., 2006), providing an excellent
environment for primary consumers, including the filter and suspension feeders that were
commonly found associated with the presence of live coral in this study. Jonsson (2004)
also found a higher abundance of filter/suspension feeders than predators on coral
mounds, with higher order consumers and scavengers found on coral rubble nearby. This
study lends additional support for the finding that dead corals and rubble on coral
outcrops provide habitat for assemblages that are distinct from those found on live coral
within the same outcrop, as higher abundances of predators may be using the structure as
a shelter from which to hunt or forage.
Lophelia pertusa acts as a foundation species in the Gulf of Mexico. Bruno and
Bertness (2001) modify Dayton’s (1972) definition of a foundation species as one that is
influential, large and has a positive effect on community inhabitants through its presence
and not through its actions. L. pertusa fits this description through its provision of habitat
to assemblages of large megafauna associated with the presence of living coral and the
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three dimensional structure provided by dead coral or coral rubble. The association of
higher order consumers (i.e. predators and scavengers) with dead corals and coral rubble
indicate that the effect of the coral reef goes beyond the presence of the reef itself, and
also may affect the community of organisms in the soft sediment or rubble surrounding
the coral beds.
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Tables and Figures

Table 2.1 Description of areas containing photomosaics. The first two letters of each
area represent the region (GC = Green Canyon and VK = Viosca Knoll) and the numbers
represent the Minerals Management Service lease block number. The species richness
(number of taxa found in each of the study sites divided by the area of the outcrop in the
photomosaic) included all fauna, and the Shannon diversity index (H') and Pielou’s
evenness index (J') were calculated for all organisms that were enumerated in the images.

Study
Site

Area
(m2)

Depth
(m)

Latitude

Longitude

GC185
GC234a
GC234b
GC354
VK826a
VK826b
VK826c
VK826d
VK862

3.3
10.2
11.6
26.5
45.9
11.0
9.9
11.4
26.5

540
509
507
524
465
464
470
459
313

27°35.90' N
27°44.81' N
27°44.81' N
27°35.89’ N
29°09.50’N
29°09.50’N
29°10.21’N
29°10.21’N
29°05.80’N

91°49.60' W
91°13.44' W
91°13.44' W
91°49.60’W
88°01.07’W
88°01.07’W
88°00.72’W
88°00.72’W
88°23.09’W

Areaweighted Shannon
species Diversity
(H')
richness
-2
(# m )
2.14
1.37
1.21
0.49
0.33
0.91
1.01
0.79
0.57

Pielou's
Evenness
(J')

0.76
0.85
1.79
1.71
1.99
1.73
1.74
1.85
1.09

0.47
0.35
0.75
0.71
0.75
0.79
0.79
0.89
0.41
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Table 2.2 Distribution of organisms across photomosaics. The letter ‘p’ indicates that an
organism was present but not enumerated.

Taxa

GC185

GC234a

GC234b

GC354

VK826a

VK826b

7

10

13

61

11

18
19

7

38

20

33

15

2

3

4

16

13

69

614

31

35

10

30

p

p

p

p

1

2

Arthopoda: Crustacea
Bathynectes longispinus

4

Eumunida picta
Munidopsis spp.

29

Odontozona edwardsi
Annelida
Sabellidae sp.
Lamellibrachia luymesi

VK826c

VK826d

VK862

13

17

12

2

30

1

Chordata
Laemonema cf. goodebeanorum
Hoplostethus sp.

23

Urophycis sp.

1

3

3

1

1

Polyprion americanus
Cnidaria
Callogorgia americana

1

Caryophyllia sp.

4

2

50

33

1

Leiopathes spp.
Keratoisis flexibilis
Lophelia pertusa

p

p

15

1

p

p

1

2

1

10

3

5

p

p

P

p

16

2

13

23

4
p

8

Muricides hirta
Cerianthidae sp.

13

2

5

Actinostolidae sp.

284

Hormathiidae sp.

5

Hydroidea spp.

p

31

p

Echinodermata
Comatonia cristata
Echinus sp.
Asteroidea sp. 1

88

20

2

12

4

2

10

1

1

2

Asteroschema sp.

8

1
1

Asteroidea sp. 2
1

Holothuroidea sp.

1

Mollusca: Gastropoda
Coralliophila sp.

1

Porifera
Demospongiae sp. 1

41

Demospongiae sp. 2

1

Hexactinellidae spp.

4

1

4

7

7
6

580
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Figure 2.1 A photomosaic in the Viosca Knoll 862 site. Figure 1a is the completed
photomosaic and Figure 1b is a digitized version of the photomosaic.

a)
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b)
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Figure 2.2 The fish Polyprion americanus was observed at Viosca Knoll 862.
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Figure 2.3 Barcharts of the faunal distributions across different substrata for each
photomosaic. The first bar in each graph represents the percent area covered by each
substratum within a photomosaic location, while the others show the percent distribution
of solitary fauna across substrata. Asterices indicate significant non-random distributions
of solitary fauna across substrata (p<0.05). Only fauna found in numbers greater than 6
were included on the figure.
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Figure 2.4 Cumulative area covered by all substrata across all photomosaics and the
cumulative distribution of solitary organisms across all photomosaics and substrata. Only
solitary fauna that were found in numbers greater than 6 were included on the figure.

Figure 2.5 Multi-dimensional scaling diagram of photomosaics based on the
presence/absence of solitary and colonial fauna. Circled groups contain fauna that are at
least 60% similar to one another.
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Figure 2.6 Shannon diversity index across all of the substrata found within the
photomosaics. Within each boxplot, the horizontal lines indicate the median of the data,
the points indicate the mean, the box represents the interquartile range and the whiskers
indicate the maximum and minimum values of the data. The number of taxa observed on
each substratum is listed above the boxplots.

Figure 2.7 Frequency of organisms within trophic levels at each photomosaic. Black
represents primary consumers, grey represents secondary consumers, and white
represents higher order consumers. Photomosaics are listed in order of increasing
live:dead coral ratio (the value listed above each column), where GC354 has the lowest
live:dead coral ratio, while VK862 has the highest ratio.
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CHAPTER 3
Community composition and temporal change at deep Gulf of Mexico cold seeps
Abstract
Specialized cold seep communities have been known from the Gulf of Mexico
since the mid-1980’s, but only recently has extensive research been carried out on sites at
depths greater than 1000 m. This study uses a combination of imagery and analyses
within a Geographic Information Systems (GIS) framework to examine the composition
of mussel and tubeworm communities at depths between 2200 and 2800 meters in the
Gulf of Mexico, spatial relations among the fauna and changes in these communities over
time. Photomosaics at three discrete seep communities were obtained in 2006 and a
video mosaic of another community was obtained in 1992. Each of these communities
was re-imaged in 2007. In addition, quantitative physical collections were made within
two of the photomosaic sites and used to confirm the identification of megafauna,
quantify the occurrence of smaller and cryptic macrofauna, and allow 1st order
calculations of biomass within the sites. Substrate type had a significant effect on
community composition. Significant associations were identified between live mussels
with anemones, shrimp and sea cucumbers, and between tubeworm aggregations and
Munidopsis sp. crabs and encrusting fauna, indicating that there were differences in the
composition of megafauna associated with adjacent mussel and tubeworm aggregations.
There was little change in the total area colonized by foundation fauna (tubeworms and
mussels) between years at any site. However, there were significant changes in the
positions of mussels, even over periods of a single year at all sites, as well as evidence for
the establishment of new tubeworm aggregations between 1992 and 2007 at one site.
These photomosaics provide data that suggest that environmental conditions can change
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over small spatial and temporal scales and mussels move in response to these changes.
The successional trends are examined and compared to the patterns that have been
documented in shallow (<1000 m depth) Gulf of Mexico seep communities.
Introduction
One of the goals of community ecology is to understand how communities are
organized in time and space. Changes in marine benthic community structure and
composition can result from the combined effects of environmental factors and biological
interactions, including predation, facilitation and competition (Dayton, 1972; Lubchenco
and Menge, 1978; Tanner et al., 1994). Variable physio-chemical factors such as water
chemistry and/or temperature may also strongly influence community structure (Baguley
and Rowe, 2006). However, in regions where environmental conditions are relatively
stable over time, biological interactions in general and facilitation in particular are likely
to play a more important role in structuring communities (Bruno et al., 2003).
Cold seeps, which occur where reduced chemicals emerge from the seafloor at
near ambient temperatures, harbor stable, long-lasting communities on the Upper
Louisiana Slope in the Gulf of Mexico (Bergquist et al., 2002; 2003a & b). Macrofaunal
communities are found at seeps on active and passive continental margins throughout the
world’s oceans (Sibuet and Olu, 1998). Seeps that support symbiont-containing
bathymodiolin mussels or vestimentiferan tubeworms (Phylum Polychaeta, Family
Siboglinidae) range from 80 m in Kagoshima Bay (Miura et al., 2002) to more than 9000
meters in the Kurile Trench (Mironov, 2000).
Seeps were first documented in the Gulf of Mexico from sediment samples with
oil and gas in the late 1970’s (Bernard et al., 1976), and chemosynthetic communities
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associated with these seeps were discovered in the mid-1980’s (Paull et al., 1984; Brooks
et al., 1984; MacDonald et al., 1989). The cold seeps in the Gulf of Mexico at depths less
than 1000 meters are among the most intensively researched in the world. However,
seeps at depths greater than 1000 meters are still being discovered, and have not been as
well studied (Milkov and Sassen, 2003; MacDonald et al., 2003; 2004, Roberts et al.,
2007). Increasing interest in oil and gas reserves in deeper waters has led to increased
scientific study of deeper sites in the Gulf of Mexico. Most of the species present at the
deeper sites are different from those on the Upper Louisiana Slope, and little is known
regarding community development at these sites (Fisher et al., 2007; Cordes et al., 2007;
Cordes et al, this issue).
Ecological succession of cold seep communities on the Upper Louisiana Slope in
the Gulf of Mexico (< 700 m depth) has been described in a model by Bergquist et al.
(2003b) and tested in a study by Cordes et al (2005). Initial seepage of hydrocarbons and
frequently sulfide and brines leads to the development of bacterial mats (dominated by
Beggiatoa-like spp.), as well as increased alkalinity and carbonate precipitation, which
provides substrate for mussel and tubeworm larvae to settle (Aharon and Fu, 2000;
Boetius et al., 2000; Aloisi et al., 2002). The dominant fauna at cold seeps in the Gulf of
Mexico include tubeworms and mussels, which function as facilitators and foundation
fauna for abundant assemblages of associated fauna (Bergquist et al., 2003a, 2005;
Cordes et al., 2005). The combination of methane released into the water column and the
availability of stabilized substrata allow methanotrophic mussels to settle, and an
assemblage of largely endemic (60-100%) fauna that can tolerate potentially toxic water
chemistry at the sediment-water interface recruit to the mussel bed (Bergquist et al.,
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2005). While individual animals can have life spans of at least several decades, mussel
beds could persist for significantly longer, depending on environmental conditions at the
site (Nix et al., 1995). Tubeworms (including Lamellibrachia luymesi and Seepiophila
jonesi) may settle concurrently with mussels, forming aggregations that coexist with and
eventually succeed the mussel communities. A combination of high recruitment for the
first 10 to 30 years, early growth rates of up to 10 cm per year, low mortality rates and
very long life spans enable tubeworms to eventually dominate over mussels in many
environments especially where fluid flow decreases (Bergquist et al., 2002 & 2003b,
Cordes et al., 2003 & 2005). Mussel beds dominated by bathymodiolin mussels provide
habitat with high levels of endemicity and biomass, but low species richness (Bergquist et
al., 2005), while tubeworm aggregations host colonists that may have lower tolerances to
sulfide and hydrocarbons than the original seep-endemic species (Cordes et al., 2005).
As seepage declines in a community, sulfide concentrations in the water decrease,
allowing more background fauna (including those of higher trophic levels) to colonize the
tubeworm aggregations (Bergquist et al., 2003b; Cordes et al., 2005).
In this study, photomosaics of three discrete cold seep megafaunal communities
were obtained in 2006 and repeated in 2007 to examine community-level changes over a
single year. At another site an area covered by a video mosaic in 1992 was re-imaged
and photomosaicked in 2007 to examine longer term changes. These mosaics were used
to characterize the community compositions, identify associations among species, and
document temporal change in the occurrence and distribution of the dominant habitatcreating organisms (including mussels and tubeworms). The patterns of temporal change
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detected between years at all sites were examined to determine if these deep seep
communities follow successional patterns similar to those documented at shallow seeps.
Methods
Site descriptions
Images were collected from 4 locations within 3 seep sites in the Gulf of Mexico
(Table 1). The locations were not randomly selected. The locations were chosen because
the topography allowed the submersible to closely approach the seafloor, they hosted
dense seep macrofaunal communities, and they occurred in sites scheduled for extensive
study (and repeated dives) over the course of the CHEMO III project. The area in
Alaminos Canyon lease block 645 was selected to replicate a video mosaic obtained in
1992.
Two of the photomosaic sites were located approximately 100 meters from one
another in the Atwater Valley lease block 340 (AT-340) at 2200 m depth. This region
consists of a bathymetric high with three mounded areas on the eastern edge of the
Mississippi Canyon along its transition from a canyon to a submarine fan. Abundant
mussel shells are embedded in extensive hardgrounds that result from authigenic
carbonate precipitation. Scattered around the carbonate blocks and pavements are living
mussel beds and tubeworm colonies, patches of sediment with occasional aggregations of
the spatangid urchin Sarsiaster griegii, a few soft corals, and other sparsely distributed
organisms, such as holothurians and benthic fishes. One of the photomosaics is of a long
series of small mussel aggregations in soft sediment along an apparent brine seepage area
over a fault in the underlying carbonate rock (Mussel Brick Road (MBR) site), and the
other is a large, densely packed mussel bed surrounded by carbonate boulders (Big
Mussel Bed (BMB) site).
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The site in Alaminos Canyon lease block 818 (AC-818) is in 2750 m of seawater.
A well-established chemosynthetic community found along a north-south trending linear
feature was photomosaicked in its entirety and consists of small mussel and tubeworm
aggregations, spatangid urchins, and Sclerolinum sp. pogonophorans, surrounded by
stained sediment and occasional disarticulated clam shells.
The site in Alaminos Canyon lease block 645 (AC-645) lies on a low ridge that
trends east to west with topographic highs at the eastern and at the western edge (Brooks
et al., 1990). Tubeworms are found in abundant clusters of hundreds to thousands of
individuals over much of the site. Mussel beds are present along cracks in the carbonate
rock and adjacent to carbonate boulders. Holothuroids and soft corals are abundant near
the tubeworms and mussels. The area mosaicked at this site consists of a mixed mussel
and tubeworm community, with scattered urchins and stained sediment nearby.
Image collection and analysis
All imagery from 2006 and 2007 was collected using a Nikon E995 camera
encased in a pressure-safe housing and mounted on the submersible (DSV Alvin in 2006,
ROV Jason in 2007) perpendicular to the sea floor. Illumination was from a pair of 300
watt/sec strobe lamps. The submersible was maneuvered over the selected areas to
collect a series of adjacent strips of images. The images within each line and the lines
within the photomosaic overlapped one another by at least 20%. Parallel lasers were
spaced 25 centimeters apart and used to provide a scale reference. The images were
optimized using Photoshop CS2 auto level, auto color and auto contrast settings to
maximize image clarity and minimize contrast and exposure differences among images.
Optimized images were then assembled into photomosaics using a MATLAB application
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that seamlessly blends the overlapping edges of the images together to produce a
composite image of the entire community (Figure 3.1, Figure 3.2 a, b) (Pizarro and
Singh, 2003). All photomosaics are available as supplemental material.
Each image was associated with geographic coordinates that were collected by the
submersible in one-second intervals. These coordinates were used to georeference the
photomosaic in a geographic information system (GIS) using ArcGIS v 9.1 with a
projected coordinate system in WGS 1984. Each of the individual high-resolution
images was hyperlinked to the photomosaic. The original images have resolution
sufficient to identify organisms and objects greater than 2 centimeters in size and were
referenced to identify and digitize fauna and abiotic substrata. Sediment, bacterial mats,
small (<3 cm) and large (>3cm) mussels, crushed shells, tubeworms, mixed substrate,
anthropogenic debris and carbonate rock and rubble were digitized as polygons in
ArcGIS and were analyzed as potential habitat sources (substrata) for solitary organisms
(Table 3.2, Figure 3.2 c, d). Solitary or mobile fauna, including arthropods, fishes,
anemones, gastropods, and echinoderms were digitized as points (Figure 3.2e, f). All
fauna were identified to the lowest possible taxonomic level. The area covered by each
of the substrata was obtained from the GIS and location-based queries were used to
determine the distribution of the solitary fauna across each of the substrata. To examine
changes in these communities between years, the feature classes that had been digitized
on to the photomosaics in 2007 were superimposed onto the digitized polygons from
2006 (or 1992, in the case of AC-645). The amount of overlap from one feature class to
another was determined using the Intersect tool in ArcGIS.
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AC-645 was the site of earlier explorations in 1992 during which several markers
were placed on the seafloor at a mixed mussel and tubeworm community. A video
mosaic was obtained in 1992 that included several of these markers. This same area of
the site was relocated in 2006 and photomosaicked in 2007 to enable a long-term analysis
of temporal change in the community. Because the 1992 video mosaic lacked sufficient
resolution to identify individual organisms, only the substrata were digitized in this data
set.
Physical faunal collections
Three mussel collections from the AT-340 Big Mussel Bed site and three from the
AC-818 site were obtained using a modified “mussel pot” device (Van Dover, 2002,
Cordes et al., this issue) to ground truth the images, provide data on abundance and
biomass of smaller and cryptic species, and allow estimates of biomass in these
communities. The mussel pots collected a 26 cm diameter portion of the community and
released a ring that allowed visual confirmation that the collection was complete within
the device’s footprint. One tubeworm aggregation was also collected from each of these
sites after the photomosaics were obtained during the June 2007 cruise. These
community collections were obtained using the Bushmaster Jr. collection device, which
is a hydraulically actuated net lined with 63 μm mesh capable of enclosing and collecting
entire aggregations without loss of fauna (Urcuyo et al., 2003; Bergquist et al., 2003a,
Cordes et al., 2005). The spatial footprint of these collections was determined from
photomosaic images of the collected aggregations, obtained shortly before the
collections. All collections were videotaped, and mussels and tubeworms were counted,
identified and weighed on board the ship.
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First order estimates of biomass for the portion of the photomosaic sites
dominated by tubeworms and mussels were calculated from the biomass per unit area
from the mussel pot and bushmaster collections and the amount of area occupied by
mussels and tubeworms at that site.
Statistical analyses
Similarity in community composition between photomosaic sites and between
years were calculated using the Bray-Curtis similarity index in Primer v5 with
presence/absence transformations in order to permit analysis of both solitary and
aggregated fauna (Cordes et al., 2006 and references therein). Non-metric multidimensional scaling (nMDS) ordination and average linkage cluster analyses were used
to examine similarities among community compositions of the photomosaic sites.
Analysis of similarity (ANOSIM) tests using Bray-Curtis similarity index data with
presence/absence transformations were used to test for significant differences in
community composition between the same photomosaic site during two consecutive
years, among different photomosaic sites, and among different substrata within
photomosaic sites. A BIO-ENV analysis was used to further examine the data to
determine which species contributed most to differences in community compositions.
Chi-square analyses tested whether there were significant associations between point
fauna and substrata within photomosaics sites.
Results and discussion
Community compositions across sites
Collections from the AT-340 and AC-818 sites contained both Bathymodiolus
brooksi and Bathymodiolus heckerae. B. brooksi was the only mussel present in the 3
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mussel pots taken within the BMB site in AT-340 but other collections in the general
region at AT-340 also included B. heckerae. The mussel pot collections taken within the
mosaicked area in AC818 contained primarily B. brooksi with a single individual of B.
heckerae, and two other collections from the same site contained two more individuals of
B. heckerae. At AC-645, there were no collections made from within the photomosaic;
however, collections made from other locations within the site contained both B. brooksi
and Bathymodiolus childressi.
Tubeworm aggregations were present at each site except for the Mussel Brick
Road site at Atwater Valley 340. The identity of the tubeworm species could not be
resolved in the images. Although Escarpia laminata and Lamellibrachia spp. are known
from AT-340 and AC-645, only E. laminata was present in the collection from the
photomosaic site in AT-340 (no tubeworms were collected from the area mosaicked in
AC-645) (Table 4). E. laminata was the only vestimentiferan collected from any location
in AC818 and is the only species confirmed in the Gulf of Mexico at depths below 2,300
m. (Cordes et al., in press; Miglietta et al., in press).
Every photomosaic site hosted Munidopsis spp. crabs, the sea cucumber
Chirodota heheva, and a small white anemone (Table 3.3). C. heheva was more
abundant at the Alaminos Canyon sites than in the Atwater Valley sites, while the small
white anemone was much more abundant at Atwater Valley than at Alaminos Canyon.
The spatangid urchin Sarsiaster griegii and the sea star Ampheraster alaminos were both
abundant at the photomosaic sites at Alaminos Canyon, but were not observed at the
photomosaic sites at Atwater Valley. In addition, a large flytrap anemone was observed
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at both Alaminos Canyon sites, but was missing from the Atwater Valley photomosaics
(Table 3.3).
Analyses using nMDS ordination showed a separation of community
compositions by photomosaic site (Figure 3.5), which was also supported with an
ANOSIM analysis that found significant differences in community compositions (global
R = 0.297, p = 0.001) . Specifically, there were significant differences between the Big
Mussel Bed site at AT-340 and every other site (Mussel Brick Road r = 0.326, p = 0.001;
AC-645 site r = 0.537, p = 0.002; AC-818 site r = 0.431, p = 0.001), as well as significant
differences between AC-818 and the Mussel Brick Road site (r =0.168, p = 0.009).
Although depth may play a role in the differences between AC-818 and some of the other
sites, this is unlikely as there was there was no significant difference between the two
Alaminos Canyon sites (r = 0.161, p = 0.157) and the others are at a similar depth to AC645. BIO-ENV analyses indicated that this separation was primarily due to the presence
of Munidopsis spp. crabs, the sea cucumber C. heheva, and the large number of anemones
present at the Atwater Valley 340 sites.
The communities associated with different substrata within photomosaics were
more similar to each other than to communities on the same substrata across all
photomosaic sites. Substrate type, however, did have a significant influence on
community composition (ANOSIM, Global R = 0.227, p = 0.001). Pairwise tests
indicated that significant differences in community compositions existed only between
large mussels and sediment after Bonferroni corrections of significance levels (r = 0.392,
p = 0.006). However, there were also strong trends supporting differences between the
faunal assemblages on small mussels and large mussels (r = 0.446, p = 0.009) and small
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mussels and dead mussels, (r = 0.372, p = 0.01), between bacterial mats and large
mussels (r = 0.792, p = 0.008), and between bacterial mat and carbonate rock or rubble (r
= 0.211, p = 0.008).
Chi-square analyses indicated that many of the fauna associated with these seeps
were non-randomly distributed across the available substrata and that there were positive
associations between certain organisms and particular foundation fauna and substrata
(Figure 3.3 & 3.4). In particular, A. muricola shrimp had a significant association with
large mussels (p < 0.001), C. heheva was usually found associated with either live or
dead mussels (p < 0.001), white anemones were found strongly associated with living
mussels (p < 0.001) and S. griegii and A. alaminos were both found associated with the
sediment surrounding the hard substrata (p < 0.001).
Both the large-scale differences between sites and regions and the small scales
patterns in animal distributions within a site could in part reflect differences in abiotic
factors such as reduced chemicals in the water column or substrate availability. Variation
in abiotic habitat characteristics has been shown to lead to a patchy distribution of
community types, where only a limited part of the species pool (which includes all of the
species potentially capable of existing in a community (Eriksson, 1993)) is adapted to the
local abiotic conditions (Caley and Schluter, 1997; Zobel et al., 1998). The presence of
abundant small mussels at both the AT-340 sites (but not at the AC-818 or AC-645 sites)
indicate an early successional stage at sites of active seepage, where access by many taxa
may be limited by exposure to seep fluid in the epibenthic water (Berquist et al., 2003;
Cordes et al., 2005). Olu et al. (2007) suggest that environmental characteristics
including methane and oxygen concentrations affected community composition at the
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whole site level, and Vanreusel et al. (2009) suggest that habitat heterogeneity and
general bottom topography could also affect species composition within regions. Patterns
in species associations could also result from biotic interactions, such as available food
sources, facilitation or chemical cues from other species. For example, Dattagupta et al.
(2007) found that Bathynerita naticoidea gastropods, which are often associated with
bathymodiolin mussels at shallow seeps, respond to chemical cues exuded by
bathymodiolin mussels themselves, and not chemical cues in the seep fluid such as
methane.
Physical faunal collections
Physical faunal collections from two of the photomosaic sites confirmed the
identity of the major megafauna at these sites. In addition, the collections added data
regarding the components of the community that cannot be sampled using photography of
the surface of the community alone. The images used for compilation of these
photomosaics were limited in that they could only observe organisms which are larger
than approximately 2 cm and visible from above; however, they provide an opportunity
to examine the composition, structure and temporal change of megafaunal communities
over a larger scale than is possible using physical collections, without damaging the
community.
Physical collections revealed the presence of many species which were not visible
in the images. Some of these species include those that nestle underneath mussels, such
as ophiuroids, polychaetes and gastropods, commensal species such as the polychaete
Branchipolynoe seepensis, or Protomystides sp., and small or cryptic organisms, such as
nematodes, amphipods and hydroids (Table 3.4). Species not present in physical
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collections but documented in the photomosaics included rare or large megafauna, such
as fishes and large anemones, and organisms that are found near but not in the mussel
beds and tubeworm aggregations, such as the heart urchins Sarsiaster griegii, and the sea
star Ampheraster alaminos.
Tubeworm aggregations and associated communities collected on the Upper
Louisiana Slope using the same equipment had higher biomass (when standardized to
their areal footprint) than the tubeworm communities collected within these photomosaics
(Bergquist et al., 2003a). Tubeworm communities collected for this study had AFDW
biomasses of 0.44 and 0.52 kg·m-2, while communities on the upper slope ranged from
1.73 to 13.1 kg·m-2kg. However, the fauna associated with the tubeworms collected for
this study accounted for similar proportions of the total community biomass reported
from the collections on the upper slope (Bergquist et al., 2003a). The associated fauna
accounted for between 4.4 and 5.5 % of the total community biomass at these sites, while
these values ranged from 0.06 to 15% of the total community biomass in the upper slope
collections. This suggests that despite the fact that the vestimentiferan assemblages on
the lower slope appear less dense and were composed of largely different species (Cordes
et al., this issue) the general biomass relations between the foundation fauna and their
associates remains approximately the same.
The community biomass calculated from the mussel pot collections was
substantially higher than the tubeworm community biomass from the same sites. The
mussel community biomass in the photomosaic sites ranged from 0.87 kg·m-2 to 1.5
kg·m2, within the range reported for mussel beds on the Upper Louisiana slope (0.83
kg·m-2 to 3.06 kg·m-2) (Bergquist et al., 2005). The AFDW biomass of the associated
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community was also within the range of other lower slope Gulf of Mexico cold seep
communities (2-201 g/AFDW/m2) (Cordes et al., 2007) and upper slope Gulf of Mexico
cold seep communities (2-206 g/AFDW/m2). Cordes et al. (2007) suggests that the deep
and shallow seep communities provides a food supply that does not decrease with depth,
which explains why there is the biomass associated with mussel beds does not decline
with depth as has been observed in background communities (Pequegnat et al., 1990).
Physical collections were also used to determine a first-order estimate of the ashfree dry weight (AFDW) biomass of the mussels, tubeworms and associated fauna at the
scale of a seep community. This estimate ignores other seep fauna not directly associated
with the tubeworms and mussel beds, and the larger mobile megafauna not physically
collected, and will vary widely depending on the composition and density of seep
megafauna and the boundaries used for a working definition of a seep community. The
two communities for which we have physical collections that enable us to make this
calculation represent reasonable examples of deep slope mussel and tubeworm
communities, as the AT-340 BMB site is densely covered with mussels and tubeworms,
while the AC818 photomosaic site covers an area with more dispersed tubeworm and
mussel aggregations. In the area covered by the AT-340 BMB site, the megafaunal
biomass is about 1.28 kg AFDW·m-2 and in the area covered by the AC-818 photomosaic
it is approximately 0.18 kg AFDW·m-2. These values are 4-5 orders of magnitude higher
than typical deep sea sediment benthos (Hashimoto et al., 1989, Thurston et al., 1994,
Lavaleye et al., 2002) and 2-3 times higher than deepwater coral community biomass
(Theroux and Wigley, 1998).
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Temporal change
An ANOSIM based on the presence/absence transformed Bray-Curtis similarity
of community composition across sites indicated no change over the course of one year at
the site in AC-818 (Global R = -0.068, p = 0.824) or at the AT-340 BMB site (Global R =
0.101, p = 0.174). There were, however, significant changes at the MBR site in AT-340
(Global R = 0.349, p = 0.035). There were also visible changes in the extent of the areal
coverage and the locations of the different foundation fauna and other substrata over time
at each site (Figures 3.6 and 3.7).
AT-340 MBR photomosaic site
The AT-340 MBR photomosaic site covered an area with numerous patches of
mussels aligned in a roughly linear array associated with apparently active brine seepage
originating from a fault in the underlying authigenic carbonate pavements. There were
several patchy bacterial mats in the photomosaic, and there were no tubeworms. Over the
course of one year, the area occupied by both small and large mussels increased,
suggesting that recruitment and mussel growth was in progress at this site (Figure 3.6a).
The amount of area covered by hard substrata including carbonate rock and rubble also
increased over the course of one year, while the area covered by sediment decreased. It is
possible that authigenic carbonate precipitation was also ongoing and may provide
additional suitable habitat for organisms that require hard substrate on which to settle
(Figure 3.6a), or that a light layer of sediment covered the existing underlying carbonate
in 2006. There were also noticeable changes in the distribution of mussels, suggesting
that the mussels at this site were moving to seek optimal habitat in this actively seeping
area within AT-340 (Figure 3.7). Shallow-water mussels, especially juveniles, but also
adults, have been shown to move in response to environmental conditions such as wave
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actions or response to small-scale food availability (Toomey et al., 2002; Hunt and
Scheibling, 2002). The composition of this community and these changes are all
consistent with a seep community in an early successional stage as described by
Bergquist et al (2003b) and Cordes et al (2005) for seep sites on the Upper Louisiana
Slope.
AT-340 BMB photomosaic site
At the AT-340 BMB site, there were large, live aggregations of both mussels and
tubeworms interspersed with exposed carbonate hard substrate. Many of the mussels and
tubeworms at this site hosted encrusting organisms on their shells or tubes, including
large numbers of anemones on the mussel shells and hydroids and stoloniferans on
tubeworms. Over the course of one year, there was a slight decrease in the area covered
by live mussels, and a corresponding increase in the area covered by dead mussels
(Figure 3.6b). Tubeworm areal coverage remained stable, and the area covered by hard
substrata such as carbonate rock and rubble also showed little change (Figures 3.6b and
3.7). The increase in the area of surrounding sediment suggests that seepage was
decreasing and that mussels were aggregating towards sources of optimum habitat,
leaving behind dead shells and scattered rubble. The few bacterial mats present in 2006
were not present in 2007. This is also consistent with a decrease in seepage, but
alternatively could simply reflect the ephemeral nature of visible bacterial mats at active
seep sites (Vardaro et al., 2006). Nonetheless, the composition of this community and the
changes observed over a single year are consistent with a seep community at a mid-level
successional stage, with thriving tubeworm and mussel aggregations and a mix of seep
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colonists and vagrants (Table 3.3, Figure 3.4) (Bergquist et al., 2003b; Cordes et al.,
2005).
AC-818 photomosaic site
The seep megafaunal community at AC-818 is, like the MBR at AT-340, located
over a shallow subsurface fault. The presence of bacterial mats, mussels and nearby
Sarsiaster griegii heart urchins in highly reduced sediments indicates active seepage at
this site. However, unlike the MBR at AT-340, there were also several medium sized
tubeworm aggregations present in this area (Figure 3.6c). At AC-818, there was little
change in areal coverage of foundation fauna, with none of the substrata changing in area
by more than 2% over the course of one year (Figure 3.6c). There was easily detectable
movement of the mussels and between 30 and 40% of the area covered by large and small
mussels were replaced by dead mussel shells (Figure 3.7). Approximately 40% of the
area covered by dead mussels in 2006 remained dead mussels, while the rest was
replaced by sediment or rubble in 2007 (Figure 3.7). Bacterial mats were transient, and
abundant bacterial mats that had been present in 2006 had disappeared and new mats had
appeared on the sediment surrounding the seep site, a process which has been shown to
occur over the span of hours, and is influenced by currents and the ability of mats to grow
and retreat (Sassen et al., 1993, Vardaro et al., 2006). Assuming similar rates of growth
and successional processes in these communities and those of the upper slope, the
community composition and the movement of mussels and bacterial mats suggest that
seep megafauna have been established in this area for at least several decades and that
there is still quite active localized seepage here. This community is likely intermediate in
age to the two communities studied in AT-340.
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AC-645 photomosaic site
The seep area in AC-645 was first discovered using the Alvin in 1990 (Brooks et
al., 1990) and CRF was present during a dive to the site. It was revisited in 1992 and
again in 2003 (Cordes et al., 2009), 2006 (Roberts et al., 2007), and 2007, and some of
the authors were present during each of these research expeditions. Abundant large
carbonate slabs and boulders, large tubeworm aggregations, extensive live mussel beds
and areas with disarticulated shells were noted during each visit, and large gorgonian
colonies were noted in the peripheral area during the visits after 2000 (and may have
been present but were not noted in earlier visits). During one of the last dives of the 2006
series, several markers originally placed to aid a video mosaic effort in 1992 were found
and this location was re-visted for the photomosaic in 2007. Only 37% of the total area
of the 2007 photomosaic consisted of the same substrata that were present in 1992
(Figure 3.7). Live mussels covered approximately 9% less area in 2007 than they did in
1992, and tubeworms covered nearly twice the area in 2007 compared to 1992, increasing
in area from 1.8 m2 to 2.9 m2 (Figure 3.6d). After 15 years, 50% of the original area
covered by mussels still consisted of large mussels, and the remainder of the area
originally covered by live mussels was covered by dead mussels or had been colonized
by tubeworms (Figure 3.7). Much of the area covered by small mussels was replaced by
large mussels, while some large mussels had died or moved away, leaving behind bare
patches of carbonate rock (Figure 3.7).
However, some areas that had been covered by dead mussels had new populations
of small mussels, or isolated large mussels. While approximately 40% of the area
covered by tubeworms in 1992 remained tubeworms, most of the remaining area had
become colonized by both large and small mussels (Figure 3.7). Also, by 2007 new
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tubeworm aggregations had developed in areas that had been covered by sediment,
carbonate rock or rubble in 1992. These changes suggest renewed or redirected active
seepage in some areas covered by the mosaic that allowed small mussels and tubeworms
to recruit to areas that were previously uninhabitable for species reliant on exposure to
significant concentrations of reduced chemicals. These changes are consistent with the
predictions modeled by Bergquist et al (2003b) and Cordes et al (2005), however, this
remains a dynamic site, and these observations emphasize both the small-scale variability
that characterizes seep habitats and the potential longevity of both seep sites and seep
megafauna.
General comments
Changes in the areal coverage of each of the substrata from one year to the next
were apparent in the mosaic analysis (Figure 3.7). These changes are especially notable
in the position of live mussels and the recruitment of small mussels to locations where
they were not observed the previous year. Replacement by other substrata in 2007 where
there were live mussels in 2006 could be a result of mussel mortality, particularly in the
sites with evidence of decreasing seepage (such as the AT-340 BMB site). Mussel
movement or mortality could reflect a change in the chemistry at different locations in the
site, or changes in seepage flow (Behrens, 1988; Roberts, 1990). The presence of seep
chemicals is patchy, both within and among tubeworm and mussel aggregations (Nix et
al., 1995; Bergquist et al., 2003b; Cordes et al., 2006). The movement of the mussels
from one year to another suggests that the mussels are adjusting to a dynamic
environment as the seepage patterns change on over small spatial scales from year to
year.
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It is important to note that most of the apparent changes in the specific areas
covered by tubeworms over one year periods are an artifact of the use of photomosaics as
a sampling tool. Tubeworms are digitized onto the two-dimensional map according to
their apparent position over a substrate, and these animals are over 0.5 m long. The
position of individual tubeworms in the images can appear different between years as a
result of slight changes in its orientation or as a result of currents or other factors or even
slight changes in camera elevation and camera angle between years. As a result, the
analysis may indicate replacement by whatever was underneath the tubeworm, usually by
sediment or carbonate rock or rubble even though the tubeworms have not really moved,
died or grown. This was not the case for the tubeworm aggregations at the AC-645 site,
where entirely new aggregations of tubeworms have developed and other (perhaps
senescent) tubeworms have disappeared over the course of fifteen years. Mussels that
replaced tubeworms at AC-645 may have been present underneath the tubeworms but not
visible in the images, or they may have settled in that vicinity in response to positive
environmental conditions.
Seep community succession as modeled by Bergquist et al (2003b) and tested by
Cordes et al (2005) suggests that there is a general trend from bacterial mats on newly
emerging seep sites, to authigenic rock formation that allows for mussel colonization, to
declining sulfide seepage, increasing dominance of tubeworms, and eventually to
senescent tubeworm colonies and death. At these deeper sites, as at the shallower seeps,
it appears as though these general trends hold true over long time scales at sites where
there is authigenic carbonate precipitation. However, over shorter time scales, our
analyses suggest that these communities undergo fluctuating phases of foundation fauna
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recruitment, substrate availability, and colonization by mobile fauna. In addition, some
seep sites never progress through this general trend because of the lack of authigenic
carbonate rock formation for larval settlement and growth. For example, the Brine Pool
(NR1), which is a brine-filled pockmark surrounded between 3 to 7 meters of dense
mussels, has been postulated to be at least several hundred years old (Smith et al., 2000)
and consists only of live and dead mussels with no tubeworms or carbonate. Bergquist
et al. (2003b) suggested that due to the extremely long life span of the major foundation
fauna at these sites, succession or temporal changes cannot be directly observed from
these communities. At these sites, the replacement of one major substratum with another
suggests that small scale changes within seeps occur more quickly than we anticipated.
The frequency of these changes suggests that the strongest influences on community
structure and composition are the abiotic influences of chemical seepage and the
provision of habitat and hard substrata by the mussels and tubeworms for mobile fauna.
In order to fully understand the dynamics of seep community composition and
succession, it may be necessary to revisit sites more frequently or establish continuous
observatories to resolve these rapid smaller scale changes.
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Figures and tables
Table 3.1 Photomosaic designations, locations and areal extents.
Site
AT-340b (MBR)
AT-340a (BMB)
AC-818
AC-645

Area (m2)
93.9
109.5
104.0
23.4

Depth
2175
2200
2740
2240

Latitude
27° 38' 46.8378"
27° 38' 42.252"
26° 10' 49.0872"
26° 21' 16.1418"

Longitude
-88° 22' 13.3458"
-88° 21' 50.3208"
-94° 37' 23.1024"
-94° 29' 48.1338"

Table 3.2 Description of substrata classifications. Nine different classes were defined.
Substrata Classifications
Large mussels
Small mussels
Disarticulated or crushed
shells
Tubeworms
Carbonate rock and rubble
Sediment
Bacterial mat
Mixed substrata
Anthropogenic debris

Description
Large (>3 cm) Bathymodiolus sp. mussels
Small (<3 cm) Bathymodiolus sp. mussels
Open, empty mussel shells or white shell hash
Lamellibrachia spp. or Escarpia laminata.
tubeworms
Bare, hard authigenic carbonate rocks or boulders,
or isolated pieces of carbonate rock surrounded by
sediment
Includes undisturbed, bare sediment, animal trails,
and black stained sediment
White and red Beggiatoa-like spp. mats
Difficult to differentiate clusters of tubeworms,
large, small and dead mussels, carbonate rock and
rubble
Including fishing line, bags, nets, and wire
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Table 3.3 Abundance of the taxa observed in the photomosaics over different years. The
area of the photomosaic site is listed for each column in m2. The designation ‘p’
indicates that a taxa was present but not enumerated.

AT-340
MBR 2006

AT-340
MBR 2007

AT-340
BMB 2006

AT-340
BMB 2007

AC-818
2006

AC-818
2007

AC-645
1992

AC-645
2007

93.9

93.9

109.2

109.2

104

104

23.4

23.4

Alvinocaris muricola

10

11

165

67

Munidopsis sp. (large)

15

21

28

8

Munidopsis sp. (small)

31

30

37

59

p

p

Taxa
Arthopoda: Crustacea

27

255

140

p

P

34

Annelida
Sabellidae spp.

5

Siboglinidae spp.

p

p

Chordata
Macrouridae sp.

2

Unidentified fish sp. 1

3

3

1

5

Cnidaria
White anemone

9

26

2828

2435

Flytrap anemone
Red anemone

37

10

3

76

10

30

46

16

2

8

1

10

Echinodermata
231

237

Sarsiaster griegii

110

67

Ampheraster alaminos

35

42

Chirodota heheva

129

133

12

Mollusca: Bivalvia
Bathymodiolus spp.
Bathymodiolus brooksi
Bathymodiolus
heckerae

p
p

p

p

P

p

p

p

p

p

P

p

p

p
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Table 3.4 Abundance (in numbers of individuals) and biomass of foundation and
associated fauna collected within each mussel pot (mp) and bushmaster (bm) at the AT340 Big Mussel Bed site and the AC-818 site. The designation ‘p’ indicates a taxa was
present but not enumerated, and the designation ‘AF biomass’ indicates biomass
calculated using ash-free dry weights.
Site
Sample
dive

AT340

AT-340

AT340

AT340

AC818

AC818

AC818

AC818

mp

bm

mp1

mp2

mp1

mp2

bm

mp

J2-276

J2-276

J2-277

J2-277

J2-282

J2-282

J2-282

J2-284

4

24

2

4

7

3

100

21

Cnidaria
Anemone spp.

1

Hydroidea spp.

p

Stolonifera spp.

p

Nematodes
nematode spp.
Nemertea
nemertean sp.

2

1

Sipunculida
Phascolosoma sp.

3

1

Annelida
Polychaetea
Ampharetidae sp.
Ampeliscidae sp.
Branchinotogluma sp.

1
3

5

2

2

3
1

Branchipolynoe seepensis
Capitella sp.
Escarpia laminata

5
9
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Eurythoe sp.

158
242

Flabelligeridae sp.

21
2

1

Glycera sp.
Harmothoe sp.
Heteromastus sp.

7

1

1
1

2

3

1

5
10

Hesciocaeca methanicola

3

2

Lumbinereis sp.

1

Nicomache sp.

1

1

Oligobrachia sp.
Protomystides sp.
Prionospio sp.

2
56

73
2

6

1

Mollusca
Gastropoda
Emarginula sp.
Phymorhynchus sp.

1
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Puncturella sp.

2

Bathymodiolus brooksi

30

Bivalvia
8

7

9

Bathymodiolus heckerae
Bathymodiolus sp.

15

7

1

1

2

Cuspidaria sp.

19

Arthropoda
Crustacea
Alvinocaris muricola

32

25

39

13

15

Amphipoda spp.

1

1

148

2

1

33

Isopoda spp.

21

11

2

1

38

Munidopsis sp.

1

3

Echinodermata
Ophiuroidea
Ophioctenella acies

221

1

452

633

10

Ophienigma spinilimbatum

10

108

3

2

27

61

4

3

8

2

Holothuroidea
Chirodota sp.

1

6

2

Chordata
Unid fish
AF biomass of
associated fauna

1
2.1

9.3

29.9

6.8

5

4

8.3

2.7

AF biomass of foundation fauna

189.1

203.9

213.3

223.8

196.7

270.9

141.7

185.2

Total Biomass (g)

191.2

213.2

243.2

230.6

201.7

274.9

150

187.9

Percent biomass foundation fauna

98.9

95.6

87.7

97

97.5

98.6

94.5

98.6

Area covered by mussels/tubeworms (m)

32.6

4.4

32.6

32.6

3.7

3.7

7.5

3.7

Foundation fauna biomass per meter (g/m2)
Total estimated biomass at site (g)

3562.7

522.4

4019.8

4216.2

3706

5104.6

442

3489.3

116060.1

2321.8

130948.5

137347.7

13852

19079.2

3322.5

13041.7
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Figure 3.1 Photomosaic (109.5 m2) of seep community at the AT-340 BMB in 2007,
where the inset gives an example of a high resolution image used to identify organisms in
the images. The yellow outline represents the area where images were obtained in both
years.
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Figure 3.2 a, b) Photomosaics from 2006 and 2007, respectively. The yellow outline
represents the area where images were obtained in both years. c, d) Photomosaics that
have been digitized according to the feature classes described in Table 2 from 2006 and
2007 respectively. e, f) Digitized photomosaics with point features added to the polygon
feature classes.
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Figure 3.3 Distribution of solitary fauna across each substratum. The area covered by
each substratum is shown in the first column. Two additional solitary fauna, not seen in
2006, were observed in 2007.
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Figure 3.4 Percent distribution of solitary fauna (in numbers greater than 6) and its
distribution across various substrata at AC-818 and the two AT-340 sites for both years.
Any substrata without any solitary fauna were not included in the figure.
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Figure 3.5 nMDS plot of the photomosaic sites, based on Bray Curtis similarity with a
presence/absence transformation of all of the organisms found within that site, including
the foundation fauna. Circles represent sites that have greater than 75% similarity based
on an average linkage cluster analysis of the same data.
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Figure 3.6 Area of substrata cover for each photomosaic site in 2006 or 1992 and 2007;
a) includes data from the Mussel Brick Road site at AT-340, b) includes data from the
Big Mussel Bed site at AT-340, c) includes data from AC-818, and d) includes data from
AC-645.
AT-340- MBR
35
30

Area (m2)

25
20

2006
2007

c
15
10
5
0
Large mussels

Small mussels

Crushed shells

Rock and rubble

Bacterial mat

Sediment

a)

AT-340- BMB
35
30

Area (m2)

25
20

2006
2007

15
10
5
0
Large mussels Small mussels Crushed shells

Tubeworms

Rock and
rubble

Mixed substrate Bacterial mat

Sediment

b)

104

AC-818
70
60

Area (m2)

50
40

2006
2007

30
20
10
0
Large mussels

Small mussels

Crushed shells

Tubeworms

Rock and rubble

Bacterial mat

Sediment

c)
AC-645
14
12

Area (m2)

10
8

1992
2007

6
4
2
0
Large mussels

Small mussels

Crushed shells

Tubeworms

Rock and rubble

Sediment

d)

105

Figure 3.7. Percent transition from substrata cover in 2006 or 1992 to substrata cover in
2007 for a) the Mussel Brick Road site at AT-340, b) the Big Mussel Bed site at AT-340,
c) the AC-818 site, and d) the AC-645 site.
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CHAPTER 4
Urchin bioturbation mediates sediment infauna ecology in deep Gulf of Mexico seep
sediments
Abstract
Aggregations of the spatangoid urchin Sarsiaster griegii inhabit sediments with
high concentrations of methane, sulfide and dissolved inorganic carbon in the deep Gulf
of Mexico (GoM), and stable isotope analyses revealed a strong seep signature in urchin
tissues. In this study, we analyzed infauna communities within burrowing urchin trails,
underneath urchins, and in undisturbed sediments to evaluate the effect of urchin activity
on these seep communities. In addition, we performed a manipulative experiment in
which we used an artificial urchin to mimic the motion of a burrowing urchin and
examine the role of physical disturbance alone on the infauna community. We found that
within the area of urchin aggregations, sediment infaunal abundances were low (65-282
individuals per 10 cm3 in surface sediments (0-2 cm depth) and 21-173 individuals per 10
cm3 in deeper sediments (2-5 cm)). Nevertheless, urchin-bioturbated sediments hosted
communities with higher nematode abundances and different community compositions
than undisturbed sediments. The infauna community in sediments disturbed by the
artificial urchin was not different than the community in undisturbed sediments. These
data suggested that urchin influence extended beyond physical disturbance of the
sediment, and that urchins may enrich the local environment by supplying an organic
resource to the sediment. We suggest that within urchin aggregations, urchin activity
stimulated a complex cycle that effectively increased bacterial and meiofaunal
populations, which are themselves food resources for the urchins. Still urchins have
enough energy resources in their immediate surroundings to allow them to remain in the
same position. In both cases, urchin activity influenced sediment infauna community
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composition, structure and function, and contributed to high spatial heterogeneity in deep
seep sediments.
Introduction
High species diversity in the deep sea along continental margins has been
observed since the 1960’s (Hessler and Sanders, 1967). Reasons for this high diversity
range from Sanders’ 1958 theory of niche specialization in a stable environment, to more
recent speculation that has focused on the role of habitat heterogeneity, or patchiness
(Grassle and Sanders, 1973; Jumars 1976; Levin et al., 2001; Olafsson 2003 and refs
therein, Levin et al., 2010). An important source of habitat heterogeneity and patchiness
is disturbance, which is commonly defined as a discrete event that changes resources,
substratum availability or the physical environment, and disrupts ecosystem, community
or population structure (sensu Picket and White 1985). Thus, disturbances include both
environmental disturbances such as currents or benthic storms, as well as biologically
mediated disturbances, such as bioturbation. The importance of disturbance as an
influence on communities varies with the composition of the surrounding community, the
frequency and strength of the disturbance, and in the case of bioturbation, on the
distribution and abundance of the disturber. Disturbances reduce resource competition
and decrease competitive exclusion between members of the same functional group,
potentially freeing up resources that enable species to migrate into the disturbed area
(Hutchinson, 1961; Connell, 1978; Dayton, 1971). In the deep sea, physical stresses as a
result of tides, sediment instability, and changes in salinity and temperature are lower
than in shallow or intertidal waters, and as a result, bioturbation and interspecific
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interactions such as predation may have a strong influence on sediment infauna
communities in the deep sea (Etter and Mullineaux, 2001).
In 2006, we discovered large aggregations of heart urchins (Sarsiaster griegii)
burrowing in reduced sediments at 3 seep sites between 2100 and 2800 m depth in the
Gulf of Mexico (GoM) (Figure 1). Aggregations cover areas as large as 10,000 m2.
These urchins had not been previously observed at GoM seeps, despite numerous
submersible dives at well-studied chemosynthetic communities of the Gulf of Mexico,
albeit mostly to depths <1000 m (Fisher et al., 2007). Similar urchin aggregations have
been observed on Blake Ridge in the Atlantic Ocean at depths greater than 2000 m near
chemosynthetic mussel-dominated communities (Van Dover et al., 2003), in the
Venezuela Basin at 3450 m depth (Briggs et al., 1995), and in the North Atlantic at 3120
m depth (Néraudeau, 1994; Mortensen et al., 1950). In the Gulf of Mexico, some
aggregations are dominated by urchins that leave trails in the sediment behind them,
while others consist primarily of urchins surrounded by mounded sediment that
apparently do not routinely traverse the seafloor.
These urchins live in reduced sediments characterized by some of the highest
rates of anaerobic methane oxidation measured at deep seeps in the Gulf of Mexico (Joye
et al., 2010). Average methane concentrations were high (up to 2 mM in urchin habitats,
compared to approximately 7 μM in nearby seep sediments), and there were extremely
high concentrations of dissolved inorganic carbon (DIC) in the sediments (up to 20 mM
in urchin habitats compared to between 4 mM and 5.2 mM in nearby sediments) (Joye et
al., 2010). Sulfide was also present in high concentrations (up to 25 mM) in these
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sediments and sediment porewater sulfate was rapidly depleted. Except for the top few
millimeters, the sediments were anoxic (Joye et al., 2010).
Previous studies that have examined the role of urchin bioturbation on sediment
infauna communities have come to conflicting conclusions regarding the influence of the
urchins on the sediment infaunal communities (Olafsson, 2003 and refs therein). In two
studies, Austen et al. (1998) and Widdicombe and Austen (1999) demonstrated
significant changes in nematode community structure in sediments disturbed by different
densities of spatangoid urchins. However, because their samples were only obtained
from urchin trails, the effects of interspecific interactions between nematodes and urchins
and the effects of physical disturbance as a result of urchin movement were confounded.
This is because spatangoid urchins are non-selective deposit feeders, and also physically
disturb the sediment by burrowing through the sediment surface (Chesher 1969, De
Ridder 1984, Hollertz and Duchene 2001), bringing deeper sediments to the surface using
their spines (Smith 1980, Kanawaza 1992, Thompson and Riddle, 2005).
In this study, we characterized a new type of seep community, and examined the
role of bioturbation and interspecific interactions in structuring sediment infauna
communities. We conducted a series of experiments to examine the effect of urchin
activity on the sediment infauna and determine the cause of these effects. Specifically,
we tested: 1) Do urchins influence sediment community infauna abundance? 2) Do
urchins influence sediment community and functional group composition? 3) Are the
effects of urchin activity on infauna communities due to the physical disturbance caused
by urchin burrowing alone? We predicted that we would observe lower abundances of
sediment infauna in disturbed urchin trails and underneath urchins than in undisturbed
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sediments as a result of urchin predation on meiofauna. We also predicted that the
urchins would reduce competitive exclusion by disturbing the sediment and enabling less
competitive species to colonize disturbed sediments, creating a heterogeneous landscape
of infauna assemblies as a result of secondary succession patterns in the sediment after a
disturbance.
Methods
Characterization of urchin aggregations: urchin movement and associated fauna
To characterize urchin abundance, movement rates and megafauna community
composition, we obtained images from two locations within the lower continental slope
of the Gulf of Mexico. One site was within lease block Alaminos Canyon 818 (2750 m
depth, 26°10.868′ N, 94° 37.376′ W), and consisted of carbonate rock outcrops that were
colonized by occasional aggregations of tubeworms and mussels surrounded by sediment
inhabited by both mobile and still urchins. The second site was located within lease
block Atwater Valley 340 (2200 m depth 27° 38.672′ N, 88° 22.069′ W), in a large, mudbottom basin populated by large aggregations of heart urchins burrowing through the
sediment. At both of these sites, overlapping images in overlapping lines were collected
using a down-looking camera (Nikon E995) in a pressure-safe housing mounted on the
ROV Jason II. Images from both sites were optimized using level, contrast and color
commands in Adobe Photoshop CS2 to maximize image clarity and minimize differences
in exposure and lighting.
The site at AT-340 was revisited and re-imaged twice, once after 10 days and
again after 2 additional days. Overlapping images were assembled into photomosaics
using a Matlab application developed by Pizarro and Singh (2003). Each image in the
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photomosaic is associated with geographic coordinates that are collected by the
submersible at 1-second intervals. The coordinates enabled us to georeference the
photomosaic in a geographic information system (GIS) using ArcMap v 9.0 (ESRI,
Redlands, CA). Urchins, their trails, and the occasional other fauna within the
photomosaic were then digitized to determine urchin movement rates and species counts.
To determine the distance traveled by individual urchins, the length of trails was
measured from the position of the urchin in the earlier mosaic along the trail to the
position of the same urchin in the later mosaic. The site at AC-818 was revisited and reimaged once after 3 days. Sixteen still urchins were observed in the images from the first
visit and found in the same location in the second visit.
Urchin collection and stable isotope analysis
Urchins and sediment samples were collected from a large aggregation of mobile
urchins at AT-340 approximately 200 m southwest of the aggregation that was imaged.
At AC-818, urchins and sediment samples from within an aggregation of still urchins
were obtained approximately 20 m north of the photomosaicked area. On board the ship,
the urchins were dissected and tissue samples from six still urchins from AC-818 and five
mobile urchins from AT-340 were rinsed with distilled water and frozen at sea (-80˚C).
Upon return to shore, the samples were dried at 60˚C, homogenized, and acidified using
phosphoric acid (H3P04) to remove any inorganic carbonate present in the samples. A
subsample of each tissue sample was sent to Dr. Ray Lee at Washington State University
for stable carbon and nitrogen content analysis using a Costech (Costech Analytical
Technologies, Valencia, United States) elemental analyzer (Fry et al., 1992). A separate
subsample was sent to Dr. Stephen Macko at the University of Virginia Stable Isotope
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Laboratory for sulfur stable isotope analysis and processed using a Carlo Erba elemental
analyzer coupled to a Micromass Optima isotope ratio mass spectrometer (EA/IRMS)
(Giesemann et al., 1994). Data from each of the laboratories were calibrated using
National Institute of Standards and Technology reference materials. Data values were
expressed using delta (δ) values and reported in units of permil (0/00) where δX =
[Rsample/Rstandard)-1] x 103, X = 13C, 15N, or 34S and R is the ratio of the isotopes
(13C/12C, 15N/14N, 34S/32S). Data from both laboratories were calibrated to NIST
(National Institutes of Science and Technology) reference materials, including PDB (Pee
Dee Belemnite), which was used as the standard for carbon, air N2 as the standard for
nitrogen, and CDT (Canyon Diablo Triolite) as the standard for sulfur (Fry et al., 1992,
Giesemann et al., 1994). In addition, urchin voucher specimens were collected,
preserved in 70% EtOH and sent to Dr. Dave Pawson (Smithsonian Institute) for
taxonomic confirmation.
Sediment infauna
To investigate the sediment infaunal communities associated with mobile urchins
and the possible impacts of the urchins on the meiofauna, we obtained four push cores
(7.5 cm diameter) of the sediment from underneath urchins, four from urchin trails, and
four from undisturbed sediment within the urchin aggregations. At the still urchin site
within AC-818, we obtained six cores from underneath urchins and six cores from
undisturbed sediment near the urchins. To test whether any effect of the urchins on the
infauna community was a result of physical disturbance or biological interactions such as
predation, a modified toilet brush was maneuvered through the sediment to create trails
within an aggregation of mobile urchins at AT-340 (the same aggregation used for image
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analysis of urchin movement) that were approximately the same width as the visible trails
in the mobile urchin aggregations. Markers were placed at the end of each of the
artificial trails to ensure that we would be able to find the trails. Upon our return to the
site nine days after the trails were created, five sediment cores were obtained from within
these artificial urchin trails, and three sediment cores were obtained from undisturbed
sediments near the trails.
Once on board the ship, sediment from the cores was extruded, sliced into
sections of 0-2 cm, 2-5 cm, and 5-10 cm and mixed with MgCl2 to narcotize the animals
within to ease morphological identification. The sediment samples were then fixed in 8%
formalin. At Penn State, the animals were separated from the sediment using a density
centrifugation technique. A silicapolymer (Fa. Levasil®) mixed with kaolin was mixed
with the sample, and then the mixture was centrifuged using a Beckman J2-21 centrifuge
at a speed of 4000 rpm for 5 minutes. The supernatant was sieved through a 32 -micron
mesh to remove the animals, and the remaining liquid was remixed with the sample for at
least two more centrifigation cycles (McIntyre and Warwick, 1984; Veit-Koehler, 2008).
Fauna retained on a 32-micron sieve were rinsed, counted and sorted into higher
taxonomic categories of nematodes, copepods and other fauna, which included all other
taxa in the samples. Nematodes were the most abundant fauna in all of the samples. The
first 200 nematodes from each sample were prepared for identification following the
methods of Higgins and Thiel (1988) and mounted on glass microscope slides using
glycerine. Nematodes were identified to the genera level mainly using Platt and Warwick
(1988). Copepods were sent for identification to Christoph Plum at the Institut für
Chemie und Biologie des Meeres (ICBM-Terramare, Wilhelmshaven Germany),
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ostracods to Dr. Rosalie Maddocks at the University of Houston (Texas, United States),
tanaids to Dr. Kim Larsen at the University of Porto (Porto, Portugal), cumaceans to Dr.
Sarah Gerken at the University of Alaska (Anchorage, United States), bivalves to Dr.
Isabella Kappner at the American Museum of Natural History (New York, United States),
polychaetes to Dr. Stéphane Hourdez at Roscoff (Roscoff, France), amphipods to Dr.
Amanda Demopoulos from the USGS lab at Gainesville FL, halacarids to Dr. Ilse
Bartsch at the Research Institute and Natural History Museum in Frankfurt, Germany,
and kinorynchs to Dr. Monika Bright at the University of Vienna (Vienna, Austria).
Genera-level identifications are still pending from several of these experts. All
abundances were standardized to 10 cm2 sample area to permit comparisons with other
studies, and to 10 cm3 to permit comparisons between infauna densities from different
sediment layers within this study.
Statistical analyses and ecological indices
Carbon, nitrogen and sulfur stable isotope values fit parametric assumptions, and
a two-sample t-test was used to assess differences in carbon, nitrogen and sulfur stable
isotope composition between the still urchins collected from AC-818 and the mobile
urchins collected from AT-340.
Species accumulation curves for nematodes were calculated using Mao’s Tau in
EstimateS (Colwell, 2009) (Storrs, CT, United States) for undisturbed and disturbed
samples in surface and deeper sediment layers at each site. To examine richness and
diversity indices in the whole core, estimated genera richness using Hurlburt’s corrected
rarefaction index (EG(n)) for a theoretical sample of 200 individuals, Pielou’s evenness
index (J’) and Shannon’s diversity index (H’loge) were calculated using Primer v. 6
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(Plymouth, UK). For within-depth comparisons to compare the communities within
surface sediment layers (0-2 cm depth) and within deeper sediment layers (2-5 cm depth),
we used each sample to calculate the EG(n) for a theoretical sample of 51 individuals, J’
and H’loge, using Primer v. 6.
To determine if there were significant differences in the community composition
of all higher order taxa and specifically of nematode genera in undisturbed sediments
between the sites sampled (AT-340 mobile urchin site, the AT-340 experimental site and
the AC-818 still urchin site) a multidimensional scaling plot (MDS) and analysis of
similarity (ANOSIM) were performed in PRIMER v. 6 using a Bray-Curtis similarity
matrix generated from square root transformed abundance.
Within each site, shifts in community composition due to sediment depth (2
levels; AT-340 n = 12, AT-340EXPT n = 8, AC-818 n = 10), urchin or artificial urchin
disturbance (3 levels, n = 4 in each level at AT-340; 2 levels, n = 5 in each level at AC818, and 2 levels; n = 5 in artificial urchin trails and 3 in undisturbed sediment at AT340EXPT) were evaluated using analysis of similarity (ANOSIM) tests in Primer v. 6 on
Bray-Curtis similarity matrices generated from square root transformed data of both
higher order taxa and of nematode genera. Square root transformations were used to
down-weight the influence of very common fauna without losing the influence of more
rare taxa (Clarke and Warwick, 2001). If significant differences were found, similarity
percentage analyses (SIMPER in PRIMER v. 6) were performed to determine which of
the taxa contributed to the differences observed.
To determine whether physical disturbances or urchin activities influenced
nematode community structure in the sediment, each nematode genus was assigned to a
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feeding group based on the buccal cavity structure following Wieser (1953). Groups
consisted of the categories: 1a, which completely lacks a buccal cavity or have a very
small opening and are believed to be selective deposit feeders; 1b, which has a cupshaped, conical or cylindrical buccal cavity and lack teeth, and are considered nonselective deposit feeders; 2a, which has a buccal cavity armed with small teeth that
permit them to scrape food off of surfaces or pierce bacteria and suck out the contents of
the cell; and lastly 2b, which have large armature or teeth in their buccal cavity and are
considered predators that swallow their food whole or pierce their food and swallow its
contents. Within each site, ANOSIM analyses were conducted on square-root
transformed data to evaluate whether there were significant differences in the abundance
of different feeding groups among urchin-disturbed, undisturbed and artificially disturbed
sediments (n and levels for each test as above). If these analyses were found to be
significant, SIMPER analyses were performed to determine which groups were
responsible for significant differences.
To determine the influence of the urchins on the abundance of meiofauna, we
used one-way ANOVA of meiofauna density across the entire core. We then examined
the samples to determine if the urchins influenced the distribution of meiofauna across
sediment depth layers by using a one-way ANOVA which examined the percent of
meiofauna (normalized using an arc-sine square root transformation) in the surface
sediments (0-2 centimeters) of samples obtained within urchin trails, underneath urchins,
and in undisturbed sediments at each site (levels = 3, n = 4 per level at AT-340; levels =
2, n = 5 per level at AC-818; levels = 2, n = 5 from artificial urchin trail and 3 from
undisturbed sediments at AT-340EXPT).
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Differences in EG(n), H’ and J’ as well as abundances of nematodes, copepods
and combined other fauna (due to low occurrence of rare taxa) between disturbed
sediment and undisturbed sediment within surface and deeper sediment layers were
further analyzed using normalized (square-root transformed) data in a two-way ANOVA.
If interaction effects were significant, one-way ANOVA was used to determine
disturbance and sediment depth effects independently. All data were tested for normality
using Anderson-Darling tests. If data were not normally distributed after square root
transformations, the non-parametric Kruskal-Wallis test was used in place of ANOVA
rather than further transformations of the data. Due to the unbalanced nature of the
sampling design at the experimental site (3 cores from undisturbed sediment and 5 from
trails created using the artificial urchin), general linear models (GLM) were used instead
of two-way ANOVA. All ANOVA, t-test, GLM and Kruskal-Wallis tests were
performed in Minitab v. 12.21, and significance levels for all multiple comparisons were
Bonferonni-corrected (α/n).
Results
General characteristics of urchin aggregations
The average densities of aggregations of still urchins imaged at AC-818 and the
mobile urchins photomosaicked at AT-340 were about 2 m-2. In addition to urchins,
isolated bacterial mats, occasional Ampheraster alaminos asteroids, chirodotid sea
cucumbers, and hermit crabs with anemones on their shells (1 per 60 m2) were present in
urchin aggregations. There were no noticeable differences in megafauna associated with
urchin aggregations between the two sites.
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None of the sixteen still urchins imaged at AC-818 changed positions over the
course of three days. At the mobile urchin aggregation imaged at AT-340, urchins
moved an average of 20 cm per day, although distances traveled by different individuals
ranged from 5 to 42 cm per day (Table 4.1). The average rates of travel suggest that cores
obtained in trails about ½ meter from the urchin were obtained 2.5 days after the urchin
passed this point. However, considering the range in movement rates among individuals,
the range in possible times after urchin disturbance is from 1.2 to 10 days.
Urchin tissue δ13C values ranged from -41.0‰ to -32.9‰, δ15N from 3.3‰ to
9.2‰, and δ34S from 10.0‰ to 16.4‰ (Table 4.2). There was no significant effect of
collection site (AT-340 and AC-818) on stable isotope delta values (two-sample t-test, p
= 0.09 for carbon, p = 0.17 for nitrogen and p = 0.19 for sulfur).
Meiofauna abundances can be low in anoxic and reducing sediments (Olu et al.,
1997; Powell et al., 1983) and drop off sharply below the top 3 cm of sediment,
becoming very low below 6 cm in the Gulf of Mexico (Baguley et al., 2006a; b). As a
result, we did not expect to find meiofauna in the 5-10 cm depth core samples. This was
confirmed by careful examination of two samples under a dissecting microscope where
no fauna were observed. Consequently, samples from the 5-10 cm sediment depth were
not processed for this study.
Nematodes were the most abundant fauna in all sediments sampled, followed by
copepods (Figure 4.3). All other fauna, including microcrustaceans, polychaetes,
kinorynchs and bivalves, were very rare (Table 4.3, Figure 4.3). In total, 66 nematode
genera were identified from 11,453 individuals in samples from urchin aggregations
(Table 4.4). Total sediment infaunal abundances were low (65-282 individuals per 10 cm3
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in surface sediments (0-2 cm depth) and 21-173 individuals per 10 cm3 in deeper
sediments (2-5 cm)). While the community composition of higher order taxa was not
significantly different in undisturbed sediment between the three sites examined
(ANOSIM Global R = 0.06, p = 0.17), nematode community composition varied
significantly between the three sites (ANOSIM, Global R = 0.63, p = 0.001) (Figure 4.4).
The nematodes sampled fell into one of four functional feeding groups (Table
4.4). Nematodes from all of the samples were dominated by bacteriovores (ranging from
73-93% of individuals) in the group 2a. Next in abundance were selective deposit
feeders (1b) (5-19% of individuals) and non-selective deposit feeders (1a) ( 0.3-10% of
individuals), followed by predators (2b) (0.1-2.7% of individuals) (Figure 4.5).
Urchin influence on infauna density and abundance
Our data indicated a trend towards higher nematode density in urchin-bioturbated
sediment within the mobile urchin aggregation (1-way ANOVA, F = 3.26, p = 0.09)
(Table 4.3, 4.5). However, there were no differences in the density of copepods or other
fauna between levels of urchin disturbance. At the still urchin site, significantly higher
density of the combined other fauna was observed in undisturbed sediments than
underneath urchins (1-way ANOVA, F =7.25, p = 0.02) (Table 4.3, 4.5, Figure 4.6).
In addition to influencing total meiofauna density in the sediment, urchin activity
influenced the depth distribution of the meiofauna (Table 4.6). The percent of the
population of nematodes and other fauna in surface sediment layers at the mobile urchin
site was significantly higher in bioturbated sediments than in undisturbed sediments (1way ANOVA, F = 7.37, p = 0.01), although this effect was not observed on the
distribution of copepods. At the still urchin site, the percent of nematodes in the surface
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sediment layer of the core was significantly higher underneath the urchin than in
undisturbed sediments (1-way ANOVA, F = 8.72, p = 0.02), although no effect was
detected on the percent distribution of copepods and other fauna.
Two-way ANOVA found no significant main or interaction effect of sediment
depth and urchin disturbance on nematode abundance within the still urchin aggregation
at AC-818. However, copepods were significantly more abundant in the top 2 cm surface
sediments than in deeper (2-5 cm) sediments (F = 7.26, p = 0.01), and there was a trend
towards higher abundance in undisturbed sediments than underneath urchins (F = 4.09 , p
= 0.06) (Table 4.7). Combined other fauna were significantly more abundant in both
surface sediment layers and in undisturbed sediments than in deeper or urchin-disturbed
sediments (F = 6.18, p = 0.02; F = 9.90, p = 0.01 respectively) (Table 4.7).
Within mobile urchin aggregations, two-way ANOVA found a significant main
effect of urchin disturbance on nematode abundances (F = 4.34, p = 0.02) (higher
abundance in urchin-disturbed sediments), as well as an interaction effect between
sediment depth and urchin disturbance (F = 3.82, p = 0.02) (Table 4.7). One-way
ANOVA, indicated a trend towards higher nematode abundances in surface than in
deeper sediment layers in both undisturbed sediments and underneath urchins (F = 4.18, p
= 0.08; F = 4.49, p = 0.08 respectively). Also, within surface sediment layers, urchinbioturbated sediments hosted significantly higher nematode abundance than undisturbed
sediments (F = 18.29, p = 0.001).
Urchin influence on community composition and richness
Urchins homogenize infaunal community composition within surface and deeper
sediment layers. Within the still urchin aggregation at AC-818, infaunal community
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compositions tend to differ between surface and deeper sediments in undisturbed
sediments (higher order taxa, ANOSIM, R = 0.25, p = 0.07; nematode genera ANOSIM,
R = 0.20, p = 0.07, Figure 4.8). SIMPER analysis suggests that these differences were
likely due to the replacement of the genera Daptonema with Sabatieria as sediment depth
increased. Members of the genera Sabatieria are known to be tolerant of anoxic
sediments (Hendelberg and Jensen, 1993), and this may explain their increased
abundance with deeper sediment layers. However, under urchins, there was no
significant difference in infaunal community composition with depth (higher order taxa
ANOSIM, R = 0.01, p = 0.33; nematodes R = -0.09, p = 0.78).
There was no significant difference in infaunal community composition
underneath urchins between surface sediment layers and deeper sediment layers for
higher order taxa and nematode genera at the mobile urchin site (R= 0.177, p = 0.14; R =
-0.08, p = 0.74 respectively). Communities in undisturbed sediment showed a trend
towards differences between surface and deeper sediment layers (higher order taxa
ANOSIM R = 0.26, p = 0.08; nematode genera R = 0.40, p = 0.06 respectively), as did
nematode communities in urchin trails (ANOSIM, Global R = 0.40, p = 0.06) (Figure
4.8). Again, SIMPER analysis suggest that this difference between surface and deeper
nematode communities is due to the increasing dominance of the most abundant genera,
Desmodora, in deeper sediments, as well as the replacement of the genera Leptolaimus
and Molgolaimus in surface sediment layers with Sabateria in deeper sediment layers.
In addition to homogenizing sediment infaunal communities with sediment depth
layers, urchin bioturbation significantly altered nematode community composition in
surface sediment layers (ANOSIM, Global R = 0.36, p < 0.01) at the mobile urchin site
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(Figure 4.8). At the mobile urchin site, undisturbed sediments hosted different
communities than those found in both urchin trails and underneath urchins (ANOSIM, R
= 0.55, p = 0.02; R = 0.68, p = 0.02 respectively), but communities in trails and under
urchins were not significantly different from each other (R = -0.08, p = 0.69). In both
urchin trails and underneath urchins, the most abundant genera, Desmodora, comprised
more than 60% of the individuals found in the samples, while in undisturbed sediments, it
comprised only 40%. There was no effect of urchin bioturbation observed on nematode
communities in deeper sediments (ANOSIM R = -0.20, p = 0.99). However, in the still
urchin aggregation, there were no significant differences in infaunal community
composition or functional group composition between samples obtained underneath
urchins and undisturbed sediments in either surface or deeper sediment layers (ANOSIM
R = 0.03, p = 0.28; R = -0.08, p = 0.66 respectively).
At the mobile urchin site, the proportion of nematodes in different functional
feeding groups was significantly influenced by urchin bioturbation in surface sediment
layers (ANOSIM, Global R = 0.39, p < 0.01), but no effect of urchin bioturbation was
detected in deeper sediment layers (ANOSIM, Global R = -0.21, p = 0.97) (Figure 4.5). A
SIMPER analysis reveals that surface bioturbated sediments have higher abundances of
nematodes in the category 2a (67% and 71% instead of 56%) than undisturbed sediments.
These nematodes are primarily bacteriovores that pierce cells and ingest their contents.
Undisturbed surface sediments have higher abundances of nematodes in the category 1a,
which are non-selective deposit feeders, than the communities in either the trail or under
urchin communities (14% vs 7% under urchins and 0% in trails). There was no effect of
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urchin bioturbation on feeding group community composition detected in deeper
sediments, or at the still urchin site.
Urchin influence on infaunal diversity
The genera accumulation curve for nematodes in all the samples combined
(Figure 4.9a) is decreasing in slope, suggesting that the addition of new genera has
slowed with increased sampling. While site-specific curves are clearly not asymptotic,
there are obvious divergences in richness between samples obtained from different levels
of urchin bioturbation (Figure 4.9 b, c, d).
The highest level of nematode genera richness at all three sites is found in
undisturbed, surface sediment layers, and is lower in urchin-disturbed sediments (Figure
4.9b, c, d). Although all genera accumulation curves are rising, the curve for the deeper
sediments within urchin trails at the mobile urchin site is still rising rapidly, possibly due
to the very high variability in sediment communities between samples in different stages
of recovery due to the potentially large range in time since active urchin disturbance
(Figure 4.9b, Table 4.2). At the still urchin site, genera accumulation curves for samples
obtained underneath the urchins are approaching an asymptote that is lower than those for
undisturbed sediments (Figure 4.9c). Also, within the mobile urchin and still urchin site,
bioturbated sediments are approximately equally genera-rich in both surface and deeper
sediments.
Average richness and diversity measures all tend to be higher in surface sediment
layers than in deeper sediment layers (Tables 4.8, 4.9, Figures 4.9, 4.10). However, there
were no significant differences in H’, EG(200) or J’ between undisturbed and disturbed
sediment layers in the cores, but there was a trend towards higher Shannon diversity and
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EG(51) values in undisturbed sediments and in surface sediment layers than in
bioturbated sediments or deeper sediment layers (Figure 4.10).
Influence of an artificial urchin on sediment infaunal community density, composition,
and richness
Within the experimental site, where we separated the effect of the physical
disturbance caused by an urchin’s burrowing with the other potential influences of the
urchin on the infaunal community, we found that physical disturbance caused by the
artificial urchin did not significantly influence meiofauna density (Table 4.5). However,
1-way ANOVA found that in artificial trails, a higher proportion of the total nematodes,
copepods and other fauna were found in surface sediment layers than in undisturbed
surface sediment layers (Table 4.6), and two-way ANOVA detected a significant
difference in copepod abundance with sediment depth (F = 8.56, p = 0.01).
Within the trails created by the artificial urchins, infaunal communities were not
homogenized with sediment depth (Figure 4.8). Within artificially disturbed sediment,
the community composition of higher order taxa differed between surface and deeper
sediment layers (ANOSIM, R = 0.29, p = 0.04), which according to SIMPER analyses is
due to decreased abundance of rare fauna including kinorynchs, bivalves, polychaetes
and increased dominance by nematodes in deeper sediment layers. Perhaps due to the low
number of samples, we did not detect a difference in community composition between
surface and deeper sediments in either higher order taxa or in nematode community
composition in samples from undisturbed sediment (global R = 1, p = 0.1, number of
permutations 10). However, SIMPER analysis showed that the genus Daptonema, which
is abundant in surface sediment layers, is replaced by a high abundance of Sabatieria in
deeper sediment layers. Physical disturbance by the artificial urchin did not significantly
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affect community composition, EG(51), H’ or J’ in surface or deeper sediment layers
(Table 4.8, Figures 4.9 and 4.10).
Nematode genera richness was very high at the experimental site (Figure 4.9d,
4.10). Physically disturbed sediments are less genera-rich than undisturbed sediments
across both surface and deeper sediment layers, and surface sediment layers are much
more genera-rich than deeper sediment layers.
Discussion
In the Gulf of Mexico, S. griegii urchins live in deep (>2000 m depth)
chemosynthetic environments, in mostly anoxic sediments with high concentrations of
DIC, H2S and CH4. While they were occasionally found near seep communities
dominated by tubeworms and mussels, they were also found in isolated aggregations
along with occasional bacterial mats, and rare other fauna including chirodotid sea
cucumbers (which are also found in other deep seep communities (Chapter 3)), and
hermit crabs.
We found strong evidence to support the association of these urchins with seep
primary productivity, but no obvious indications of nutritional symbioses. Dissection
revealed normal gut anatomy, with no hypertrophied potential symbiont-containing
organs. Urchin tissues had low carbon stable isotope values (Table 2), which suggest that
the bulk of the urchins’ nutritional carbon derives from chemosynthetic instead of
photosynthetic sources, as methanotrophic and chemoautotrophic free-living bacteria
often have carbon stable isotope values below approximately -40‰ and -27‰
respectively, whereas carbon stable isotope values from photosynthetic primary
production in surface waters are between about -22 and -15‰ (Sassen et al., 1993;
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Gearing et al., 1984) (Table 4.2). Urchin tissue sulfur isotope values are considerably
lower than seawater sulfate values (+20‰), which also indicate reliance on locally
produced organic sulfur sources (Macavoy et al., 2008) (Table 4.2). The large range in
delta values in all 3 isotopes among individuals suggests that the urchins do not have a
tight nutritional dependence on any particular food resource as might be expected for
non-selective deposit feeders, and/or that their food resources have variable diets and
variable stable isotope signatures themselves. However, these urchins are clearly reliant
on seep primary production for the bulk of their nutrition. Like other spatangoids, these
urchins are apparently ingesting sediment and digesting organic material, including
bacteria and meiofauna, present in the sediment (Nichols, 1959; De Ridder et al., 1987;
Hollertz, 1998; 2001).
Sarsiaster griegii urchins from the AT-340 site move more rapidly than other cold
or deepwater urchins (average in situ rates of 7.2 cm⋅day-1, Thompson and Riddle, 2005),
but more slowly than shallow-water urchins from temperate or tropical regions (144-192
cm⋅day-1, Buchanan, 1966; 72-144 cm⋅day-1, Chesher, 1969) (Table 1). We had
hypothesized that urchins move forward to search for increased resources after they have
depleted the food resources in their previous position, as spatangoid urchins have been
shown to move more quickly in areas of low food availability (Hammond, 1982). The
still urchins from AC-818 (as evidenced by mounded sediment around their bodies, and a
lack of a visible trail) may find sufficient food resources in their immediate location to
meet metabolic needs. Studies by Dean et al (1984) and Harrold and Reed (1985) found
that stationary urchins off the coast of California were found to become mobile after food
sources dwindled, and that gonad indices increased in stationary urchins, suggesting that
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nutritional resources are a strong influence on the mobility of these animals as opposed to
alternatives including resting periods or reproductive stages, and Dumont et al (2007)
found no effect of urchin density on movement rates.
The sediment infauna community within S. griegii aggregations was dominated
by nematodes and copepods, with occasional bivalves, polychaetes, kinorynchs, and
microcrustaceans such as ostracods, tanaids, and cumaceans. Infaunal abundances
observed in the sediments in this study were low, but within the range of meiofauna
abundances observed as epifauna in chemosynthetic hard-bottom communities within
AT-340 and AC-818 (Bright et al., 2010). They were also slightly higher than meiofauna
abundances from sediment under bacterial mats on the East Flower Gardens region in the
Gulf of Mexico (Powell et al., 1983) as well as within the range of seep sediments on
Hydrate Ridge off the west coast of the United States (Sommer et al., 2007), in the
sediment center of the Hakon Mosby Volcano in the Barents Sea (Van Gaever et al.,
2006) and in reduced sediments at gas seeps from the Mid-Norwegian Margin (Van
Gaever et al., 2009). In general, meiofauna abundances decrease as water depth
increases, probably due to a general decrease in food availability at increasing depth
(Soltwedel, 2000). While some studies have shown that sediment infauna are more
abundant within seep sediments as opposed to non-seep sediments (Van Gaever et al.,
2006), sediments with high sulfide concentrations have generally been shown to harbor
low abundances of infauna (Levin et al., 2003). The low infauna abundances we
observed in urchin aggregations are likely due to a combination of water depth and the
high sulfide concentrations in the sediment reported by Joye et al. (2010).
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Urchin bioturbation influences sediment infauna community composition.
Urchins homogenize sediment infauna communities over the top 5 cm of sediment in
sediments underneath urchins, resulting in a lack of differences in nematode and higher
order taxa community composition between surface (0-2 cm) and deeper (2-5 cm)
sediments. In addition to community homogenization over depth, urchin-bioturbated
sediments hosted different communities than nearby undisturbed sediments (Figure 4.8).
However, infaunal communities within artificially disturbed sediments were not as well
homogenized within surface and deeper sediments (Figure 4.8), suggesting that the
physical disturbance caused by the artificial disturbance did not influence the community
in the same way as urchin disturbance. In addition, unlike the different communities
observed in disturbed and undisturbed sediments at both the mobile and still urchin sites,
there was no difference between meiofauna assemblages present in the artificially
disturbed sediments and undisturbed sediments at the experimental sites (Figure 4.8).
This indicates that urchin impact on the communities is not limited to the effects of
physical disturbance alone. However, it is also possible that enough time had elapsed
between the time of the physical disturbance by the artificial urchin and our sampling to
allow recovery by sediment infauna.
In addition to influencing community composition, urchin bioturbation also
affects sediment infaunal abundance. We had expected to observe much lower meiofauna
abundances in bioturbated sediments as a result of predation on the part of the urchin.
Instead, we observed higher abundances of nematodes in urchin-bioturbated sediment
than in undisturbed sediment, particularly at the mobile urchin site (Figure 4.6, Table
4.3). The higher nematode abundance in urchin-bioturbated sediment than in undisturbed
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sediments, particularly close to the urchin in surface sediment layers, suggests that
urchins are influencing the resources available to nematodes.
Previous studies have shown that spatangoid urchins contribute organic material
to the sediment in the form of mucus and feces (Nichols, 1959; Hollertz, 2002). While the
amount of mucus produced has not been quantified for spatangoid urchins, Hollertz
(2002) suggests that mucus production is likely to be an important component of
spatangoid carbon budgets. Spatangoid urchins leave behind feces as smooth sediment
(instead of isolated fecal pellets), which have a 10-15% higher carbon content and 20%
higher nitrogen content than the surrounding sediment (Hollertz, 2002). Sand dollars,
which are closely related to spatangoid urchins, have been shown to deposit mucus and
feces in their trails, and Reidenauer (1989) found significantly higher abundances of
nematodes and lower abundances of other fauna in sand-dollar trails than in control
sediments.
Seep sediments host high levels of bacterial biomass. Joye et al. (2010) found
abundant aerobic methanotrophic bacteria in the uppermost sediments at both the AT-340
mobile urchin and AC-818 still urchin sites, as well as free-living sulfide-oxidizing
bacteria of the genus Thioplaca. These abundant methanotrophic and sulfide-oxidizing
bacteria could be a primary food source for the nematodes, which were dominated by
bacteriovores, and in particular, by members of one genus, Desmodora, which was
commonly observed at both AT-340 and at AC-818. At the AT-340 mobile urchin site,
nematode communities in bioturbated sediments (both underneath urchins and within
urchin trails) have more than 10x higher abundance of Desmodora than background
sediments (Table 4.4). Desmodora create mucus-lined tunnels in soft sediment to trap
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organic material that are colonized by bacteria and increase bacterial growth in the
sediment (Riemann and Schrage, 1978; Moens et al., 2005). In addition, nematodes
increase energy flux and nutrient cycling in sediments in marine systems (Aller and Aller,
1992; Jensen, 1996) as a result of bacterial grazing, mucus release and bioturbation.
Urchin burrowing, increased organic resources, and increased available nitrogen
(Hollertz, 2002), therefore may provide the raw materials needed to increase bacterial
populations in the sediment by supplying an oxidant (urchin burrowing oxygenates the
sediment (Osinga, 1995)), which reacts with the abundant reductants to increasing the
rate of chemosynthetic primary production in the sediment. As bacterial populations
increase, the abundance of bacteriovorous nematodes increases. Increased nematode
populations can then add to increased bacterial growth as described above. The resulting
increase in biomass and organic material in the sediment provides an excellent energy
source for deposit feeders, including the urchins themselves (Figure 11a).
The fact that nematodes rapidly increase in abundance in bioturbated sediments
means that recruitment must be occurring in these sediments. Nematodes can actively
colonize sediments within a few days or less following small-scale disturbances
(Schratzberger, 2002). However, certain genera are able to more effectively disperse
than others. Many smaller species are able to passively disperse through bottom currents
(Soetart et al., 2002; Hoste, 2006). Some nematodes, particularly larger species or
individuals, are able to disperse through the sediment to new habitats (Schratzberger et
al., 2002; 2004). Gallucci (2008) showed that nematodes are able to detect and migrate
towards nutrient-enriched areas, and it is believed that nematodes use chemotactic factors
to search for food or chemicals (Riemann and Schrage, 1988; Hockelmann et al., 2004).
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In particular, genera that are known to have enhanced mobility, such as Sabateria, which
prefer to live in deeper, anoxic sediments but must acquire oxygen from shallower
sediments (Soetaert, 2002; Hoste, 2006), or genera that build tunnels that attract bacteria
as a food source (Desmodora) (Moens et al, 2005), may be better colonizers (Gallucci,
2008). As a result, fast colonization by particular taxa may help explain the high
abundance and lower richness we observed in the bioturbated sediments.
The still urchin site differed in its biogeochemistry from the mobile urchin site. At
seeps, microorganisms reduce sulfate to produce sulfide, which is used a metabolic
energy source by many other microorganisms. This process is frequently coupled with
the anaerobic oxidation of methane (AOM) (Boetius et al., 2000). The still urchin site
had twice as much methane than the mobile urchin site (48.8 μm at AC-818 vs 25.4 μm
at AT-340) (5-10x higher than background levels) (Joye et al., 2010). In addition, there
were higher concentrations of sulfide in the still urchin site (11.2 mM) than at the mobile
urchin site (4.9 mM). High rates of AOM (2.00 mmol m-2d-1) in the still urchin site were
observed as opposed to near background rates at the mobile urchin site (0.01 mmolm-2d-1)
(Joye et al., 2010). As a result, we hypothesize that there is a higher bacterial abundance
in the still urchin sediments, which would allow urchins to obtain the bulk of their
nutrition in their immediate surroundings without needing to burrow through the
sediment to meet their nutritional demands. The high sulfide content in this sediment
also explains the lower abundance of meiofauna in these sediments, as meiofauna are
typically less abundant in areas of high sulfide concentrations (Levin et al., 2003) (Figure
11b).
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High levels of small-scale habitat heterogeneity created as a result of disturbance
have been hypothesized to cause high local species diversity in the deep sea (Levin et al,
2010). For example, frequent small-scale disturbances may allow inferior competitors to
coexist in the same patch, as disturbance occurs often enough to prevent competitive
exclusion. As a result, on a small scale, there may be several patches in close proximity
in different states of recovery from disturbance (Dayton and Hessler, 1972; Grassle and
Sanders, 1973; Smith and Hessler, 1987; Kukert and Smith, 1992). This theory is
commonly referred to as the disturbance-mosaic hypothesis, and is an application of the
intermediate disturbance hypothesis (Connell, 1978). Our data provides some support for
this theory, as infaunal communities were different within urchin-bioturbated and
undisturbed sediments, and as a result, local diversity within urchin aggregations is
higher as a result of urchin disturbance. However, the majority of the fauna in disturbed
sediments were a subset of those observed within the undisturbed sediments. This
suggests that the habitat-partitioning hypothesis, in which resources are limiting and
selectively partitioned among fauna, may be a better explanation of the lower diversity
and higher abundance we observed in urchin disturbed sediments. This hypothesis
suggests that animals segregate among microhabitats in an area where low food supply is
combined with high physical and chemical variation (Jumars and Eckman, 1983).
Urchins disturb the sediment and provide an influx of resources, which enables a subset
of the taxa in undisturbed sediments to colonize the newly disturbed sediment. This then
leads to increased dominance and resulting low Pielou’s evenness in bioturbated
sediment.
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By using a novel in-situ experimental manipulation in combination with samples
obtained from natural urchin aggregations, this study provides evidence suggesting that
bioturbation and interspecific interactions exert a strong influence on seep sediment
infauna communities. Urchins enrich the resources in the sediment, which leads to
increased nematode and bacterial abundance, and in effect optimizes urchin habitat. As a
result, we suggest that these urchins are acting as ecosystem engineers, and that on a
small scale, interspecific interactions (more so than physical disturbances) increase smallscale habitat heterogeneity.
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Figures and tables
Figure 4.1 Sarsiaster griegii urchins at mobile urchin site in AT-340.

50 cm

142

Figure 4.2 A portion of the AT-340 mobile urchin site that was photomosaicked 3 times
to determine urchin movement rates. The tracked urchins are indicated with colored
points, and the trails measured are drawn with colored lines.
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Table 4.1 Rates of Sarsiaster griegii movement based on consecutive photomosaics. The
first column indicates distances per day calculated over the first 213 hours (the time
between visits to the site during the cruise), and the second column indicates distances
per day calculated over the next 60 hours.

Urchin ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
Average

Distance per day (cm) (determined
from movement over 213 hours)
5
16
20
23
18
16
21
22
28
14
15
23
25
13
14
15
12
10
11
42
33
30
19 ± 9

Distance per day (cm) (determined
from movement over 60 hours)
28
37
16
29
15
4
14
28
31
37
19
15
40
14
21
27
20
7
12
33
31
7
21 ± 11
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Table 4.2 Tissue carbon, nitrogen and sulfur stable isotope delta values for eleven
individual Sarsiaster griegii.

AC818-1
AC818-2
AC818-3
AC818-4
AC818-5
AC818-6
AC-818 Average
AC-818 St. Dev.
AT340-1
AT340-2
AT340-3
AT340-4
AT340-5
AT-340 Average
AT-340 St. Dev.
Total Average
Total St. Dev.
Max
Min

δ13C
-39.72
-34.06
-37.37
-32.87
-34.2
-34.79
-35.50
2.55
-37.65
-40.97
-37.1
-37.24
-36.7
-37.93
1.73
-36.61
2.35
-32.87
-40.97

δ15N
5.67
6.37
3.29
3.8
4.68
4.59
4.73
1.14
9.18
7.44
5.37
6.78
3.41
6.44
2.18
5.51
1.74
9.18
3.29

δ34S
13.55
16.41
10.03
12.23
13.46
13.11
13.13
2.07
11.81
11.82
11.05
11.62
12.59
11.78
0.55
12.52
1.59
16.41
10.03
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Figure 4.3 Mean relative abundance of fauna in the two depth ranges of sediment cores
analyzed.

Note: The letters Ud, T, U and AT represent samples obtained in undisturbed sediment,
in urchin trails, under urchins and in artificial urchin trails respectively.
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Table 4.3 The mean and standard error* of higher-order taxonomic group abundance standardized to surface area (10cm2) and
volume (10cm3).
AC-818
Undisturbed
Taxa

AT-340
Under

0-2 cm

2-5 cm

Undisturbed

Standardization

0-2 cm

2-5 cm

0-2 cm

10 cm2

0.34
(0.21)

0.04
(0.04)

10 cm3

0.17
(0.1)

0.01
(0.01)

10 cm2

0.11
(0.05)

0.08
(0.05)

0.04
(0.04)

0.06
(0.06)

10 cm3

0.06
(0.02)

0.03
(0.01)

0.02
(0.02)

10 cm2

22.86
(8.4)

6.07
(1.49)

8.6
(5.79)

10 cm3

11.43
(4.20)

2.02
(0.5)

4.30
(2.9)

10 cm2

0.11
(0.05)

10 cm3

0.06
(0.03)

Trail

2-5 cm

0-2 cm

0.04
(0.04)

0.11
(0.07)

0.01
(0.01)

0.04
(0.02)

AT-340Expt
Under

2-5 cm

Undisturbed

Artificial Trail

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0.06
(0.06)

0.06
(0.06)

0.06
(0.06)

0.39
(0.27)

0.15
(0.08)

0.32
(0.15)

0.14
(0.09)

0.03
(0.03)

0.03
(0.03)

0.02
(0.02)

0.19
(0.14)

0.08
(0.03)

0.16
(0.08)

0.05
(0.03)

0.06
(0.06)

0.07
(0.04)

0.01
(0)

0.04
(0.04)

0.03
(0.03)

0.02
(0.02)

0.04
(0.02)

0.01
(0)

0.02
(0.02)

4.56
(1.91)

16.58
(9.37)

12.34
(5.18)

7.75
(1.88)

2.43
(0.08)

14.03
(6.98)

2.89
(1.61)

12.35
(7.78)

6.53
(1.98)

13.17
(6.18)

3.85
(1.07)

1.52
(0.64)

8.29
(4.68)

4.11
(1.73)

3.88
(0.94)

0.81
(0.27)

7.02
(3.49)

0.96
(0.54)

5.92
(3.89)

2.86
(0.66)

6.59
(3.09)

1.28
(0.36)

0.08
(0.05)

0.04
(0.04)

0.06
(0.06)

0.01
(0)

0.05
(0.05)

0.03
(0.02)

0.01
(0.01)

0.03
(0.03)

Annelida
Polychaeta

Arthopoda
Amphipoda

Copepoda

Cumacea

Isopoda

Ostracoda

0.02
(0.02)

10 cm2

0.06
(0.06)

10 cm3

0.02
(0.02)

10 cm2

0.06
(0.06)

0.06
(0.06)

0.11
(0.07)

0.11
(0.07)

0.3
(0.18)

0.14
(0.14)

10 cm3

0.03
(0.03)

0.02
(0.02)

0.06
(0.03)

0.06
(0.03)

0.15
(0.09)

0.05
(0.05)

Trombidiformes
Halacaridae

10 cm2

0.04
(0.04)
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AC-818
Undisturbed
Taxa

Tanaidacea

Nemertea

Gastrotricha

Standardization

0-2 cm

10 cm3

0.02
(0.02)

2-5 cm

AT-340
Under

0-2 cm

2-5 cm

Undisturbed
0-2 cm

2-5 cm

10 cm2

0.11
(0.11)

10 cm3

0.06
(0.06)

Trail
0-2 cm

AT-340Expt
Under

2-5 cm

0-2 cm

Undisturbed

Artificial Trail

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0.11
(0.11)

0.15
(0.11)

0.11
(0)

0.09
(0.09)

0.05
(0.05)

0.04
(0.04)

0.08
(0.06)

0.05
(0)

0.05
(0.05)

0.02
(0.02)

10 cm2

0.28
(0.28)

10 cm3

0.14
(0.14)

2-5 cm

0.05
(0.05)
0.02
(0.02)

10 cm2
10 cm3

Nematoda

Kinoryncha

10 cm2

115.51
(42.34)

177.82
(57.92)

121.17
(30.88)

56.81
(16.08)

216.96
(124.13)

455.99
(160.99)

555.18
(114.45)

515.23
(187.49)

517.50
(192.15)

430.58
(192.24)

290.94
(176.19)

187.60
(34.41)

235.41
(45.21)

201.82
(45.53)

10 cm3

57.76
(21.17)

59.27
(19.31)

60.59
(15.44)

18.94
(5.36)

108.48
(62.06)

152
(53.66)

277.59
(57.22)

171.74
(62.50)

258.75
(96.07)

143.53
(64.08)

133.89
(88.09)

74.77
(11.47)

117.70
(28.10)

67.27
(15.18)

10 cm2

0.19
(0.19)

0.04
(0.04)

0.04
(0.04)

0.2
(0.13)

0.3
(0)

0.81
(0.49)

0.18
(0.08)

10 cm3

0.09
(0.09)

0.02
(0.02)

0.01
(0.01)

0.1
(0.07)

0.15
(0)

0.41
(0.24)

0.06
(0.03)

Mollusca

10 cm3

1.4
(0.65)
0.07
(0.32)

0.68
(0.36)
0.23
(0.12)

0.38
(0.19)
0.19
(0.1)

0.34
(0.17)
0.11
(0.06)

0.74
(0.25)
0.37
(0.13)

0.11
(0.07)
0.04
(0.02)

1.41
(0.65)
0.71
(0.32)

0.4
(0.33)
0.13
(0.11)

1.13
(0.91)
0.57
(0.46)

0.23
(0.16)
0.08
(0.05)

0.12
(0.08)
0.06
(0.04)

0.15
(0.08)
0.07
(0.03)

0.54
(0.38)
0.27
(0.19)

0.09
(0.06)
0.03
(0.02)

Permanent**
meiofauna

10cm2

138.72
(43.51)

183.95
(58.18)

129.81
(79.61)

61.45
(39.94)

233.76
(121.77)

468.49
(164.98)

563.05
(113.20)

517.67
(187.95)

531.93
(194.09)

433.46
(193.30)

303.79
(183.48)

194.54
(36.25)

249.53
(129.60)

206.07
(102.32)

All sediment
infauna

10cm2

140.56
(43.56)

184.74
(58.38)

130.23
(79.79)

61.83
(40.0)

234.56
(121.95)

468.83
(165.11)

564.52
(113.13)

518.06
(188.05)

533.12
(194.43)

433.75
(193.46)

304.35
(183.77)

194.86
(36.33)

250.44
(130.21)

206.3
(102.43)

Permanent **
meiofauna

10cm3

69.36
(21.75)

61.32
(19.39)

64.91
(39.81)

20.48
(13.31)

116.88
(60.88)

156.16
(54.99)

281.53
(56.50)

172.56
(62.65)

265.96
(97.00)

144.49
(64.43)

140.06
(91.74)

77.84
(12.08)

124.77
(64.80)

68.69
(34.11)

Bivalvia

10 cm2
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AC-818
Undisturbed
Taxa
All sediment
infauna

AT-340
Under

Undisturbed

Trail

AT-340Expt
Under

Undisturbed

Artificial Trail

Standardization

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

0-2 cm

2-5 cm

10cm3

70.28
(21.78)

61.58
(19.46)

65.11
(39.89)

2`0.61
(13.33)

117.28
(60.97)

156.28
(55.03)

282.26
(56.57)

172.69
(62.68)

266.56
(97.22)

144.58
(64.49)

140.33
(91.89)

77.98
(12.11)

125.22
(65.10)

68.77
(34.15)

*Standard error is given in parentheses with each value.
**Permanent meiofauna remain within the meiofaunal size class for the entirety of their life cycle. This category excludes
temporary meiofauna, which have a part of their life cycle as part of the meiofauna (i.e. larval stages).
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Table 4.4 Feeding group assignment and composition of nematode population by % of each genera present for each sediment depth
range summarized over all cores obtained.
AC-818

Taxa
Order Enoplida
Suborder Enoplina
Anticomidae
Cephalanticoma
Leptosomatidae
Leptosomatum
Oxystominidae
Halalaimus
Wieseria
Order Chromadorida
Suborder Chromadorina
Chromadoridae
Actinonema
Chromadora
Chromadorella
Chromadorina
Chromadorita
Dichromadora
Endeolophus
Graphonema
Neochromadora
Parachromadorita
Prochromadora
Prochromadorella
Comesomatidae

Feeding
group

2a

Undisturbed
0-2
2-5
cm
cm

AT-340

Under urchin
0-2
2-5
cm
cm

Undisturbed
0-2
2-5
cm
cm

Urchin trail
0-2
2-5
cm
cm

Under urchin
0-2
2-5
cm
cm

AT-340EXPT
Artificial
Undisturbed
Trail
0-2
2-5
0-2
2-5
cm
cm
cm
cm

1.43

1a

0.15

1a
1a

0.16

2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a

0.14
0.1

0.56

0.02

0.41

0.62

0.02

0.28

0.25

0.12

0.32

0.12
0.24

0.07

0.07
0.26
0.41
0.07

0.28

0.14
0.16

0.02

0.12
0.61

0.03

0.07
0.06
0.18

0.06
0.13
0.17

0.18

0.17
0.03

0.09

0.27
0.03
0.53
0.16
0.47
0.17
0.16
0.26
0.11

0.03
0.11
0.8
0.03
0.09
0.55
0.03

0.01
0.17

0.03
0.07

0.19

0.08
0.25

0.09

0.07
0.13
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AC-818

Taxa
Comesoma
Sabatieria
Cyatholaimidae
Longicyatholaimus
Metacyatholaimus
Nannolaimoides
Paracanthonchus
Paracyatholaimoides
Paracyatholaimus
Paralongicyatholaimus
Pomponema
Desmodoridae
Acanthopharyx
Desmodora
Leptonemella
Metachromadora
Molgolaimus
Polysigma
Psammonema
Pseudodesmodora
Ethmolaimidae
Nannolaimus
Neotonchus
Microlaimidae
Aponema
Bolbolaimus
Microlaimus
Suborder Leptolaimina

Feeding
group
1b
1b
2a
2a
2a
2a
2a
2a
2a
2b
2b
2a
1a
2a
2a
2a
2a
2a

AT-340

Undisturbed
0-2
2-5
cm
cm

Under urchin
0-2
2-5
cm
cm

0.85

0.22

0.53
0.34
0.26

Undisturbed
0-2
2-5
cm
cm

0.15
0.62
0.22

0.6
2.16

0.44

0.25
0.08

0.09
0.32

0.15

2.51
1.48

21.21
0.81
0.06
0.06

0.17
0.06

0.65

11.57
1.24
0.07

28.54
2.23
0.19

0.06
0.43

0.22
1.3

0.15
0.08
40.41

21.95

26.45

8.06

60.3

89.81

80.91

35.79

64.16

66.33

84.24
0.02

7.49

0.18

3.56

91.44

88.35

91.13

57.64

39.81

47.59
0.02

38
0.07

0.97

0.27

10.04

8.23

4.04

5.84

3.91

3.13

7.39
0.03

2.46
0.09

0.01
0.08

0.02
0.25

0.09
0.01
2.07

0.34
0.03
2.85

0.15

0.02
0.08

0.39

1b
2a
2a
2b
2a

0.03

Under urchin
0-2
2-5
cm
cm

0.25
0.2

0.18
0.18

Urchin trail
0-2
2-5
cm
cm

AT-340EXPT
Artificial
Undisturbed
Trail
0-2
2-5
0-2
2-5
cm
cm
cm
cm
0.02
0.07

0.23

1.57

0.01
5.8

0.12

0.15

0.5

0.31

0.09
0.12

0.05
0.13

0.84

0.68
0.06
3.4

0.24

0.37

0.55

0.83
3.12
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AC-818

Taxa
Aegialoalaimidae
Diplopeltoides
Leptolaimidae
Alaimella
Halaphanolaimus
Leptolaimoides
Leptolaimus
Haliplectidae
Haliplectus
Suborder Desmoscolecina
Desmoscolecidae
Desmocolex
Order Monhysterida
Diplopeltidae
Campylaimus
Southerniella
Linhomoeidae
Desmolaimus
Eleutherolaimus
Linhomoeus
Megadesmolaimus
Metalinhomoeus
Paralinhomoeus
Monhysteridae
Diplolaimella
Monhystera
Theristus
Sphaerolaimidae

Feeding
group

Undisturbed
0-2
2-5
cm
cm

Under urchin
0-2
2-5
cm
cm

1a
1a
1a
1a
1a

0.08
2.2

1.42

AT-340

0.53

Undisturbed
0-2
2-5
cm
cm

Urchin trail
0-2
2-5
cm
cm

Under urchin
0-2
2-5
cm
cm

AT-340EXPT
Artificial
Undisturbed
Trail
0-2
2-5
0-2
2-5
cm
cm
cm
cm

0.18

0.11

0.2

0.23
0.39
0
2.75

11.63

1.76

2.55

0.03

1.96

0.38

0.26
3.13

1a

0.12

0.04
0.35
0.09
7.18

0.12
0.17
0.19
2.29

0.7

1b
1a

1b
1b
1b

0.24

0.02

1a

1b
1b
1b
2a
1a
1b

0.08

0.18
0.27

0.29
0.08
0.34
0.71

0.02
0.35

0.02

0.29
0.2

0.12
0.73

0.02

0.52
0.63
0.15

0.68

0.25

0.23
0.12

0.18

0.15

0.18
0.12

0.07
0.07

1.19
0.23
0.13
0.07

1.05
0.21
0.14

1.69
0.48
0.32
0.4

0.07
0.08
0.08

0.72
0.14

0.34

152

0.98
0.12
0.07
0.44

AC-818

Taxa
Sphaerolaimus
Xyalidae
Daptonema
Linhystera
Metadesmolaimus
Paramonhystera
Retrotheristus
Stylotheristus
Thassalomonhystera
Unknown

Feeding
group
2b
1b
1a
1a
1b
1b
1b
1b

AT-340

Undisturbed
0-2
2-5
cm
cm
0.03
0.05

Under urchin
0-2
2-5
cm
cm
0.29
0.15

Undisturbed
0-2
2-5
cm
cm
0.42
1.27

Urchin trail
0-2
2-5
cm
cm
0.34
1.03

Under urchin
0-2
2-5
cm
cm
0.82
1.29

15.2

4.07
0.02

4.07

14.99
0.25

9.98

6.44

0.49

0.05

0.18
0.02

3.86
0.24

5.82

6.09

5.59

AT-340EXPT
Artificial
Undisturbed
Trail
0-2
2-5
0-2
2-5
cm
cm
cm
cm
0.69
1.8
2.61
1.84
11.65
0.07

13.57

0.41
0.33

0.37

0.25

0.07
0.07

0.02

0.07

6.15
0.18
0.05
0.35
0.04
0.26
0.01
0.44
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7.62
0.12
0.17
0.14
0.03
0.09

Figure 4.4 Multidimensional scaling plots of community composition data from a) all
higher order taxa in undisturbed sediment at each site and b) all nematode genera from
undisturbed sediment at each site. The legend separates samples obtained at the mobile
urchin site at Atwater Valley, the experimental site at AT-340 (AT-340 and AT-340
EXPT respectively)) and the Alaminos Canyon site (AC-818), separated by sediment
depth (0-2 cm surface sediments and 2-5 cm deeper sediments). ANOSIM analyses in
PRIMER v. 6 found significant differences between AT-340, AT-340 EXPT and AC-818
in nematode genera composition (Global R = 0.63, p = 0.001), but not within higher order
taxa (Global R = 0.06, p = 0.17).

a)

b)
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Figure 4.5 The relative abundance of nematodes in the four feeding groups sorted by site,
sediment depth and if the sample was obtained in undisturbed (Ud), sediment, within
urchin trails (T), underneath urchins (U), or in artificial urchin trails (AT). Categories 1a,
1b, 2a and 2b represent nematode feeding groups as described by Wieser (1953).
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Figure 4.6 Average infaunal densities (individuals per 10cm3, ± standard error) in
urchin-disturbed sediments, undisturbed sediments, and in artificial trails.

Figure 4.7 The top 2 cm of each core contained the majority of the fauna found in each
core (total length examined = 5 cm). Given is the mean percentage (± standard error) of
nematodes, copepods and other meiofauna cores summarized over all core samples
obtained (n = 5 for the AC-818 samples in undisturbed sediment and underneath the
urchin, n = 4 for undisturbed sediment, in urchin trails and under urchins at AT-340, and
n = 5 for samples obtained with the artificial trails and n = 3 for samples obtained from
undisturbed sediment at the AT-340 experiment site).
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Table 4.5 Results of one-way ANOVA of undisturbed or disturbed sediment on the
meiofauna density for nematodes, copepods and combined other fauna at AC-818, AT340 and the experimental site at AT-340.
AC-818 Still urchins
Nematoda
Under urchin vs undisturbed sediment
Error
Total

Copepoda
Under urchin vs undisturbed sediment
Error
Total

Other fauna
Under urchin vs undisturbed sediment
Error
Total

DF

SS

MS

F

P

1
10
11

4219
55725
59944

4219
5573

0.76

0.41

DF

SS

MS

F

P

1
10
11

174.8
950.1
0.53

174.8
95
1124.8

1.22
1.84

0.28

DF

SS

MS

F

P

1
10
11

0.79
1.09
1.89

0.79
0.11

7.25

0.02*

DF

SS

MS

F

P

2

210337

104169

3.26

0.09

10
11

290600
500938

32289

DF

SS

MS

F

P

2

106.3

53.2

0.8

0.48

9
11

600.5
706.8

66.7

DF

SS

MS

F

P

2

0.65

0.33

0.43

0.67

9
11

6.86
7.51

0.76

AT-340 Mobile urchins
Nematoda
Under urchin vs undisturbed sediment vs urchin
trail
Error
Total

Copepoda
Under urchin vs undisturbed sediment vs urchin
trail
Error
Total

Other fauna
Under urchin vs undisturbed sediment vs urchin
trail
Error
Total
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AT-340 Experimental site
Nematoda
Artificial trail vs undisturbed sediment
Error
Total

Copepoda
Artificial trail vs undisturbed sediment
Error
Total

Other fauna
Artificial trail vs undisturbed sediment
Error
Total

DF

SS

MS

F

P

1
7
8

4367
80886
85253

4367
11555

0.38

0.56

DF

SS

MS

F

P

1
7
8

10.40
324.2
334.6

10.40
46.3

0.22

0.65

DF

SS

MS

F

P

1
7
8

0.2
4.26
4.46

0.2
0.61

0.32

0.59

Note: The abbreviations DF denotes the degrees of freedom, SS denotes the sum of
squares, MS denotes the Mean Square, F indicates the F-statistic, and P indicates the
p-value. An asterix indicates that the p-value is significant at the Bonferonni
corrected p< 0.02 (α = 0.05/3 = 0.02).
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Table 4.6 Results of a one-way ANOVA (for nematodes) and Kruskal-Wallis (used when
the data were not normally distributed for copepods and other fauna for AC-818 and AT340) analyses of the treatment effect on the percentage of each group found in the top 2
cm of the cores at each site.

AC-818 Still urchins
Nematoda
Under urchin vs undisturbed sediment
Error
Total

Copepoda
Under urchin vs undisturbed sediment
Error
Total

Other fauna
Under urchin vs undisturbed sediment
Error
Total

DF

SS

MS

F

P

1
10
11

0.25
0.29
0.55

0.25
0.03

8.71

0.02*

DF

SS

MS

F

P

1
10
11

0.05
0.25
0.29

0.05
2

1.82

0.21

DF

SS

MS

F

P

1
10
11

0.13
1.46
1.58

0.13
0.15

0.87

0.37

DF

SS

MS

F

P

2
9
11

0.66
0.4
1.06

0.33
0.04

7.37

0.01*

N

Median

Z

P

4
4
4
12

0.50
1.13
1.24

N

Median

4
4
4
12

0.2
4.26
4.46

AT-340 Mobile urchins
Nematoda
Under urchin vs undisturbed sediment vs urchin trail
Error
Total

Copepoda
Undisturbed sediment
Urchin trail
Under urchin
Overall

Other fauna
Undisturbed sediment
Urchin trail
Under urchin
Overall

Ave
Rank
3.50
7.20
8.8
6.5
Ave
Rank
3
8
8.5
6.5

-2.04
0.51
1.53
0.11
Z

P

-2.38
1.02
1.36
0.05
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AT-340 Experimental site
Nematoda
Artificial trail vs undisturbed sediment
Error
Total

Copepoda
Undisturbed sediment
Urchin trail
Overall

Other fauna
Undisturbed sediment
Urchin trail
Overall

DF

SS

MS

F

P

1
6
7

0.30
0.15
0.45

0.30
0.02

12.20

0.01*

DF

SS

MS

F

P

1
6
7

0.74
0.14
0.88

0.74
0.02

30.58

<0.01*

DF

SS

MS

F

P

1
6
7

0.86
0.33
1.20

0.86
0.06

15.43

<0.01*

Note: For the ANOVA, the abbreviations DF denotes the degrees of freedom, SS
denotes the sum of squares, MS denotes the Mean Square, F indicates the F-statistic,
and P indicates the p-value. For the Kruskal-Wallis tests, N indicates the number of
samples, Ave Rank indicates the average ranking, Z indicates the Z-score and P
indicate the p-value of the test. An asterix indicates that the p-value is significant at
the Bonferonni corrected p< 0.02 (α = 0.05/3 = 0.02).
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Table 4.7 Results of a two-way ANOVA (for mobile and still urchin sites) or GLM (for
the experimental site) examining the relative influence of sediment depth and urchin or
physical disturbance on meiofauna abundance.
AT-340 Still urchins
Nematoda
Under urchin vs undisturbed sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total
Copepoda
Under urchin vs undisturbed sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total
Other fauna
Under urchin vs undisturbed sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total

DF

SS

MS

F

P

1
1
1
20
23

9.00
12.24
18.58
169.19
209.01

9.00
12.24
18.58
8.46

1.06
1.45
2.20

0.32
0.24
0.15

DF

SS

MS

F

P

1
1
1
20
23

4.65
8.25
1.95
22.72
37.57

4.65
8.25
1.95
1.14

4.09
7.26
1.72

0.06
0.01*
0.02

DF

SS

MS

F

P

1
1
1
20
23

0.79
0.49
0.26
1.59
3.12

0.79
0.49
0.26
0.08

9.90
6.18
3.33

<0.01*
0.02
0.08

DF

SS

MS

F

P

2
1
2
18
23

185.70
19.00
206.10
384.70
795.40

92.80
19.00
103.00
21.40

4.34
0.89
4.82

0.03
0.36
0.02

DF

SS

MS

F

P

2
1
2
18
23

1.30
6.26
2.09
24.88
34.53

0.65
6.26
1.05
1.38

0.47
4.53
0.76

0.63
0.05
0.48

AT-340 Mobile urchins
Nematoda
Under urchin vs urchin trail vs undisturbed
sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total
Copepoda
Under urchin vs urchin trail vs undisturbed
sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total

Other fauna
Under urchin vs urchin trail vs undisturbed
sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Interaction
Error
Total

DF

SS

MS

F

P

2
1
2
18
23

0.13
1.15
0.44
2.65
4.37

0.07
1.15
0.22
0.15

0.46
7.83
1.49

0.64
0.01*
0.25

AT-340 Experimental site
Nematoda
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total
Copepoda
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total
Other fauna
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total

DF

Seq SS

Adj SS

Adj MS

F

P

1

1.04

1.04

1.04

0.09

0.77

1
13
15

36.95
156.45
194.44

36.95
156.45

36.95
12.03

3.07

0.10

DF

Seq SS

Adj SS

Adj MS

F

P

1

0.03

0.03

0.03

0.03

0.87

1
13
15

7.62
11.57
19.21

7.62
11.57

7.62
0.89

8.56

0.01*

DF

Seq SS

Adj SS

Adj MS

F

P

1

0.21

0.21

0.21

1.59

0.23

1
13
15

0.84
1.69
2.74

0.84
1.69

0.84
0.13

6.49

0.02

Note: In the ANOVA, the abbreviations DF denotes the degrees of freedom, SS denotes
the sum of squares, MS denotes the Mean Square, F indicates the F-statistic, and P
indicates the p-value. In the GLM, DF denotes the degrees of freedom, Seq SS denotes
the sequential sum of squares, Adj SS is the adjusted sum of square, F denotes the Fstatistic, and P indicates the p-value. An asterix indicates that the p-value is significant at
the Bonferonni corrected p< 0.02 (α = 0.05/3 = 0.02).
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Figure 4.8 This figure represents the nematode community composition in sediments
from urchin-disturbed and undisturbed sediments from the mobile urchin site at AT-340
and the still urchin site at AC-818, as well as the experimental site at AT-340. Circles
represent the portion of the core being examined, and vertical lines indicate differences
between communities within the same sediment depth across levels of urchin disturbance,
while the horizontal lines represent differences between communities across sediment
depths within urchin disturbance levels. The p-values are the result of ANOSIM tests
performed on the nematode genera sampled, and vertical and horizontal lines demonstrate
different communities if the p-value was below 0.10.
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Figure 4.9 a) Genera accumulation curves for a) all nematodes collected in this study b)
nematodes collected at the mobile urchin site at AT-340 c) nematodes collected from the
still urchin site at AC-818 and d) nematodes collected in the artificial urchin experiment
in both surface sediments (0-2 cm depth) and deeper sediments (2-5 cm depth).
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Table 4.8 Results of one-way ANOVA analyses of treatment effect on the rarefaction
index EG(200), Pielou’s evenness J’ and Shannon diversity H’ calculated from all
meiofauna collected in each core.

AC-818 Still urchins
Rarefaction
index
EG(200)

Source
Under urchin vs undisturbed sediment
Error
Total

Pielou’s
evenness J'

Source
Under urchin vs undisturbed sediment
Error
Total

Shannon’s
diversity
H'loge

Source
Under urchin vs undisturbed sediment
Error
Total

DF

SS

MS

F

P

1
10
11

0.2
86.52
86.72

0.2
8.65

0.02

0.88

DF

SS

MS

F

P

1
10
11

0.06
0.11
0.17

0.06
0.01

5.79

0.04

DF

SS

MS

F

P

1
10
11

0.33
1.25
1.58

0.33
0.13

2.65

0.14

DF

SS

MS

F

P

2
9
11

1.77
19.28
21.06

0.89
2.14

0.41

0.67

DF

SS

MS

F

P

2
9
11

0.03
0.17
0.2

0.01
0.02

0.77

0.49

DF

SS

MS

F

P

2
9
11

0.17
0.89
1.06

0.08
0.1

0.83

0.47

AT-340 Mobile urchins
Rarefaction
index
EG(200)
Under urchin vs urchin trail vs undisturbed sediment
Error
Total
Pielou’s
evenness J'
Under urchin vs urchin trail vs undisturbed sediment
Error
Total
Shannon’s
diversity
H'loge
Under urchin vs urchin trail vs undisturbed sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Total
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AT-340 Experimental site
Rarefaction
index
EG(200)

Source
Artificial trail vs undisturbed sediment
Error
Total

Pielou’s
evenness J'

Source
Artificial trail vs undisturbed sediment
Error
Total

Shannon
index
H'loge
Artificial trail vs undisturbed sediment
Surface (0-2 cm) vs deep sediment (2-5 cm)
Total

DF

SS

MS

F

P

1
6
7

17.2
123
140.2

17.2
20.5

0.84

0.4

DF

SS

MS

F

P

1
6
7

0.00
0.04
0.04

0.00
0.01

0.00

0.95

DF

SS

MS

F

P

1
6
7

0.05
0.82
0.87

0.05
0.14

0.37

0.57

Note: The abbreviations DF denotes the degrees of freedom, SS denotes the sum of
squares, MS denotes the Mean Square, F indicates the F-statistic, and P indicates the
p-value. An asterix indicates that the p-value is significant at the Bonferonni
corrected p< 0.02 (α = 0.05/3 = 0.02).
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Figure 4.10 Mean and standard error of diversity and richness indices by site, treatment
and depth in core; a) depicts the rarefaction index (EG(51)); b) depicts the Shannon index
of diversity (H’loge); and c) depicts the Pielou’s evenness index (J’) for nematodes
collected in these samples.

a)

b)

c)
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Table 4.9 Results of a two-way ANOVA (for mobile and still urchin sites) or GLM (for
the experimental site) examining the relative influence of sediment depth and urchin or
physical disturbance on the diversity indices EG(51), J’, and H’ calculated from
nematode genera data.

AC-818 Still urchins
Rarefaction
index
EG(51)
Under urchin vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total
Pielou’s
evenness J'
Under urchin vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total
Shannon
index
H'loge
Under urchin vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total

DF

SS

MS

F

P

1

0.05

0.05

0.02

0.90

1

1.01

1.01

0.28

0.061

1
20
23

0.00
72.99
74.05

0.00
3.65

0.00

0.98

DF

SS

MS

F

P

1

0.02

0.02

1.22

0.28

1

0.12

0.12

6.58

0.02

1
20
23

0.01
0.37
0.53

0.01
0.02

0.33

0.57

DF

SS

MS

F

P

1

0.13

0.13

0.92

0.35

1

0.55

0.55

3.81

0.07

1
20
23

0.01
2.9
3.6

0.01
0.15

0.08

0.78
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AT-340 Mobile urchins
Rarefaction
index
EG(51)
Under urchin vs urchin trail vs
undisturbed sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total
Pielou’s
evenness J'
Under urchin vs urchin trail vs
undisturbed sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total
Shannon
index
H'loge
Under urchin vs urchin trail vs
undisturbed sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Interaction
Error
Total

DF

SS

MS

F

P

2

11.10

5.55

3.42

0.05

1

6.27

6.27

3.87

0.06

2
18
23

4.94
29.21
51.52

2.47
1.62

1.52

0.25

DF

SS

MS

F

P

2

0.12

0.06

2.78

0.09

1

0.04

0.04

1.70

0.21

2
18
23

0.07
0.40
0.63

0.04
0.02

1.69

0.21

DF

SS

MS

F

P

2

0.68

0.34

2.91

0.08

1

0.26

0.26

2.22

0.15

2
18
23

0.44
2.10
3.47

0.22
0.12

1.87

0.18
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AT-340 Experimental site
Rarefaction
index
EG(51)

Source
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total

Pielou’s
evenness J'

Source
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total

Shannon
index
H'loge
Artificial trail vs undisturbed
sediment
Surface (0-2 cm) vs deep
sediment (2-5 cm)
Error
Total

DF

Seq
SS

Adj
SS

Adj
MS

F

1

10.85

10.85

10.85

1.65

1

1.13

1.13

1.13

0.17

13
15

85.49
97.46

85.49

6.58

DF

Seq
SS

Adj
SS

Adj
MS

F

1

0.00

0.00

0.00

0.26

1

0.00

0.00

0.00

0.26

13
15

0.13
0.13

0.13

0.01

DF

Seq
SS

Adj
SS

Adj
MS

F

1

0.13

0.13

0.13

0.80

1

0.00

0.00

0.00

0.01*

13
15

2.18
2.31

2.18

0.1674

Note: In the ANOVA, the abbreviations DF denotes the degrees of freedom, SS
denotes the sum of squares, MS denotes the Mean Square, F indicates the F-statistic,
and P indicates the p-value. In the GLM, DF denotes the degrees of freedom, Seq SS
denotes the sequential sum of squares, Adj SS is the adjusted sum of square, F
denotes the F-statistic, and P indicates the p-value. An asterix indicates that the pvalue is significant at the Bonferonni corrected p< 0.02 (α = 0.05/3 = 0.02).
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Figure 4.11 a) This figure represents a potential model that would explain the increased
abundance of nematodes present in the urchin trails. Round dots represent bacteria, wavy
lines represent nematodes, and the large brown circle represents an urchin with a white
line as its trail. In this model, low sulfide but high methane content in the sediment
permits the presence of abundant nematodes and bacteria, which increase in abundance
when additional resources are made available by the urchin’s activities. b) In this model,
sulfide concentrations as well as methane concentrations are high in the sediment, which
prevents abundant infauna from being present in these sediments. However, the higher
concentrations of reduced chemicals such as sulfide and methane encourage abundant
bacterial growth. These bacteria provide a food source for the urchin.

a)

b)
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CHAPTER 5
Conclusion
Although cold seep communities were only discovered relatively recently,
significant progress has been made towards understanding their ecology. Cold seeps are
commonly found along continental margins and host abundant communities of both
endemic and vagrant fauna. Because seep communities tend to occur in areas with
specific geologic conditions, recent advances in the geological sciences as well as in GPS
technology and seismic, multibeam and side-scan sonar techniques have enabled very
good predictions of where active seep communities lie, enabling increased opportunities
to study these remote systems. In addition, interest in these communities, especially in
deeper waters, has increased due to increased oil and gas drilling at these depths. As a
result, it is vital to understand the basic ecological patterns of biological diversity and
community assembly at these sites.
Habitat heterogeneity resulting from both biological and geological factors has
been shown to have a strong influence on seep community ecology (Bruno and Bertness,
2001; Cordes et al., 2010). Seep ecosystems form where reduced chemicals present in
subsurface fluids emerge at the seafloor. This emergence is due to a variety of factors
including tectonic activity, the compression of organically enriched sediments, and salt
migration. Physical structures that form as a result of seepage include mud volcanoes,
brine lakes, and carbonate boulders that are produced as an indirect byproduct of
anaerobic methane oxidation and sulfate reduction. In addition to these physical
attributes of seeps, dense communities of habitat-forming fauna including tubeworms,
mussels and corals colonize these sites and support abundant associated fauna. In this
dissertation, I examined the role of biologically-mediated habitat heterogeneity and
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interspecific interactions on the ecology of several types of Gulf of Mexico cold seep
communities. While much of this work is of necessity descriptive, I also pose hypotheses
and discuss mechanisms that may be influencing the patterns we describe in these
communities.
Large, reef-building corals, including the cosmopolitan species Lophelia pertusa
dominate one type of seep-related community in the Gulf of Mexico. Both live and dead
aggregations of L. pertusa host communities that are distinct from each other and from
communities on other hard substrates and neighboring sediment (Chapter 2). L. pertusa
aggregations are typically formed of mixed communities of live and dead coral, as well
as other species of reef-building or soft corals (Brooke and Schroeder, 2007). This
heterogeneous aggregation of corals provides a mixed habitat that enable diverse coralassociated fauna, including commercially important fishes (Ross et al., 2007) to take
advantage of the three-dimensional structure to find shelter, hide from predators, and hunt
for prey (Cordes et al., 2006, Chapter 2). Sessile filter feeders such as hydroids and
anemones attach themselves to the coral structure (Chapter 2) to expose themselves to
food sources present in fast-flowing currents, as the structure of the corals increases
propagule retention (Eckman 1985, Eckman et al., 1989). Beyond differences in
community composition between live and dead coral, we found differences in the
community structure of the fauna associated with live and dead L. pertusa. Aggregations
dominated by dead coral had higher abundances of higher-order consumers than
aggregations dominated by live corals. We suggest that these higher-order consumers
may be using the coral primarily as a habitat source while they range further from the
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coral to feed on other organisms nearby. If this is the case, this coral hosts fauna that may
also influence the community ecology of the surrounding habitats.
This work has implications not only for understanding the basic community
ecology of L. pertusa aggregations but also for conservation efforts to protect this coral.
L. pertusa is threatened by a number of different sources. Deep-sea fishing often uses
trawls, which crush corals and homogenize seafloor surfaces (Brooke and Schroeder,
2007). Deep-sea oil and gas drilling suspends large quantities of mud and drill cuttings,
which can damage suspension-feeding animals and also may allow oil and gas to escape
(Gass and Roberts, 2006). The fact that these corals are rarely observed near active seeps
suggests that coral recruitment or growth may be inhibited by the presence of seep
chemicals in the water column. Climate change also poses a threat to these animals,
causing decreased habitat ranges due to temperature limitations, altered calcification rates
due to increased acidity (Maier et al., 2009), and decreased depth of the aragonite
saturation level by several hundred meters (Turley et al., 2007). Populations of coralassociated fauna that are endemic to a particular coral species as a result of obligate
interspecific interactions are also at risk, and attempts to provide alternate substrates such
as artificial reefs to supplement existing corals will not succeed.
At more active seep sites, foundation fauna such as mussels and tubeworms are
frequently observed at seeps. These animals facilitate the development of seep-associated
communities by providing them with hard, complex substrates to settle on, use as shelter,
hide from predators among or hunt prey on (Carney, 1994; Bergquist et al., 2003a and b;
Cordes et al., 2005). Tubeworms and mussels may also mediate the surrounding water
chemistry by absorbing the seep fluids (such as sulfide, which are toxic for most
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organisms) for their symbionts (Bergquist et al., 2003a, Dattagupta et al., 2006).
Tubeworms absorb sulfide through their roots and deliver it to their symbionts, which use
the sulfide as an energy source and produces sulfate that is then excreted by the
tubeworm into the sediment (Freytag et al. 2001; Dattagupta, 2006). The presence of the
mussels and tubeworms may decrease the flow of sulfide into the water column,
permitting other animals to take advantage of these islands of high primary productivity
without being poisoned by the high sulfide levels in the water (Cordes et al., 2005).
These animals are extremely long-lived; tubeworms can persist for centuries (Fisher et
al., 1997; Bergquist et al., 2000; 2002), while mussels may live for decades (Nix et al.,
1995).
Although the studies cited above are from work on the upper Louisiana Slope
(above 900 m depth), the less-studied lower Louisiana Slope (>1000 m depth) also hosts
dense aggregations of mussels and tubeworm at cold seeps. These deeper aggregations
consist of different species (Fisher et al., 2007; Cordes et al., 2007). We found that at
these sites, mussels, tubeworms, and other substrates host distinctly different
communities of associated fauna (Chapter 3). As a result, changes in the distribution of
foundation fauna influence a larger associated community. Despite our preconception
that these communities would change very slowly due to the longevity of the foundation
fauna and the presence of stable resources, repeated photomosaics over several seep
communities indicated that mussel aggregations change position frequently (Chapter 3).
These mobile aggregations of small mussels in sites without tubeworms and decreased
mussel aggregation sizes in areas with larger tubeworms, suggest that faunal communities
at these deeper sites follow similar successional trends as those observed within
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shallower seeps (Bergquist et al., 2003; Cordes et al., 2005), despite a completely
different assemblage of species at these deeper seeps (Fisher et al., 2007, Chapter 3).
However, we also observed some recruitment of mussels at sites that are likely to be at a
later successional stage due to the presence of abundant tubeworms, indicating that
seepage patterns at these sites may vary over a range of time scales (Chapter 3). This
recruitment implies that successional patterns at these seeps are not linear transitions of
one community type to another, but instead that presence and activity of the dominant
mussels and tubeworms depend on environmental factors such as changes in seepage
expression over short time scales.
Future work should clarify the relative roles of environmental factors and
interspecific factors at the deeper seeps. While it is clear that habitat-forming fauna such
as mussels and tubeworms host separate communities, the mechanisms driving the
differences in these communities are not apparent. Environmental factors influence the
ability of foundation fauna to settle at these sites, and after settlement, interspecific
interactions may control the distribution and abundance of the seep-associated fauna. For
example, foundation fauna such as mussels and tubeworms may mediate seep chemistry,
and may also interact or compete with each other for resources. To help clarify some of
these points, future work should focus on the role of environmental chemistry in
mediating the distribution of animals at these sites. Chemical measurements of methane
and sulfide should be obtained within animal aggregations as well as in the water column
immediately above and in the sediment immediately below these animals, as has been
done at shallower seeps in the Gulf of Mexico (Nix et al., 1995; Smith et al., 2000;
Bergquist et al., 2003a, Bergquist et al., 2005; Cordes et al., 2003; Cordes et al., 2005).
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Data of this nature can help to determine whether spatially shifting aggregations were in
fact responding to changes in chemical seepage. In addition, artificial substrates could be
used to mimic the physical structure of the tubeworms and mussels within and outside of
seeps to determine the relative roles of structure and environmental conditions in
structuring seep communities, as well as examine colonization on newly available hard
substrates. Transplant experiments could also help to clarify questions involving the
relative roles of habitat heterogeneity and environmental resource provision. These data
could help to clarify whether fauna associated with mussel shells and tubeworm tubes are
responding to the presence of a hard, complex habitat structure or to ameliorated
chemical environmental conditions.
Habitat-modifying fauna influence the associated communities as a result of their
actions as well as their physical structure. Specifically, bioturbation may play a very
important role in moderating deep-sea community ecology. In 2006, we discovered a
new type of seep community dominated by burrowing heart urchins. Instead of acting as
foundation fauna that increase habitat heterogeneity through their physical structure,
these urchins influence the surrounding environment as a result of their activities. This
community of burrowing spatangoid urchins in soft sediment provided an opportunity to
perform an in-situ study that would examine the effect of physical disturbance and
interspecies interactions on species richness and community structure in deep seep
communities. We had expected to observe lower abundance and potentially higher
diversity in urchin-bioturbated sediment infaunal communities, because urchins consume
organic material, including meiofauna, in the sediment, and because disturbed
environments tend to have higher species richness. Instead, we found higher abundances
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of the most common animal, nematodes, in bioturbated sediment than in undisturbed
sediments, suggesting that these urchins actually modify their local environment by
providing a resource that increases meiofauna abundances in disturbed sediment. The
urchins also homogenized surface and deeper infaunal communities, possibly by turning
over the sediment and enabling oxygen to penetrate deeper into the sediment, which
expands the available habitat for those organisms that were limited to the top layers of
sediment. Urchin-bioturbated sediments also host meiofauna communities that are
different from those found in undisturbed sediments. This difference in community
composition between urchin-bioturbated and undisturbed sediment communities indicates
that the urchins influence local-scale patchiness and habitat heterogeneity.
There are several mechanisms that could explain this effect of the urchins on the
sediment infauna. We suggest that that urchin activity may increase organic material in
the sediment. This increased organic material may lead to increased bacterial growth,
and a corresponding increase in bacteriovorous nematodes. The resulting higher organic
content of the sediment then provides an even better food source for urchins within the
aggregation. Slightly lower species richness in urchin-disturbed sediments may be a
result of the limited time for colonization after the disturbance, the differing ability of
fauna in undisturbed sediments to move into a new habitat, or to the fact that most of the
fauna present in undisturbed sediments are not adapted to the conditions in urchin
bioturbated sediments. In order to test this, future studies could test the response of the
sediment infaunal community to fertilized sediments in combination with varying
disturbance levels.
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The importance of understanding the basic ecological patterns in deep-sea seep
communities becomes especially relevant in the context of the April 20th, 2010 explosion
of the Deepwater Horizon, an oil drilling platform in the Gulf of Mexico that
continuously leaked oil into the Gulf for more than two months before a cap successfully
stopped oil leakage on July 15th, 2010 and the well was ‘killed’ on September 19th, 2010.
Without baseline studies that describe the biology of cold seeps and deepwater corals, it
is impossible to determine what effect the oil will have or has already had on benthic
communities. A cruise in October, 2010 to the affected regions has discovered large
areas of dead corals within 7 miles of the platform. We can be certain that there will be
other significant effects as a result of this disaster: estimates of the quantity of oil spilled
remain unknown, but range between 2,198,374 barrels to 7,803,244 barrels based on
estimates from the DoE of 1.47 million gallons a day and the scientific community
experts’ worst case scenario of 4.2 million gallons a day (Amico, 2010). In addition,
dispersants were added to surface waters and at the source of the spill to break the oil into
smaller molecules that would more easily disperse and ideally be more quickly
biodegraded. Both the oil (especially the lighter oil created by the dispersant), and the
dispersant itself may have negative effects on deep-water corals. Oil and dispersants
could poison the coral polyps, coat the surface of the coral polyps, force the coral to
spend energy clearing away pollutants, or decrease the amount of particulate organic
matter available for the corals to collect. Threats also exist to organisms present in the
water column, as well as organisms with larval dispersal stages. Many of the sites
evaluated in this study are both underneath or just outside of the area affected by the spill.
These mosaic sites were revisited in July, 2010 and again in October, 2010 to examine

180

effects of the oil spill on fauna within these communities. While the full effects the leak
will have are unknown, it is likely that these communities will be impacted for many
years.
This dissertation examined three different common deep-sea seep-related
communities in which ecological processes are primarily driven by habitat-modifying
fauna. Habitat-modifying organisms, such as mussels, tubeworms, corals and urchins
facilitate the development of abundant populations of associated fauna by providing
complex physical habitat sources, by ameliorating the chemical and physical
environment, and by increasing limiting resources. Several studies have shown that
tubeworm- and mussel-dominated seep communities as well as coral communities change
slowly and can last for centuries, indicating that environmental conditions over the long
term are stable. As a result, interspecific interactions, such as those described for the
habitat-modifying species at these sites may be responsible for much of the patterns in the
ecology and evolution of these communities. This study, as well as others of seep
communities, demonstrates that seeps contribute to the patchiness observed in deep-sea
environments and therefore to high regional diversity in the deep-sea. In order to properly
manage these resources in the future, the role of habitat-modifying organisms, and
specifically the traits of these organisms that influence the ecology of its associated
communities, needs to be fully understood so that conservation practices can properly
manage these newly-discovered habitats.

181

References
Amico, C. 2010. How much oil has leaked into the Gulf of Mexico? PBS Newshour.
PBS.com. http://www.pbs.org/newshour/rundown/2010/05/how-much-oil-has-spilled-inthe-gulf-of-mexico.html. Accessed July 26, 2010.
Bergquist, D.C., Williams, F.M., Fisher, C.R. 2000. Longevity record for deep-sea
invertebrate. Nature 403:499-500.
Bergquist, D.C., Ward, T., Cordes, E.E., McNelis, T., Howlett, S., Kosoff, R., Hourdez,
S., Carney, R., Fisher, C.R. 2003a. Community structure of vestimentiferan-generated
habitat islands from upper Louisiana slope cold seeps. J Exp Mar Biol Ecol 289:197-222.
Bergquist, D.C., Andras, J.P., McNelis, T., Howlett, S., van Horn, M.J., Fisher, C.R.
2003b. Succession in Gulf of Mexico cold seep communities: the importance of spatial
variability. PSZN I: Mar Ecol 24:31-44.
Bergquist, D.C., Fleckenstein, C., Knisel, J., Begley, B., MacDonald, I.R., Fisher, C.R.
2005. Variations in seep mussel bed communities along physical and chemical
environmental gradients. Mar Ecol Prog Ser 293:99-108.
Brooke, S., Schroeder, W. 2007. State of Deep Coral Ecosystems in in the Gulf of
Mexico region: Texas to the Florida Straits. In: Lumsden, S.E., Hourigan TF, Bruckner
AW, Dorr G (Eds). The State of Deep Coral Ecosystems of the United States. NOAA
Technical Memo. CRCP-3. Silver Spring MD, pp 271-306.
Bruno J.F., Bertness M.D. 2001. Habitat Modification and Facilitation in Benthic Marine
Communities In Eds: M.D. Bertness, S.D. Gaines, M.E. Hay: Marine Community
Ecology. Sinauer Associates MA.
Cordes E.E., Bergquist D.C., Predmore B.L., Jones C., Deines P., Telesnicki G., Fisher
C.R. 2006. Alternate unstable states: Convergent paths of succession in hydrocarbon-seep
tubeworm associated communities. Journal of Exp Mar Biol and Ecol 339 159-176.
Cordes E.E., Bergquist D.C., Shea K., Fisher C.R. 2003. Hydrogen sulfide demand of
long-lived vestimentiferan tube worm aggregations modifies the chemical environment at
deep-sea hydrocarbon seeps. Ecology Letters 6: 212-219.
Cordes, E.E., Carney, S.L., Hourdez, S., Carney, R.S., Brooks, J.M., Fisher, C.R. 2007.
Cold seeps of the deep Gulf of Mexico: Community structure and biogeographic
comparisons to Atlantic equatorial belt seep communities. Deep-Sea Research I 54:637653.
Cordes, E.E., Hourdez, S., Predmore, B., Redding, M.L., Fisher, C.R. 2005. Succession
of hydrocarbon seep communities associated with the long-lived foundation species
Lamellibrachia luymesi. Marine Ecology Progress Series 305: 17-29.

182

Cordes, E.E., Arthur, M.A., Shea, K., Arvidson, R.S., Fisher, C.R. 2005. Modeling the
mutualistic interactions between tubeworms and microbial consortia. PLoS: Biol 3:497506.
Cordes E.E., McGinley M.P., Podowski E.L., Becker E.L., Lessard-Pilon S., Viada S.T.,
Fisher C.R.. 2008. Coral communities of the deep Gulf of Mexico. Deep Sea Research I
55-777-787.
Cordes, E.E., Becker, E.L., Hourdez, S., Fisher, C.R. 2010. Influence of foundation
species, depth and location on diversity and community composition at Gulf of Mexico
lower-slope cold seeps. Deep-Sea Research II, doi: 10.1016/j.dsr2.2010.05.010.
Dattagupta S., Miles L.L., Barnabei M.S., Fisher C.R. 2006. The hydrocarbon seep
tubeworm Lamellibrachia luymesi primarily eliminates sulfate and hydrogen ions across
its roots to conserve energy and ensure sulfide supply. J. Exp. Biol. 2093795-805.
Deepwater Horizon/BP Oil Spill. 2010. Retrieved 16 July 2010 from
http://response.restoration.noaa.gov/dwh.php?entry_id=809.
Eckman, J.E. 1985. Flow distruption by an animal-tube mimic affects sediment bacterial
colonization. J. Mar. Res. 43:419-435.
Eckman, J.E., Duggins, J.O., Sewell, A.T. 1989. Ecology of understory kelp
environments. I. Effects of kelps on flow and particle transport near the bottom. J. Expt.
Mar. Biol. Ecol. 129:173-187.
Freytag, J.K., Girguis, P.R., Bergquist, D.C., Andras, J.P., Childress, J.J., Fisher, C.R.
2001. A paradox resoved: sulfide acquistion by roots of seep tubeworms sustains net
chemoautotrophy. PNAS 98: 13408-13414.
Fisher, C.R., Roberts, H., Cordes, E., Bernard, B. 2007. Cold seeps and associated
communities of the Gulf of Mexico. Oceanography 20: 118-130.
Gallagher, E.D., Jumars, P., Trueblood, D. 1983. Facilitation of soft-bottom benthic
succession by tube builders. Ecology, 64:1200-1216.
Gass, S., Roberts, J.M. 2006. The occurrence of the cold-water coral Lophelia pertusa
on oil and gas platforms in the North Sea: Colony growth, recruitment and environmental
controls on distribution. Marine Pollution Bulletin 52:549-559.
Levin, L.A., Etter, R.J., Rex, M.A., Gooday, A.J., Smith, C.R., Pineda, J., Stuart, C.T.,
Hessler, R.R., Pawson, D. 2001. Environmnetal influences on regional deep-sea species
diversity. Annu. Rev. Ecol. Syst. 32: 51-93.
Maier, C., Hegeman, J., Weinbauer, M.G., Gattuso, J.P. 2009. Calcification of the coldwater coral Lophelia pertusa under ambient and reduced pH. Biogeosciences 6:16711680.
183

Nix, E.R., Fisher, C.R., Vodenichar, J., Scott, K.M. 1995. Physiological ecology of a
mussel with methanotrophic endosymbionts at three hydrocarbon seep sites in the Gulf of
Mexico. Marine Biology 122:605-617.
Ross S., Quattrini A. (2007) The fish fauna associated with deep coral banks off the
southeastern United States. Deep Sea Research I 54:975-1007.
Smith, E.B., Scott, K., Nix, E.R., Korte, C., Fisher, C.R. 2000. Growth and condition of
seep mussels (Bathymodiolus childressi) at a Gulf of Mexico brine pool. Ecology 81:
2392-2403.
Turley, C.M., Roberts, J.M., Guinotte, J.M. 2007. Corals in deep-water: will the unseen
hand of ocean acidification destroy cold-water ecosystems? Coral Reefs 26:445-448.

184

APPENDIX A
Photomosaics and digitizations for Chapter 2
Figure A.1 Photomosaic within the GC185 site a) assembled; and b) digitized in
ArcView v 9.1 to indicate the substrate cover and associated fauna.

a)

185

b)

186

Figure A.2 a, b, c, d Photomosaics within the GC234 site, where a) and b) are the
assembled photomosaics GC234a and GC234b respectively and c) and d) are
photomosaics GC234a and GC234b digitized in ArcView v 9.1 to indicate substrate
cover and associated fauna.

a)
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b)
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c)
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d)
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Figure 3 a, b Photomosaic within the GC354 site a) assembled; b) digitized in ArcView
v 9.1 to indicate the substrate cover and associated fauna.

a)

191

b)
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Figure A.4 a, b, c, d, e, f, g, h Photomosaics within the VK826 site, where a), b), c) and
d) are the assembled photomosaics VK826 a, b, c, and d respectively and e), f), g), and h)
are the photomosaics VK826a, b, c, and d digitized in ArcView v 9.1 to indicate the
substrate cover and associated fauna.
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APPENDIX B
Photomosaics and digitizations for Chapter 3
Figure B.1 a, b, c, d, e, f Photomosaic of the Big Mussel Bed site in lease block AT-340,
with the area mosaicked in both years indicated by the outline drawn on the images,
where a) is the photomosaic obtained in 2006, b) is the mosaic obtained in 2007, c) is the
2006 photomosaic digitized for substrate type, d) is the 2007 mosaic digitized for
substrate type, e) is the 2006 mosaic digitized with substrate type and mobile fauna, and
f) is the 2007 mosaic digitized with substrate type and mobile fauna.
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Figure B.2 a, b, c, d, e, f, g, h Photomosaic of the Mussel Brick Road site in lease block
AT-340, with the area mosaicked in both years indicated by the outline drawn on the
images, where a, b, and c) are the three parts of the photomosaic obtained in 2006, d) is
the mosaic obtained in 2007, e) is the 2006 photomosaic digitized for substrate type, f) is
the 2007 mosaic digitized for substrate type, g) is the 2006 mosaic digitized with
substrate type and mobile fauna, and h) is the 2007 mosaic digitized with substrate type
and mobile fauna.
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Figure B.3 a, b, c, d, e, f, g, h, i Photomosaic of a chemosynthetic community along a
crack in the carbonate rock at AC-818, with the area mosaicked in both years indicated
by the outline drawn on the images, where a, b, c and d) are the four parts of the
photomosaic obtained in 2006, e) is the mosaic obtained in 2007, f) is the 2006
photomosaic digitized for substrate type, g) is the 2007 mosaic digitized for substrate
type, h) is the 2006 mosaic digitized with substrate type and mobile fauna, and i) is the
2007 mosaic digitized with substrate type and mobile fauna.
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Figure B.4 a, b, c, d, e Photomosaic of a chemosynthetic community in AC-645, with
the area mosaicked in both years indicated by the outline drawn on the images, where a)
is the video mosaic obtained in 1992, b) is the mosaic obtained in 2007, c) is the 1992
video mosaic digitized for substrate type, d) is the 2007 mosaic digitized for substrate
type, and e) is the 2007 mosaic digitized with substrate type and mobile fauna
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