The Pennsylvania State University
The Graduate School
Eberly College of Science

TEMPORAL PROGRESSION OF OIL SPILL IMPACT ON A COLD-WATER CORAL
COMMUNITY

A Thesis in
Biology
by
Pen-Yuan Hsing

© 2013 Pen-Yuan Hsing

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science
August 2013

The thesis of Pen-Yuan Hsing was reviewed and approved* by the following:

Charles R. Fisher
Professor of Biology
Thesis Advisor

Katriona Shea
Professor of Biology

Iliana Baums
Associate Professor of Biology

*Signatures are on file in the Graduate School

ABSTRACT
Usually found in deep and cold marine environments around the world, azooxanthellae coldwater corals (CWCs) are not as well studied as their tropical reef counterparts. However, the diversity of
biological communities on hard scleractinian cold-water coral reefs have been compared to that of
tropical reefs (Cordes et al. 2008), and dense assemblages of soft gorgonian corals near the Aleutian
Islands have been described as coral “gardens” (Stone 2006). They are slow growing and long lived,
sometimes up to thousands of years old (Roark et al. 2009), suggesting they and the habitats they support
might take a long time to recover from major disturbances, if at all. Historically, those disturbances
include fishing and trawling (Hall–Spencer et al. 2002; Davies et al. 2007). Also, cold-water corals are
being affected by thermal stress (Cerrano et al. 2000), changes in surface primary productivity (Roberts et
al. 2009), and ocean acidification (Guinotte et al. 2006) as a result of anthropogenic induced climate
change. In recent years, mining and energy production activities have expanded into increasingly deeper
waters, including cold-water coral habitats (Roberts et al. 2009). A major accident that occurred as a
result of those activities was the Deepwater Horizon oil spill in April 2010 in the deep Gulf of Mexico.
On 3 November 2010, a coral community 11 km southwest of the site of the Deepwater Horizon
blowout was discovered at 1,370 m with gorgonian corals partially covered by a brown flocculent
material (“floc”) and commensal brittle stars with abnormal coloration and behavior (White et al. 2012).
This thesis will describe the work that quantified the visible changes in impact to the corals, where images
of individual branches of each colony were digitized and categorized based on their condition after four
repeat visits. Most of the floc was absent from the corals by the first 2011 visit, and there was a decrease
in the median proportions of the colonies showing obvious signs of impact between the November 2010
and later visits. During the second visit in 2010, early onset of hydroid colonization on impacted coral
branches was observed and it increased over the course of the study. The probability of impacted portions
of the coral dying and being colonized by hydroids by March 2012, was positively correlated with the
proportion of the colony covered by floc in late 2010. Similarly, the probability of impacted portions of
the coral showing signs of recovery and persisting through March 2012 was negatively correlated with the
proportion of the coral covered with floc in late 2010. A notable feature of the impact at all time points
was its patchy nature, both with and among colonies, suggesting the impacting agent was not
homogenously dispersed during initial contact with the corals. While the median level of visible impact
decreased over time, the conservative method used to categorize branches as obviously visibly impacted
only when they were covered in floc, dead, or dripping tissue ignored more subtle indications of impact
such as polyp condition and coloration. As a result, it is likely that future visits will reveal additional
deterioration in the condition of these normally very long-lived corals.
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Chapter 1

Introduction
Most shallow water corals obtain the majority of their nutrients through a symbiotic relationship
with photosynthetic zooxanthellae living within their tissue. This relationship enables the formation of
vast tropical coral reefs that are some of the most productive marine ecosystems. In contrast, cold-water
corals (CWCs) are distinguished by a lack of photosynthetic symbionts (Roberts et al. 2006). Due to their
azooxanthellic nature, cold-water corals must obtain nutrients through their polyps alone. They have been
documented to consume zooplankton (Orejas et al. 2003; Sherwood et al. 2005a), particulate organic
matter (Sherwood et al. 2005a), or even by bending down to deposit feed on the seabed (Slattery et al.
1997).
In addition to being found in deep, cold waters between 4 to 12°C and up to 4,000 m deep
(Roberts et al. 2006), the distribution of cold-water corals is cosmopolitan, and closely correlated with the
presence of accelerated currents that are constant, or at least periodic (Roberts et al. 2009). The currents
not only ensure a reliable supply of nutrition, but also allow the removal of waste and sedimentation
(Roberts et al. 2009). And since their larvae require a hard surface on which to settle, cold-water corals
are usually found on rocky outcrops on seamounts, basin slopes, steep sloped islands, and continental
slopes (De Mol et al. 2002; Freiwald 2002; Buhl-Mortensen & Mortensen 2005; Etnoyer & Morgan 2005;
Bryan & Metaxas 2006; Rogers et al. 2008). As reviewed by Roberts et al. (2009), well studied areas
include the north Atlantic, the Norwegian continental shelf, Pacific seamounts, the Aleutian archipelago,
and the northern Gulf of Mexico, to name a few.
Interestingly, cold-water corals have been observed in spatial proximity to hydrocarbon seeps in
the Gulf of Mexico (Cordes et al. 2008, 2009). However, cold-water corals ultimately obtain their
nutrition from surface photosynthetic primary productivity. Stable isotope work have shown that coldwater corals are likely not nutritionally linked to the chemosynthetic communities near cold seeps (Becker
et al. 2009). Instead, the occurrence of cold-water corals near seeps is more likely due to the availability
of authigenic carbonate substrates, which are formed through microbial activity as part of the biological
succession at hydrocarbon seeps (Cordes et al. 2008; Becker et al. 2009).

Cold-water corals as habitats
Early studies on cold-water corals relied on blanket sampling by dredging (e.g. Duncan 1870).
Since the late 1960s, in situ observation and fine scale sampling were made possible by technological
advances such as remote operated vehicles (ROVs), or manned submersibles.
Perhaps the most intensively studied habitats formed by cold water corals are those of the
scleractinian hard coral Lophelia pertusa. They develop into dense thickets as new polyps settle on dead
coral framework and eroded coral rubble (Roberts et al. 2009). In the Norwegian continental shelf,
conservative estimates have identified continuous L. pertusa reef structures covering more than 35 km2
(Mortensen et al. 2001). The smooth surface of living coral, the sedimented spaces within dead coral
framework, and even the fragmented coral rubble provide a complex three dimensional environment that
hosts a wide array of benthic organisms, including polychaetes, bivalves, crustaceans, sponges, actinians,
and various other epifauna (Roberts et al. 2009). The number of species documented living in L. pertusa
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reefs is more than 1,300 (Roberts et al. 2006), and the biological diversity of these reefs has been
compared to that of tropical coral reefs (Cordes et al. 2008).
Gorgonian cold-water corals also form habitat. The densities of these soft corals vary greatly,
from 0.005 m2 for Acanthogorgia in the Atlantic near Canada (Mortensen & Buhl-Mortensen 2004) to an
average density of 0.84 m2 in the North Pacific Aleutian archipelago (Stone 2006). Since the surface area
and structural complexity of these arborescent flabellate corals are less than the hard, reef forming
scleractinians, gorgonian communities are thought to harbor less biodiversity (Roberts et al. 2009).
Nonetheless, a sample of just 25 Paragorgia arborea and Primnoa resedaeformis in the northwest
Atlantic revealed almost 4,000 associated organisms belonging to more than 100 species (BuhlMortensen & Mortensen 2005). In fact, the dense assemblages of gorgonians and stylasterids
("hydrocorals") near the Aleutian Islands have been described as coral "gardens" (Stone 2006).
How many species are only found in cold-water coral habitats is less certain. According to
Heifetz et al. (2005), 25 of the 69 coral taxa in the Aleutian coral "gardens" had not been reported from
anywhere else. One review on worldwide seamount habitats reported that, on average, 20% of the species
found on a seamount or seamount chain are possible endemics (limited to that seamount or chain) (Stocks
& Hart 2008). However, the hydrology around seamounts is complex and not well known (Roberts et al.
2009), and genetics studies have shown distributions of a seamount Keratoisidinae coral and certain
galatheid crabs are not as spatially constrained as previously thought (Smith et al. 2004; Samadi et al.
2006). In addition, seamounts and the deep sea are relatively unexplored compared to other environments,
so even if a species has only been found at one locality, one can’t be certain that it is endemic. Therefore,
cold-water coral habitats are often ecological oases with high diversity (Rogers et al. 2008), but not
necessarily endemism (Roberts et al. 2009).
While technological advances have allowed us to make in situ observations of cold-water coral
communities, continuous monitoring is difficult. As a result, knowledge about the functional ecology and
associations between these animals is limited (Roberts et al. 2009). A promising approach is the use of
minimally invasive time-lapse photography, which has been utilized for L. pertusa patches roughly 2 m2
for up to half a year in the northeast Atlantic (Costello et al. 2005). In the Gulf of Mexico, down looking
mosaics were made of L. pertusa patches to examine associated megafauna communities (Lessard-Pilon
et al. 2010). As part of the Lophelia II project funded by the National Oceanic and Atmospheric
Administration (NOAA) and the Bureau of Ocean Energy Management (BOEM), almost 30 long term
monitoring stations were set up in different localities within the Gulf of Mexico between 2009 and 2010
(National Oceanic and Atmospheric Administration (NOAA) 2010).

Reproduction, growth rates, and use as paleooceanographic archive
The reproductive patterns of cold-water corals are not well studied, and are often inferred from
related taxa. For example, reproductive events have never been observed in situ for the relatively wellstudied reef forming L. pertusa and Madrepora oculata, but they are thought to be broadcast spawners
since shallow corals from the same families share the trait (Roberts et al. 2009). The timing of
reproductive events may be seasonal for scleractinians, since seasonal input of nutrients might provide a
factor for synchronizing reproduction (Burgess & Babcock 2005; Waller & Tyler 2005). On the other
hand, gamete development and oocyte maturation in the primnoid cold-water coral Ainigmaptilon
antarcticum lasts for more than an year (Orejas et al. 2002), and thus its reproductive events may not be
annual. Other factors that may trigger reproduction, such as tidal and temperature cycles in the deep sea,
may also be considered (Roberts et al. 2009). Generalizations about cold-water coral reproductive traits
are difficult, as they vary greatly even within a single genus, such as the octocoral Alcyonium (as
reviewed by Simpson 2009).
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The growth rates of cold-water corals are also difficult to ascertain. Traditionally, estimates were
based on linear extension rates of scleractinians on substrate of known age. This was especially applicable
to L. pertusa, which grows on undersea cables, shipwrecks, and oil and gas platforms (Gass & Roberts
2006; Roberts et al. 2009). Even then, growth rates varied greatly from 5 mm/yr to 34 mm/yr (Roberts et
al. 2009), and may not reflect the growth rate of L. pertusa reefs on natural substrate. For other cold-water
corals, growth bands, and the radial thickening of rings on stems were also used to estimate growth. This
method proved useful when verified with stable isotope decay. For example, the spike in 14C from atomic
bomb tests in the mid 20th century were used to determine that the growth rings in Primnoa
resedaeformis were annual (Sherwood et al. 2005b). Like the variety of reproductive traits, however, it is
uncertain whether growth bands in cold-water corals are always formed annually (Cheng et al. 2000),
which complicates the determination of growth rates.
In addition to tracking growth rates, atomic bomb 14C markers are also used to age cold-water
corals (Roark et al. 2006). Results from this and other stable isotope dating techniques have revealed
remarkable longevity. One Gerardia gold coral was dated to about 1,800 years (Druffel et al. 1995), and
samples of the black coral Leiopathes sp. near Hawai'i showed one individual to be more than 4,000 years
old (Roark et al. 2009). In other words, cold-water coral colonies may be among the longest living
animals on Earth.
The extreme age of some cold-water corals has prompted research on their potential as
paleoclimatological records, and stable isotope ratios are again used for this purpose. Promising
candidates include Li/Ca ratios in Porites corals (Marriott et al. 2004). Temperature dependent
fractionation patterns in 88Sr/86Sr ratios have also been investigated in L. pertusa to reconstruct ancient
ocean temperatures (Rüggeberg et al. 2008).

Anthropogenic impacts
Considered by many as the final frontier on the Earth, the deep sea has become increasingly
affected by human activities. Accumulation of garbage in the deep sea benthos is well documented
(Ramirez-Llodra et al. 2011), and there is growing international appreciation for the long lasting
detrimental effects of trawling on deep-water communities on continental shelves and seamounts (Clark
et al. 2010). For cold-water corals, their longevity suggests the habitat they form might take a long time to
recover from major disturbances. Historically, a well documented source of anthropogenic impact on
cold-water corals was fishing and trawling (Hall–Spencer et al. 2002; Davies et al. 2007). Some of the
shallower species have also been collected for jewelry or as traditional medicines, with Corallium corals
being a common example (Grigg 1993). In addition, Tsounis et al. (2012) suggested SCUBA diving
might adversely impact the reproduction of Paramuricea clavata.
In recent years, there have been studies on how anthropogenically induced climate change is
related to rising ocean temperatures, and the implications for corals. Notably, communities in the northern
Mediterranean Sea consisting primarily of P. clavata have received considerable attention regarding their
recovery from thermal stress following heat waves, such as the observation of size dependent mortality,
and possible long term reproductive effects (Cerrano et al. 2000; Linares et al. 2005, 2008). Changes in
surface primary productivity as a result of climate change could also affect cold-water corals (Roberts et
al. 2009). Finally, a projection based on ocean acidification by Guinotte et al. (2006) suggests up to 70%
of reef forming cold-water corals, such as L. pertusa and M. oculata, might experience net calcium
carbonate dissolution by the end of the 21st century.
Technological advances have not only allowed researchers to directly observe deep sea
ecosystems, but also made the exploration and extraction of deep sea resources commercially viable.
Mining seafloor "massive sulfide deposits" for copper and other minerals has recently begun in the west
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Pacific back arc basins (van Dover 2011), and exploration permits for polymetallic sulfide deposits have
been granted by the International Seabed Authority in the Pacific, and along mid ocean ridges in the
Indian and Atlantic oceans (http://www.isa.org.jm/). Recently, Papua New Guinea granted a mining
license to Nautilus Minerals for an active hydrothermal field in their territorial waters (van Dover 2011,
but note this license is currently in dispute). While these efforts are near hydrothermal vents, another
oases for deep sea biodiversity, commercial mineral exploration is also expanding into potential coldwater coral habitat, such as the Kermadec Arc just north of New Zealand (Roberts et al. 2009). Sampling
on seamounts in the Kermadec Arc found both scleractinian and antipatharian cold-water corals (Rowden
et al. 2003), and possible endemic invertebrates such as the squat lobster Munidopsis kermadec (Cubelio
et al. 2007), and the shrimp Alvinocaris niwa (Webber 2004).

Impacts from oil exploration and extraction
The earliest offshore drilling platforms were erected in 1897 off the coast of Santa Barbara,
California in the United States. At this time, they were simple wooden derricks permanently linked to
land via piers more than 400 m long (Leffler et al. 2011).
The 1930s saw the construction of the first oil platforms that were independent, freestanding
structures. Between 1937 and 1938, Pure Oil and Superior Oil constructed offshore drilling platforms in
the Creole Field ("Gulf of Mexico State Lease No. 1"), 2.4 km from the coast of Louisiana in the Gulf of
Mexico (Pratt et al. 1997), starting a wave of hydrocarbon exploration and extraction that will eventually
make the Gulf of Mexico the epicenter of domestic oil production in the United States.
Drilling leases in the United States were greatly expanded in 1962 following a record sale of 411
tracts in the Gulf of Mexico continental shelf worth USD $445 million (~$3.3 billion inflation adjusted
for 2012) (National Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling 2011),
prompting the United States Bureau of Land Management to expand its federal outer continental shelf
leasing program to the states of Oregon and Washington in 1963, and California in 1966 (National
Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling 2011). During the 1960s, the
rapid expansion of offshore drilling was accompanied by federal oversight following a "minimum
regulation, maximum cooperation" philosophy (National Commission on the BP Deepwater Horizon Oil
Spill and Offshore Drilling 2011). By the end of the decade, the first major oil platform blowout took
place.
On 28 January 1969, the Union Oil Company's platform A-21 in the Santa Barbara Channel
exploded, releasing up to 100,000 barrels of oil over 11 days (National Commission on the BP Deepwater
Horizon Oil Spill and Offshore Drilling 2011). Coastal surveys counted more than 3,600 dead seabirds,
primarily Western Grebes and loons (Carter 2003), but interestingly local fish stocks did not seem to be
adversely affected (Straughan 1971). While limited in scope, these are some of the first biological impact
studies conducted specifically in response to oil spills.
Since then, and especially after the notorious Exxon Valdez disaster in 1989, there has been a
proliferation of studies regarding the biological impacts of oil spills. They span from those regarding
charismatic species such as corals, sea otters, seals, seabirds, or sea turtles (Hall et al. 1983; Peterson et al.
2003; White & Strychar 2010), to near shore or intertidal invertebrates such as crustaceans and mollusks
(Moore 2006), or even plants (Klekowski Jr. et al. 1994; Moore 2006).
The response of fisheries to oil spills is an important topic of study. Acute symptoms from oil
exposure include lesions on internal organs (Lee & Page 1997) or abnormal metabolism and energy
balance (Neff 1985). Toxic effects on fish eggs have been observed (Short 2003), increased embryo
mortality may last for multiple generations in the same lineage (Bue et al. 1998), and there is evidence
suggesting lower maritime survival after the larval stage (Heintz et al. 2000).
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The impact from oil spills on shallow corals has also been investigated. Guzman et al. (1994)
reviewed a long term study on Caribbean coral reefs exposed to a 1986 oil spill from a refinery in central
Panama. They noted a negative relationship between the regeneration rate of damaged tissue versus the
growth rate and fecundity of corals (Guzman et al. 1994). This was attributed to increased mucus
secretion to clean off oil and sedimentation (Bak & Elgershuizen 1976), and the allocation of resources to
regeneration, both of which reduce the energy available for reproduction and growth (Guzman et al.
1994). At one heavily impacted locality, Bahia Las Minas, levels of injury on corals were virtually
constant even five years after the spill, and there was almost no recruitment or growth (Guzman et al.
1994). This may be explained by observations made by other workers that nearby healthy polyps are
required for regeneration, and a high degree of impact or large "lesion perimeter" might prevent full
recovery of a coral (e.g. Cerrano et al. 2005).
Permanent damage from oil exposure can occur quickly. Experiments with the gorgonian coral
Leptogorgia virgulata showed that significant loss of tissue and sclerites happened after 120 hrs of
hydrocarbon exposure (White & Strychar 2010). Also, a mechanism has been proposed to explain
abnormal physiology on the cellular level for the hard coral Porites lobata (Downs et al. 2006). It has also
been shown that dispersants used to contain spills may be even more harmful to corals than oil (Epstein et
al. 2000; Shafir et al. 2007).
In contrast, relatively little is known about the effects of oil on cold-water corals. However, like
mining, oil and gas exploration and international fisheries have also been expanding into increasingly
deeper waters (Davies et al. 2007).

The Deepwater Horizon oil spill
In 1990, most oil and gas platforms in the Gulf of Mexico were in shallow water less than 250 ft
(~76 m) deep (National Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling 2011),
and major spills from tanker ships largely occurred near shore or on shore. It was not until after more
technological breakthroughs and the discovery of "subsalt" reservoirs of oil that, in 1998, deep water
hydrocarbon production in the Gulf of Mexico first surpassed that from shallower sources (about 700,000
barrels/day and 2,000,000,000 m3/day of gas) (National Commission on the BP Deepwater Horizon Oil
Spill and Offshore Drilling 2011).
By now, more than 70% of oil and 36% of gas production in the Gulf of Mexico comes from deep
(more than 305 m) or ultra-deep (more than 1,524 m) platforms (Nixon et al. 2009). There are over 2,862
active oil and gas platforms and with an additional 1,787 approved applications to drill in waters deeper
than 1,000 m (Bureau of Safety and Environmental Enforcement (BSEE) 2012). Despite the continued
expansion of deep water drilling, little is known about possible impacts on cold-water corals except the
extensively studied L. pertusa. A Norwegian study on drilling discharge and other dispersed material
from oil extraction showed barite crystals from drilling mud within nearby L. pertusa framework, but
negative effects appeared limited up to 500 m from the drilling site (Lepland & Mortensen 2008). Other
studies also showed no conclusive evidence of impact on L. pertusa biology as reviewed by Roberts et al.
(2009). In fact, as indicated earlier, scleractinian corals are commonly found on oil platforms (Gass &
Roberts 2006). This suggests that at least some cold-water corals may be tolerant of the presence of oil
platforms to a certain degree. However, other disturbances may arise from the development of oil and gas
exploration in deep waters.
During the evening of 20 April 2010, a failure of the blowout preventer caused an explosion on
the Deepwater Horizon drilling rig killing 11 workers. The resulting fire led to the sinking of the platform
36 hours later on Earth Day, 22 April 2010 (National Commission on the BP Deepwater Horizon Oil Spill
and Offshore Drilling 2011). The rig was about to complete a ~1,500 m deep exploratory well in the
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Macondo Prospect, located in the lease block Mississippi Canyon (MC) 252, approximately 65 km off the
south eastern coast of Louisiana.
During the 87 days before the Macondo Well was capped on the afternoon of 15 July 2010, 4.1
million barrels (~650,000 m3) of crude oil were released into the Gulf of Mexico (McNutt et al. 2011),
making the Deepwater Horizon disaster the largest accidental marine oil release in recorded history
(Robertson & Krauss 2010). It affected more than 1,000 km of Gulf of Mexico coastal habitat (National
Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling 2011), and created deep oil
plumes up to 1,400 m deep (Camilli et al. 2010; Reddy et al. 2012), extending up to 30 km south west of
the Macondo Well (Raloff 2010). The plumes not only included hydrocarbons in an aqueous state, but
also those as dissolved gases exceeding background levels by up to 75,000 times (Joye et al. 2011). There
was an increase in the amount of hydrocarbon degrading bacteria in the water column (Hazen et al. 2010),
which might act as bio-remediation of the oil spill in deep waters (Hazen et al. 2010).
The oil spill’s impact on shallow and coastal marine ecosystems is well documented. Areas with
observed surface oil overlapped with the breeding grounds of Atlantic Bluefin tuna (Muhling et al. 2012).
And while overall catch rates in the Gulf of Mexico did not show a significant change compared to
historical values, oil spill induced fish mortality may have been masked by the 2010 fishery closure, and
the mass mortalities of predators may have actually increased fish survival (Fodrie & Heck 2011).
However, as previously discussed, long term impacts may not yet be evident. By April 2011,
approximately one year after the spill, 8,233 seabirds, 1,149 sea turtles, and 170 marine mammals have
been collected in the area, most of which were dead (Unified Area Command 2011). There is evidence
suggesting long term immunotoxicity effects to animals such as increased susceptibility to disease and
parasitism (Barron 2012), and complex genetic responses such as abnormal protein expression are being
studied (Whitehead et al. 2012).
However, full impact from the oil spill on deep sea benthic megafauna communities has not been
quantitatively examined. More than two million gallons (~7,500 m3) of chemical dispersants were applied
to protect the Gulf of Mexico coastline (Schmidt 2010), the first time for a deep water oil spill
(Kujawinski et al. 2011). The dispersants contributed to the formation of the deep oil plumes (Camilli et
al. 2010), and dioctyl sodium sulfosuccinate, a key component of the dispersants, showed almost no
degradation two months after the spill (Kujawinski et al. 2011). This is of particular concern, since
chemical dispersants could cause greater biological impact to corals than oil (Shafir et al. 2007).
In the deep Gulf of Mexico, like the rest of the deep sea, most of the seafloor consists of finegrain sediment. However, as an indirect result of both historical and modern natural hydrocarbon seepage
in the Gulf there are numerous exposed carbonate hardgrounds that are often colonized by megafauna,
including colonial cold-water corals (Fisher et al. 2007). These corals provide habitat and shelter for a
variety of other organisms, including commercial fish species (e.g. Baillon et al. 2012) and associated
invertebrates (Buhl-Mortensen & Mortensen 2005). As previously indicated, most cold-water corals are
slow growing and individual gorgonian colonies can live for hundreds to thousands of years (Roark et al.
2009). Thus, these corals and the communities that form on and around them, are unlikely to recover
quickly, if ever, from events lethal to significant portions of the corals such as oil and dispersant exposure.
During two research cruises in July and October of 2010, no visible impact on L. pertusa reefs
and other corals were observed. During the final dive of the second cruise with the remote operated
vehicle (ROV) Jason II on 1 November 2010, one coral community in lease block MC 294 - 1,370 m
deep, and 11 km southwest of the Macondo well - was found showing visible impact (White et al. 2012).
The community is comprised mainly of the gorgonian Paramuricea biscaya, and one or two individual
colonies each of four other cold-water coral species. Many individuals were showing signs of stress in the
form of tissue damage, excess mucus secretion, and coverage by a flocculent material containing
hydrocarbons that were chemically linked to Macondo Well oil (White et al. 2012). Also, more than half
of the ophiuroid brittle stars at the site, a common associate organism on P. biscaya, exhibited abnormal
attachment postures and appeared bleached (White et al. 2012). Here I report on the temporal progression
of this visible impact over the course of 1.5 years.
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Chapter 2

Lasting impact of the Deepwater Horizon oil spill to a deep Gulf of Mexico coral
community

Introduction
As reported by White et al. (2012), a coral community 11 km southwest of the Macondo Well at
1,370 m water depth was heavily impacted by the Deepwater Horizon spill. Over half of the more than 50
coral colonies at this site were at least partially covered by a flocculent material ("floc") that contained
hydrocarbons fingerprinted to the Macondo Well source oil (White et al. 2012). The tissue underneath the
floc of several of the sampled corals was already dead, while there were also corals present with extended
polyps and abundant living tissue. Abnormal behavior and coloration were noted in the ophiuroid brittle
stars living on many of the corals (White et al. 2012).
Since the initial discovery, the community was revisited four times with deep submergence
vehicles, with the latest in March 2012. Each time, as many corals as possible were imaged from a side
looking perspective, and by now 60 individual colonies have been imaged at least once. By digitizing
these images, a quantified dataset has been obtained on which to analyze the progression of visible impact
on these corals. This also allowed the investigation into possible lasting effects of floc, and gaining
insight into the ultimate fate of these coral colonies.

Methods
Study site
The study site is located in Gulf of Mexico lease block Mississippi Canyon (MC) 294, 11 km
southwest of the Macondo Well at 28.6722°N, 88.4765°W and a depth of 1,370 m (White et al. 2012).
Corals at this site were scattered over an area of approximately 20 x 40 m, but the central area and the
focus of this study was limited to corals on two large carbonate slabs and immediately adjacent carbonate
outcrops in an area of about 10 x 12 m (Figure 1).
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Figure 1. Down-looking mosaic of coral community studied at MC 294. Updated from White et
al. (2012). Fifty-seven individual coral colonies belonging to five species and three gorgonian stubs
were identified through five visits from late 2010 to March 2012. Colored dots represent the total
obvious visible impact (I) of corals in November 2010, including imputed values.
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Image acquisition
Imagery for this study was collected during five expeditions to the site with five different ships
and underwater vehicles. Figure 2 shows images of one Paramuricea biscaya (coral A10) imaged during
every visit. Although this coral could not be approached as closely as some of the other colonies, these
images are representative of the changes observed to impacted corals at the site and also the general
quality of the images collected during each visit.
On 3 November 2010 the site was discovered on dive J2-541 of the remote operated vehicle
(ROV) Jason II operated by the Woods Hole Oceanographic Institution (WHOI) from the National
Oceanic and Atmospheric Administration (NOAA) ship Ronald H. Brown. During this dive, images were
collected as frame captures from an Adimec 2000 high definition (HD) video camera developed by The
National Deep Submergence Facility Advanced Imaging and Visualization Lab at WHOI, mounted on a
pan and tilt.
Between 8 and 14 December 2010, the site was visited during four dives (A4660, A4661, A4662,
and A4664) by the manned deep submergence vehicle Alvin from the research ship Atlantis, both
operated by WHOI. During this visit, images were collected as frame captures from an Insite 3 CCD 800
line video camera mounted on the submersible during the first three dives and held in the manipulator arm
during the last dive.
The third visit was between 11 and 13 March 2011, during two dives of a Triton XLS ROV
operated by Mako Technologies from the Hornbeck Offshore Services ship Sweetwater. Images were
acquired with an Imenco SDS 1210 digital still camera held by the ROV manipulator arm.
Between 3 and 13 October 2011, the coral community was visited during three dives (HC3-1,
HC3-4, and HC3-12) by a Schilling ultra-heavy-duty ROV operated by C-Innovation from the Edison
Chouest Offshore ship Holiday Chouest. Images were acquired with an AquaPix AquaSLR digital still
camera held by the ROV manipulator arm.
The fifth and final visit was on 31 March 2012, with the Little Hercules ROV
(EX1202L2_DIVE11_20120331) from the ship Okeanos Explorer operated by NOAA. Coral images
were acquired as frame captures from a custom-built HD video camera mounted to a tilt mechanism on
the ROV.
The deep submergence vehicles used during each visit imposed different limitations resulting
from the size and mobility of the vehicle and the ability to approach certain corals without endangering
others. Each vehicle also was equipped with a different imaging system, with different inherent
resolutions. Finally, the imaging systems were mounted differently on each vehicle, which imposed
different constraints with respect to optimal distances and angles for imaging. These factors combined to
result in qualitative differences between datasets obtained during different visits: Different numbers of
colonies were imaged during each visit, the same colonies were not imaged on all visits, and the quality of
imagery was not consistent. An example of comparable images from each visit is in Figure 2.
On each visit, previously imaged colonies were re-imaged from similar perspectives, and newlyidentified or previously un-imaged corals and all associated epifauna were imaged when possible. Fiftyseven live or recently living coral colonies were identified in the area over the course of all five visits
(Table 1, Figure 1), including 52 Paramuricea biscaya, one Paragorgia regalis (Nutting 1912), two
Swiftia pallida (Madsen 1970), one Clavularia rudis (Verrill 1922), and one Acanthogorgia aspera
(Pourtalès 1867). Three completely dead gorgonian stubs were identified in early visits and excluded
from all analyses because their condition was not consistent with recent damage from the Deepwater
Horizon disaster.
Additional corals were discovered during each subsequent visit as a result of increased
understanding of the site and the different imaging angles inherent in the different vehicles. In 22 cases,
multiple images of a coral were taken and stitched into a mosaic image that included the entire colony at a
higher resolution than would otherwise be possible, using a mosaicking algorithm (Pizarro & Singh 2003)
implemented as a script in MATLAB 2010B (MathWorks 2010).
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Figure 2. Changes in coral A10 over five visits. Transitions typical of corals at the site can be seen, such as loss of floc from late 2010 to
March 2011, the proliferation of hydroids after March 2011, and movement of the commensal ophiuroid.

Quantifying visible impact
The dominant colonial coral at this site is Paramuricea biscaya (Grasshoff 1977), a gorgonian
with planer arborescence morphology that is well suited to digitization from appropriate images. Over the
course of all visits, images of 46 live or recently living P. biscaya colonies were digitized, although only a
subset of these was imaged appropriately for digitization during a particular visit. All portions of branches
not obscured by commensal ophiuroids or anemones were digitized into one of three categories with the
software Fiji 1.4 (Schindelin et al. 2012) or Inkscape 0.48.2 (The Inkscape Team 2011): 1) branches with
obvious and significant visible impact in the form of coverage by floc (White et al. 2012), excess mucous
production, obvious tissue damage, or bare skeleton (Figures 3a and 3b); 2) branches clearly colonized by
hydroids (Figures 3c and 3d); and 3) branches without these forms of obvious visible impact (Figures 3e
and 3f). Each coral was digitized and coded independently by three observers, each of whom was
instructed to code the branches conservatively. As a result, the “no obvious impact” category included
branches with abnormal coloration or no extended polyps. For purposes of following the total proportion
of impact to the corals across the time period before and after hydroid colonization, the total obvious
visible impact was defined as the sum of the visibly impacted and hydroid colonized categories. Visible
impact to the five corals belonging to four other species was considered separately.
Identifying and counting the commensal ophiuroids and anemones did not require the same level
of image resolution necessary to digitize the coral branches, and was often accomplished through review
of video records. As a result, the dataset for commensal presence or absence during each visit generally
includes more corals (Table 1).

Figure 3. Categorization of obvious visible impact on P. biscaya. (a) Obvious visible impact on
coral A10 in November 2010; (b) Obvious visible impact on coral D1 in March 2011; (c) Hydroids
on coral F5; (d) Hydroids on coral F6 in October 2011; (e) Branches in the no obvious visible
impact category on coral D1 in March 2011; (f) Branches in the no obvious visible impact category
on coral A10 in November 2010.
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Comparison of observers
Differences between the three observers of each image were evaluated using Analysis of
Variance treating each observed coral (a combination of ID and visit) as a block. Both the percentage
visible impact and the logit-transformed percentage visible impact were analyzed. The conclusions were
similar in both analyses. One observer reported an average of 2.8% less visual damage than the other two.
The change in the percentage total obvious visible impact between a visit and the subsequent visit was
analyzed to evaluate whether differences between observers were consistent over the five visits. There
was no evidence of inconsistency across visits. Since the differences between the three observers were
small and consistent across the five visits, simple arithmetic means of their digitized values were used for
all analyses (Table 1). This analysis was conducted in collaboration with Philip Dixon of the Department
of Statistics at Iowa State University.
Tracking progression of community level visible impact
Three complementary approaches were utilized to track progression of visible impact to the
corals and the community. To follow the impact to the entire community, multiple imputation (Rubin
1987) was used to estimate the visible impact for colonies where an image was not available during a
particular visit (see next section for detailed description), or for visits after a coral was physically sampled
(see Table 1). This imputed dataset was then combined with all observed values from each visit for 46 P.
biscaya. This enabled a Friedman test with post hoc pairwise Wilcoxon signed rank tests to identify
significant changes in median total impact to the entire community between visits. These non-parametric
tests were used because the distribution of total obvious visible impact in each visit was not normal, and
no single transformation could be applied to all visits to enable a parametric test. In all tests, the variance
of the test statistic was adjusted for multiple imputation using Rubin’s formula.
The second approach was to identify significant changes between all pairs of visits using only
data from corals digitized during both visits being compared. The Wilcoxon signed rank test for paired
data was used to test the null hypothesis of no change in impact between visits for the subsets of corals
imaged in both visits and a Bonferroni correction was applied for multiple comparisons.
The third approach was designed to follow and quantify the changes from one category to another
on individual coral branches. For this analysis, the dataset was limited to 14 corals that were imaged in
high enough resolution during one of the two 2010 visits and the final March 2012 visit, where the
digitization of each from a late 2010 visit was re-coded with data from the 2012 visit using the software
Fiji 1.4 (Schindelin et al. 2012) and Inkscape 0.48.2 (The Inkscape Team 2011). This approach also
allowed the recognition of branches that disappeared between visits (Figure 4).
Multiple imputation
Due to targeted physical sampling and the haphazard nature of image acquisition by the different
underwater vehicles, the imaging of corals for digitization was not random. Therefore, Bayesian multiple
imputation was utilized to reconstruct the distribution of impact for the population of 46 P. biscaya
measured on one or more visits. Graphical inspection suggested that a reasonable model for impact over
time was best modeled using the log(impact / (1-impact)) as the response variable. The logit(impact) was
modeled with linear change from November 2010 to March 2011 (three visits), constant through October
2011, followed by a change to March 2012. The three parameters of this curve (early change, mean
logit(impact) in 2011, and late change) were allowed to differ for each coral, following a multivariate
normal distribution. The variability of an observation around the coral-specific trend line was given a
normal distribution. All parameters were given diffuse priors (normal with large variance for the
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population means of the trend line parameters and inverse uniforms for the variance parameters). The
model was fit using OpenBugs (Lunn et al. 2009), the BRugs package (Thomas et al. 2006) in R (R Core
Team 2013), and three parallel chains. Burn-in was set at 5,000 iterations of the MCMC sampler. The
subsequent 10,000 iterations were thinned to 333 samples from each chain inspection of trace plots and
the Gelman-Rubin statistic indicated that the MCMC sample had converged to its distribution but there
was mild autocorrelation, which was dealt with by thinning. The imputation of the amount of impact on
an unmeasured coral was estimated by the posterior predictive distribution for that coral on the
appropriate date. The 25%, 50%, and 75% quantiles were estimated for the population of 46 corals using
each of 999 realizations of the posterior distribution for each coral. The uncertainty in each quantile is
summarized by a 90% credible interval.
The non-parametric Friedman test was used on observed and imputed values to evaluate change
in impact over time. An imputed value for each instance was randomly drew when a coral was not
observed on a particular date from its posterior distribution to create a complete dataset. The Friedman
Chi-square statistic and its variance were computed. The imputation and test were repeated a total of 50
times. The adjusted variance was computed using Rubin’s (1987) formula:
!
!
!!!(!! −    !)
! =    ! +   
  ,
!−1
where K=50, !! is the Friedman test statistic for the i’th imputation, ! is the average test statistic, and ! is
the average within-imputation variance of the test statistic. The average Friedman test statistic was
rescaled to have variance T instead of a variance of 8 (the variance of a Chi-square random variable with
4 degrees of freedom) using !! = !  ! + ! − !  ! ∗ 8/!. The p-value for the adjusted test was
computed by comparing !! to quantiles of a Chi-square distribution with 4 degrees of freedom.
The Wilcoxon signed-rank tests for the median change between a visit and the subsequent visit
were also computed. There are four tests because there are five visits. This was calculated from the same
imputed values used in the Friedman test. The Z statistic for the four signed-rank tests were computed for
each of the 50 multiple imputations. The same multiple imputation adjustment procedure was used for
each set of signed-rank test statistics. The rescaled test statistic is !! =    !/ ! , since the Z statistics have
mean 0 and variance 1. The p-values for the adjusted tests were computed by comparing !! to quantiles
of a standard normal distribution then using the Bonferroni correction for multiple comparisons. These
analyses were also in collaboration with Dr. Philip Dixon from the Department of Statistics at Iowa State
University.
Following progression of impact on individual corals
Since a total of only 14 corals were imaged in high enough resolution for this analysis during one
of the two 2010 visits and the final March 2012 visit, and because the 2010 visits occurred only six weeks
apart and were not significantly different in median impact, the high resolution coral images from
November and December 2010 were combined into a "late 2010" visit for this analysis. If adequate
images were taken of the same coral during both 2010 visits, the higher quality image was used. The level
of impact from this combined dataset was considered the level of initial visible impact for analysis of the
relation between initial impact and the ultimate condition of the corals. Figure 4 shows an example of a
coral digitized in both November 2010 and March 2012 and the resulted re-coding of the 2010 image
using the 2012 data.
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Figure 4. Recoding coral image digitization to track fate of branches. (a) Digitized image of
coral A10 from November 2010 with impact categories in color (red: visible impact; green: no
visible impact); (b) Same image recoded based on state of the coral in March 2012, with transitions
between categories in color (cyan: visible impact to no visible impact; white: visible impact to
colonized by hydroids; pink: no visible impact to colonized by hydroids; red and green means no
change from 2010).

Associate identification
Species-level identification of deep-sea hydroids is difficult, as in general this group is very
poorly known (Calder & Cairns 2009). Most studies rely on traditional morphological identification
(Vervoort 1966; Calder, D.R. & Vervoort, W. 1998; Calder 2000; Henry 2001; Henry et al. 2008). In
recent years, traditional methods have been supplemented with a barcoding approach utilizing the 16S
rDNA gene (Govindarajan et al. 2005; Moura et al. 2008, 2011; Miglietta & Lessios 2009). However,
very few of these studies include deep-sea specimens (Moura et al. 2008) so there is only a limited set of
sequences in Genbank for comparison.
Preserved hydroids were examined under a dissecting microscope for coarse (in most cases,
family-level) identification. A small amount (~few mm) of clean tissue was removed and finely
macerated with a razor blade for DNA extraction using the DNEasy kit (Qiagen) following the
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manufacturer’s protocol. A portion of the hydrozoan barcoding gene, mitochondrial 16S rDNA (e.g.
Govindarajan et al. 2005; Moura et al. 2008, 2011) was amplified using primers from Cunningham and
Buss (1993) using standard PCR conditions (Govindarajan et al. 2005, 2006). PCR products were
visualized on a ~1.5% agarose gel with Gel Red and purified with PCR purification kits (Qiagen)
following the manufacturer’s protocol. Purified DNA was quantified using a Nanodrop (ND-1000)
spectrophotometer, sequenced, edited and aligned following the methods in Cho and Shank (2010). Blast
searches of final sequences were conducted in Genbank. Collaborators Timothy Shank and Annette
Govindarajan of the Biology Department at WHOI conducted the analyses to identify the coral associates.

Results
During the initial visits in November and December 2010, branches covered by floc constituted
the main form of visible impact to the corals. A total of 43 Paramuricea biscaya corals were imaged by
still camera or video in sufficient detail during one of the visits in 2010 to broadly categorize the
proportion of the colony covered in floc as reported in White et al. (2012). Thirteen colonies of P. biscaya
were imaged at sufficient resolution for complete digitization and the analyses reported here during the
November 2010 visit, and images of 16 colonies of appropriate resolution were obtained from high
definition video frame grabs from the December 2010 visit (eight of these were imaged in both visits).
The initial signs of hydroid colonization were detected on two corals imaged in December 2010, but this
was limited to less than 0.5% of their digitized branches (Table 1).
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During the two remote operated vehicle (ROV) dives of the third visit on 11 and 13 March 2011,
there was a visible reduction of floc on most corals, and obvious hydroid growth was observed on six P.
biscaya (Table 1). Images of 17 P. biscaya were digitized, of which eight were repeated from the
December 2010 visit.
Hydroid colonization on many P. biscaya had increased by the October 2011 visit. Image quality
(using a digital camera held in the manipulator of the ROV) was the best of any visit, and images of 40 P.
biscaya colonies were digitized, including all 17 digitized during the March 2011 visit (Table 1).
Images of 37 P. biscaya were digitized from the 31 March 2012 visit, 35 of which were repeated
from the October 2011 visit. Hydroid colonization on some corals continued to expand (Table 1).
Images collected for analyses were deposited in the publicly accessible repository Dryad
(http://www.datadryad.org/).
There were significant decreases in the median level of impact to the community (Friedman’s test,
adjusted χ2=19.03, p<0.001). Changes were detected between all visits except the November 2010 and
December 2010 visits and the March and October 2011 visits (Table 2, Figure 5a). The results from
analysis using only corals imaged during both visits being compared were qualitatively similar (Figure
5b), however the only significant difference at p<0.05 after Bonferroni corrections was between the last
two visits when the number of corals imaged during both visits was high (Table 2).
Table 2. Pairwise Wilcoxon signed rank comparisons of total obvious visible impact between all
visits.

	
 
Nov 2010
Dec 2010
Mar 2011
Oct 2011
Mar 2012

Nov 2010
	
 
1.00 (45)
0.0001 (45)
0.0002 (45)
<0.0001 (45)

Dec 2010
0.0391 (7)
	
 
0.0061 (45)
0.0118 (45)
<0.0001 (45)

Mar 2011
0.0391 (7)
0.3828 (7)
	
 
1.00 (45)
0.0009 (45)

Oct 2011
0.1113 (9)
0.1060 (13)
0.0433 (16)
	
 
0.0003 (45)

Mar 2012
0.0059 (9)
0.0127 (12)
0.1573 (14)
<0.0001 (34)
	
 

Raw p-values are shown with df in parentheses. Values above diagonal line are based on directly
observed and digitized total obvious visible impact, those below are based on observed and imputed
values.
Analysis of the 14 corals imaged in high resolution in late 2010 and during March 2012 indicated
a significant inverse correlation between the initial visible impact of a coral in late 2010 and the
percentage of its visibly impacted portions that had transitioned to the no obvious visible impact category
by March 2012 (p<0.0001, Figure 6a). A second clear result from this analysis was that colonization by
hydroids on impacted branches of a coral was significantly positively correlated with the initial level of
visible impact of the coral (p<0.001, Figure 6b). Transitions from being colonized by hydroids to other
categories were rare and only occurred on small portions of branches (Figure 7).
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Figure 5. Change in community level total obvious visible impact for P. biscaya. Box plots
represent the median, and the first and third quartiles. The whiskers extend from the ends of the box
to the outermost data point that falls within the interquartile range times 1.5. (a) Plot of directly
observed and digitized total obvious visible impact only; (b) Plot of observed and imputed total
obvious visible impact.
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Figure 6. Change in obvious visible impact and hydroid colonization over time as a function of
the proportion of the colony showing impact in late 2010. (a) Proportions of visibly impacted
portions of coral (vi) that transitioned to no obvious impact (nv) between late 2010 and March 2012
(n=14, linear fit intercept 1.12, slope -1.21, R2 adj.=0.840041, p<0.0001, 95% confidence intervals
shaded); (b) Proportions of visibly impacted portions of coral (vi) that transitioned to being
colonized by hydroids (hy) between late 2010 and March 2012 (n=14, linear fit intercept -0.058792,
slope 0.5776467, R2 adj.=0.611327, p<0.001, 95% confidence intervals shaded).
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Figure 7. Transitions between October 2011 and March 2012 showing responses to hydroid
colonization. (a) to (b): Transition to visibly impacted on coral F6; (c) to (d): Fragmentation of
apical portions on coral F6; (e) to (f): Transition no visible impact on coral A10.
There was one large Paragorgia regalis present at this site (Figure 8a). Seven relatively small
apical branches of this strikingly red coral were noticeably bleached white during the first visit in
November 2010, one of which was also lightly covered with floc. One bleached branch was broken off
during the collection of nearby branches for genetic analysis during the first visit. By March 2011, two
branches had recovered their red color, but the other four of the initially bleached branches were no
longer present. All polyps were extended and no visible impact was noted on the remaining parts of this P.
regalis in late 2011 or March 2012. Two Swiftia pallida were also present (Figure 8b). Because of their
location and morphology, digitization of these colonies was generally not possible, however both had
obvious floc coverage when first imaged in 2010. However, one was partially sampled during the first
visit and showed signs of recovery during the remaining visits, and the other had at least partially
recovered before it disappeared between October 2011 and March 2012. One Acanthogorgia aspera was
present at the site (Figure 8c). Morphology and location of this coral made digitization problematic,
however it showed obvious visible impact. This coral had extended polyps but was partially visibly
impacted in all visits when imaged. Significant hydroid colonization was first documented in October
2011 on this coral and had increased by March 2012. One area hosted Clavularia rudis, an encrusting
octocoral (Figure 8d), which did not exhibit visible signs of impact during any of the four visits it was
imaged.
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Figure 8. Other coral species at study site. (a) Paragorgia regalis, coral A9 image from
November 2010; (b) Swiftia Pallida, corals B3 and B11, shown is B3 from March 2012; (c)
Acanthogorgia aspera, coral E1 image from October 2011; (d) Clavularia rudis, coral C6 image
from October 2011.
There were a total of 17 commensal hormathiid anemones documented on 13 P. biscaya and one
S. palida. There was no observed loss or gain of commensal hormathiid anemones from any of the corals
documented over the course of this study (Table 1). Forty-one of the P. biscaya had at least one
Asteroschema clavigerum ophiuroid attached during at least one visit. There were 14 documented
incidents of ophiuroid loss between visits, with one followed by a gain of one ophiuroid on the
subsequent visit (Table 1). There were 11 documented incidents of ophiuroid gain between visits, two of
which were followed by a loss on the subsequent visit (Table 1). There was no correlation between the
degree of initial impact during the 2010 visits, and either gain or loss of ophiuroids.
Analysis of the 16S barcoding gene from the five samples of hydroid-colonized branches yielded
two putative species. One had close affinities to the campanulinid Campanulina panicula (Sars 1874;
94.9-96.8% sequence similarity, GenBank accession number KC914569), and the other was close to the
tiarranid Stegopoma plicatile (Sars 1863; 96.2% sequence similarity, GenBank accession number
KC914568). Morphological assessments of these specimens were consistent with these findings, but
given the dearth of taxonomic information available for deep-sea hydroids, it is not possible to assign the
hydroids to species here. The 16S data indicated that only one of the two taxa was present in each single
collection (branch). The putative campanulinid was present on four of the five branches, and although
there were different colony growth patterns apparent in the in situ images of the branches, these
differences did not correlate with the taxa identified by analysis of the 16S gene.
Portions of one P. biscaya were heavily covered with an encrusting zoanthid identified as
Zoanthus spp. based on morphological similarities with this genus. This coral could not be imaged from
an angle that allowed digitization. However, even though about 25% of the colony was covered by floc
during early visits and obvious hydroid growth was apparent by October 2011, there was no obvious gain
or loss of zoanthids apparent in review of video and still imagery of this coral.
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Discussion
There was a large variation in the level of obvious visible impact among the 57 coral colonies
present in this single aggregation of corals. During the initial visit, colonies displaying no signs of impact
were found adjacent to others with floc adhering to the majority of the colony. During subsequent visits
there was similar variation in patterns of branch death as well as hydroid colonization. There was no
spatial pattern to the impact within the community: corals with and without obvious visible signs of
impact were present on all edges of the carbonate slabs and in the middle areas of the aggregation (Figure
1). Some large and small colonies were heavily impacted while some colonies of all sizes were lightly or
not visibly impacted. It is possible that there is a high level of variation in sensitivity to oil or dispersant
among individual corals. This could reflect inherent genetic variability within the population or factors
such as reproductive state or growth stage of different individuals. However, because the observed impact
was also very patchy within many colonies (Figure 2), it may be more likely that this variability reflected
an uneven dispersion of the impacting agent in the water. If oil, dispersant, or a combination of the two
were present as droplets (Adcroft et al. 2010; Paris et al. 2012) rather than dissolved when an underwater
plume from Macondo impacted this aggregation, the impact could be patchy. Similarly, if the impact was
in the form of toxic material adherent to particulate organic material raining down from above, "marine
snow" (National Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling 2011; Passow
et al. 2012), this could also result in the patchy pattern of impact observed.
The median level of impact to the corals decreased dramatically after the 2010 visits (Figure 5).
This coincided with the loss of most of the floc from the corals and the resultant exposure of branches that
either were still obviously impacted or not. The relatively small number of digitizable corals during some
visits, the high level of variation among individuals, and the non-normal distribution of impact combined
to limit our statistical power for comparisons using only the observed data. Nonetheless, analysis of only
the observed values indicates clear trends in this dataset (Figure 5b, Table 2). Another complication was
that some corals were collected during the first three visits for other analyses, and these were not
randomly chosen but rather were most often corals with moderate to heavy levels of visible impact
(grouped near the bottom of Table 1). The biased removal of heavily impacted individuals from the
population and the haphazard nature of imaging with different deep submergence assets necessitated the
use of multiple imputation for a more reliable index of community level impact over time. This approach
clearly indicated a steady decrease in the median level of obvious visible impact to the corals over time
(Figure 5, Table 2).
The decrease in total visible impact over time is encouraging and indicates resiliency in the
impacted corals. However, the classification of a branch as visibly impacted was done very conservatively.
Because there are various factors that can influence the apparent color of a coral branch or polyp
extension by corals, a coral was not classified as visibly impacted based on either of these criteria alone.
Many branches in the no visible impact category, including most that changed from the visibly impacted
category, did not have the same appearance as branches on corals with no visible signs of impact at all.
They were often not colored the same and many did not show extended polyps during any visits (Figure
3f). The health of these branches and corals is still suspect (Garrabou et al. 2009), and the outcome for the
colonies is therefore not fully constrained.
Another consideration with respect to the ultimate fate of these corals is that the hydroids that
have colonized the portions of the skeleton with no remaining gorgonian soft tissue may have a secondary
deleterious impact on the remainder of the colony. Colonization of dead coral skeleton by hydroids has
been reported many times for both littoral and deep-sea environments (Henry et al. 2008). Hydroid
colonization was still expanding on some P. biscaya during the visits between October 2011 and March
2012, and the final outcome of this process is also not well constrained. Cold-water corals are slow
growing with low metabolic rates (Roark et al. 2009), and it is likely to be many years before the not yet
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obvious and sub-acute effects of exposure to effluent from the Deepwater Horizon disaster are fully
manifested.
To better understand the progression of visible impact on coral branches from one category to
another, and how the level of initial impact affects the prognosis for survival of the corals, the fates of all
branches on the subset of individual corals imaged in acceptable resolution in November or December
2010 and in March 2012 were tracked (Figure 4). The initial level of impact determined during one of the
2010 visits, within five months of when the well was capped, was highly correlated with both the
probability of recovery by the impacted portions and the probability that those portions would
subsequently be colonized by hydroids (Figure 6b). The corals most lightly impacted with adherent floc
initially were more likely to recover from impact, suggesting a cumulative effect of floc on the colony
that impacts the survival of individual polyps and branches. This is consistent with past work that found a
similar correlation between degree of impact (“lesion perimeter”) and recovery capacity in gorgonians,
which the authors suggest reflected regeneration of damaged coral tissue facilitated by nearby healthy
polyps (Cerrano et al. 2005). Similarly, the more lightly a coral was impacted initially, the lower the
probability of extensive subsequent hydroid colonization to the impacted portions, again suggesting a
cumulative effect on the corals ability to fight off hydroid colonization rather than polyp-by-polyp die-off.
The eight corals analyzed that had initial impact to 20% or less of the colony recovered completely from
the impact and showed no evidence of subsequent hydroid colonization suggesting this level of impact is
recoverable for at least most corals.
This finer scale analysis also detected a variety of rare transitions from one state to another.
Transitions from being colonized by hydroids to other categories only occurred on small portions of a few
branches. In six cases the transition was to damaged tissue or exposed skeleton (Figures 7a to 7b), in two
cases the apical portion of a branch colonized by hydroids was lost (Figures 7c to 7d), and in three cases
an apparent transition of a few cm of a branch from hydroid colonization to no visible impact (but not
expanded polyps) was recorded (Figures 7e to 7f). Taken together, these data suggest that recovery from
hydroid colonization is unlikely, as has been reported for Paramuricea clavata (Cerrano et al. 2005;
Linares et al. 2005). Although branch loss was rare in these 14 corals through March 2012, it should be
noted that branch loss is not accounted for in the more general analyses of median percent impact to the
site reported above, and is likely to become more significant over time.
The techniques developed allow tracking individual branches of gorgonians and therefore direct
correlation between changes in states of portions of the coral and previous conditions. These techniques
can detect loss of relatively small portions of the corals, as well as small increments of growth (for future
studies). If used as a component of baseline/monitoring studies, they will allow early detection of impacts
at levels that would not be apparent with transect styles of monitoring.
Only five colonies of colonial corals other than P. biscaya were present at this site, so little can be
concluded concerning tolerance of other species to the conditions that impacted P. biscaya. Some
observations are nonetheless notable. The single individual of Acanthogorgia aspera present at the site
(Figure 8) experienced a high level of initial impact (71% of colony in late 2010), with subsequent tissue
loss and hydroid colonization over the course of the study. The white apical branches on the single large
Paragorgia regalis (Figure 8) was one of the first indications of impact to this site noted when the ROV
approached the site for the first time in November 2010. Immediately adjacent to this coral were P.
biscaya that were heavily impacted on the first visit, so it is likely that this large colony experienced
significant exposure to the conditions that caused the responses seen in P. biscaya. Although four small
terminal branches apparently died and fell off, two others seemed to have recovered and the vast majority
of the colony itself appeared to be in good health during every visit (>97%). This species may be better
able to cope with exposure to hydrocarbons or dispersant than P. biscaya. On the other hand, the
disappearance of an entire colony of what appeared to be an only lightly impacted Swiftia pallida (Figure
8) between October 2011 and March 2012, suggest that recognizing impact to this species may be more
difficult, and sub-acute effects may take longer to become visible.
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At least 70 ophiuroids were present in the area with corals that were followed for this study.
Although there was no clear pattern to the movement of ophiuroids off of or onto coral hosts at this site, it
is clear that these associates moved over the course of this study. It is possible that some have departed
the site over the course of this study, although this cannot be determined from the dataset. Previous
studies with related species of gorgonians have suggested that there is a high degree of fidelity and lifelong partnerships between commensal ophiuroids and their specific host coral colony (Mosher & Watling
2009; Cho & Shank 2010), which was not evident here after the impact from the Deepwater Horizon
release. On the other hand, there was no obvious response from the hormathoid anemones present on the
corals at this site through March of 2012, including several that remained attached to portions of colonies
that had died and become colonized by hydroids.
In summary, the median total obvious visible impact for P. biscaya decreased steadily over the
two years of this study. It was correlated with a large change coincident with loss of floc from many
branches that were not obviously dead or colonized by hydroids by the end of this study. Hydroids first
began to colonize small portions of colonies that had previously been covered with floc in December
2010 but were clearly evident on many corals by March of 2011. The level of hydroid colonization
documented increased in subsequent visits and is likely ongoing. The probability of hydroid colonization
is significantly and positively correlated to the proportion of the coral initially showing signs of visible
impact, while the probability of branches surviving until at least March 2012 is inversely proportional to
the level of initial impact.
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Chapter 3

Conclusions and future work
This study documented only the acute response of a coral community exposed to effluent from
the Deepwater Horizon oil spill over the course of almost two years post disaster. It is important to
remember that the very conservative approach to categorizing impact only captures obvious visible
impact, and not apparent changes in coloration or polyp expansion. Nor does this study address sub-acute
responses such as longer-term effects on population viability or reproduction (Cerrano et al. 2005; Linares
et al. 2008). For example, previous studies have reported skewed sex ratios with a significant male bias in
recovering Paramuricea clavata populations, and size dependent mortality after a mass die off event
(Cerrano et al. 2005). The very low metabolic and growth rates of cold-water corals, and the continuing
changes in levels of hydroid colonization to impacted colonies suggest that the full effects of the disaster
to the community at MC 294 will not be realized for years to come. Therefore, the continued tracking of
the progression of impact to these cold-water corals is important.
The monitoring of cold-water coral communities with no visible impact is also useful. First, for
those in spatial proximity to the Deepwater Horizon oil spill, long-term sub-acute impacts may become
visible through continued monitoring. Second, tracking natural cold-water coral habitats further away,
and therefore unlikely to have been impacted by the spill, will not only deepen understanding of natural
temporal change in these communities, but will also provide baseline data with which the progression of
impact reported in this work can be compared. This will also inform marine management policy on
establishing benthic biological sanctuaries, and aid impact assessments for future deep ocean oil spills or
other accidents as mining and petroleum extraction moves into increasingly deeper waters.
This thesis only described the visible impact from the Deepwater Horizon oil spill to a single
cold-water coral community. In addition to the motivations stated above for monitoring communities at
other sites in the Gulf of Mexico, the deep oil plumes that originated from the Macondo Well expanded
well beyond that of the study site at MC 294. To better understand the spatial footprint of the impact, in
March 2011, a research cruise with the autonomous underwater vehicle (AUV) Sentry and the underwater
towed camera system TowCam were used to identify hardgrounds near the Deepwater Horizon that may
harbor cold-water coral communities. Many of these sites were visited with the remote operated vehicle
as part of the October 2011 research cruise that also re-imaged the impacted coral colonies at MC 294.
Large aggregations of Paramuricea biscaya were imaged at Atwater (AT) 357, more than 150 km
southwest of the Macondo Well, and did not show any signs of visible impact. Due to its distance from
the spill, this might be considered a “control” site for impacted coral communities in the Gulf of Mexico.
On the other hand, a new P. biscaya community at MC 297, less than 10 km south of the oil spill,
showed visible impact and had hydroid colonization at a stage remarkably similar to MC 294 at the same
point in time (October 2011). This further supports the idea that the damage reported in this work was due
to oil spill impact, and was not a highly localized phenomenon as suggested by some workers (Boehm &
Carragher 2012). Continued monitoring of these and other sites in the Gulf of Mexico would be needed to
fully characterize the spatial footprint of the Deepwater Horizon disaster.
As described, long term impacts from the oil spill to the P. biscaya coral communities may not
manifest for many years to come. However, the data collected so far may be used to develop models that
approximate the temporal change in impacted corals. One approach is a stage structured population model
with the ability to predict the future state of a population (reviewed in Groenendael et al. 1988). In the
case of coral colonies at MC 294, each stage class could be defined as a range of percent total obvious
visible impact, and optimized using the Vandermeer-Moloney algorithm (Vandermeer 1978; Moloney
1986). Transition matrices could then be populated with proportions of the coral population transitioning
from one stage to another between visits. This would be based on data from digitized coral images and
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imputed values. These matrices would resemble the S-I-R epidemiological model (Kermack &
McKendrick 1927) since the total population of corals would not likely change on at least a decadal time
scale. One drawback is the lack of obvious natural breakpoints in levels of obvious visible impact with
which to define stages in a structured population model. A solution would be an integral projection model,
where the classes are defined by a continuous variable instead of discrete stages (Easterling et al. 2000).
When properly parameterized, such a model has potential to not only predict but also backwards project
the progression of impact to corals at MC 294 and other visibly impacted sites.
The current work focused on P. biscaya, yet oil spill impact to other cold-water corals also needs
to be understood. For reef-forming species such as Lophelia pertusa, continued tracking through
downlooking photo mosaics at monitoring stations throughout the Gulf of Mexico should provide
valuable data. However, many cold-water coral colonies are not suitable for quantification of visible
impact through imaging. For example, chrysogorgiids and the encrusting octocoral Clavularia rudis do
not possess a planer arborescence morphology to which the digitizing methods described in this thesis
could be applied.
In summary, the current study quantified the short-term visible impact from the Deepwater
Horizon oil spill to a cold-water coral community in the deep Gulf of Mexico, while long-term
monitoring and the development population models may aid the characterization of the ultimate fate of
these corals. To better understand the spatial footprint of impact, more monitoring stations need to be
established at other sites at different distances and directions from the Macondo Well, which may also
serve as controls. Finally, methods need to be developed to quantify visible impact to coral colonies with
different morphologies. Knowledge gained from these efforts would not only further the biological
understanding of cold-water coral communities, but also inform management decisions and aid
preparation for future incidents.
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