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i Preface

TRACES is an international initiative bringing Atlantic cold-water coral
researchers together for both scientific and pragmatic purposes. There are
more coral species in deep, cold waters than in tropical coral reefs. Of the
many cold-water corals in the deep sea a few produce large, complex and
long-lived habitats for other species. Recent work has shown that the oldest
animal in the oceans is a 4000 year old cold-water coral. Corals like this
record a uniquely detailed history of seawater conditions in the chemistry of
their skeletons - an archive that we now know has captured past periods of
rapid climate change. Recent seabed drilling has shown that large coral
carbonate mounds in the northeast Atlantic trace their origins back two
million years before the present day, making them exciting new storehouses
of palaeoceanographic information. But studying cold-water corals is fraught
with difficulties and our understanding of basic processes in cold-water coral
habitats lags far behind that of shallow coral reefs. Living attached to the
seafloor and occasionally releasing larvae into the water column, cold-water
corals are intimately related to the geology of the seabed and the physical
dynamics of the oceans. So understanding cold-water corals needs expertise
across the marine sciences from geologists, hydrographers and biologists. And
since cold-water corals are typically found along the continental margins, on
offshore banks and seamounts they can only be reached with large sea-going
research ships. This means that even the simplest questions about cold-water
corals such as ‘What do they eat?” and ‘When do they reproduce?’ need
hugely expensive ships and sampling equipment.

As well as producing a coherent plan to study the cold-water corals of the
Atlantic Ocean, TRACES will make the best use of expensive offshore
infrasturcture. Over the last ten years there have been many individual
studies of cold-water corals both in Europe and North America, but these
have all had different objectives and used different approaches. These
studies also often showed that cold-water coral habitats had been damaged
by bottom trawling, prompting marine scientists and conservation
organisations to campaign for their protection by outlawing destructive
fishing in areas of cold-water corals. But how can managers decide which
areas should be protected when we don’t yet know how the coral habitats are
related genetically or even how far coral larvae disperse? What stories of past
ocean climate and circulation might be locked in the cold-water coral
archives? The only way to tackle these issues is by working across the
Atlantic; an ocean rich in coral records and where many cold-water coral
habitats have already been mapped.

The TRACES project was launched at the American Association for the
Advancement of Science’s Annual Conference in February 2008. The launch
was quickly followed by meetings on both sides of the Atlantic to prioritise
the TRACES research programme. This Science Plan represents the final
product of these meetings. It is the collective effort of a large group of
marine scientists interested in cold-water corals, the habitats they form and
the palaeoceanographic archives they provide from an interdisciplinary,
international perspective.
www.lophelia.org/traces
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i Executive summary

Concept
We are currently witnessing exponential growth in cold-water coral research.
Recent discoveries have revealed cold-water corals as significant structural
habitats in deep continental margin, seamount and mid-ocean ridge settings.
They produce long-lasting reef and mound structures with individual skeletons
» ~ providing a uniquely effective
palaeoceanographic archive.
However, no programme of
research has attempted to
study connectivity, ecology,
biodiversity and
palaeoceanographic archives
of cold-water corals at ocean
basin scales. A programme of
this size is only possible
through interdisciplinary,
international collaboration.
' The TRACES Science Plan sets
out topics and outlines a structure for an innovative and ambitious
programme relevant to European and North American marine scientists and
managers. TRACES is organised under four broad thematic areas: ecosystem,
climate records, environment and policy. Projects relating to ecosystem
research would encompass studies of linkage and connectivity of cold-water
coral populations, particularly relevant as resource managers design marine
protected areas for long-term habitat conservation. Other ecosystem studies
would develop this research to include projects on the biology of the corals
themselves and the biodiversity of the communities they support. Projects
under the climate records theme would capitalise on cold-water coral
carbonate as an intermediate water mass archive from which proxies are now
available for several key oceanographic parameters. By understanding how
cold-water coral habitats have waxed and waned during previous climate
change events we can better
predict their response to ocean
warming and acidification.
Alongside these research
priorities are topics relevant to
all aspects of TRACES research
including habitat mapping, the
hydrographic environment and
the policy regime in which cold-
water coral habitats are
conserved. Alongside  these
primary  objectives, @ TRACES
fosters a strong network of trans-
Atlantic interdisciplinary marine science with training and mobility of
researchers at its core.




Background

The last ten years have seen great advances in our understanding of cold-
water corals as significant ecological engineers on the continental shelf,
offshore banks, seamounts and canyons. Stony scleractinian cold-water corals
can develop large deep-water reef frameworks providing complex three-
dimensional habitat for a spectacularly
diverse associated fauna. Other groups of
corals, such as gorgonians and black
(antipatharian) corals also provide long-
lasting habitat, notably on seamounts and
mid-ocean ridges. Indeed, recent dating
studies show that a  cold-water
antipatharian coral from the Hawaiian
Seamounts is the oldest marine animal, and
probably the oldest animal, on Earth. But
cold-water corals are not only a biological
or ecological curiosity. They develop deep-
sea reefs and giant coral carbonate mounds
that trace their origins back to the Pliocene
2.7 MYA. Their long-lasting skeletons give a new archive of intermediate
water mass history providing records of the variability of important ocean
properties during past periods of climate change.

Scientific studies of cold-water corals are increasing exponentially around the
world. There is now a clear international agreement that to address ‘big
picture’ questions of habitat connectivity, biodiversity, biogeography and
palaeoceanography this work needs to expand to the scale of an ocean basin.
As well as offering purely scientific benefits, international co-operation in
deep-sea science dramatically drives down the costs associated with offshore
research activities, offering substantial savings to individual funding agencies
or national programmes.

Rationale
Until now, research into cold-water coral ecology and palaeoceanography has
in large part been restricted to exclusive economic zones with funding from
either national agencies or at the European level through the European
Commission framework programmes.
Research has also typically been driven
by individual disciplines with ecological
work focused on describing the
diversity of life in these complex
habitats and geochemical work focused
on developing accurate  dating
techniques and novel environmental
proxies from coral carbonate. There is
now a clear scientific community
consensus that to advance our
understanding of coral ecology and
realise the full potential of their
palaeoceanographic archives we need




to work in a unified, interdisciplinary manner at the scale of an ocean basin.
This consensus was thoroughly explored in 2008 through the development of
TRACES, the Trans-Atlantic Coral Ecosystem Study. The TRACES initiative was
launched in February 2008 and was followed by two scientific workshops in
Wilmington NC (USA) and Faro (Portugal). These workshops attracted 85
participants from 14 countries who collectively discussed and prioritised the
overall TRACES research agenda. Following these two workshops this TRACES
Science Plan was prepared by a writing team where both European and North
American researchers prepared each chapter. The writing team met at a
Science Plan workshop (Woods Hole MA, USA) and both the TRACES Science
Plan and reports from the earlier workshops are available online
(www.lophelia.org/traces).

The ideas behind the TRACES basin-scale research programme will also
attract the wider marine science community, including many who have not
previously worked with cold-water corals. For example, in terms of ocean
climate studies, records of palaeoproductivity and ocean circulation
represent vital contributions to our basic understanding of the drivers of
deep-sea biota at ecological timescales. Particularly exciting opportunities
exist to use geochemical tracers occurring in both deep-sea sediments and
coral habitats. These habitats are rich in associated species and dynamic in
terms of local sedimentary regimes. Recent research shows that over the last
200,000 years, cold-water corals thrived in certain periods but were absent
during others, often correlating with periods of past rapid climate change. As
such they offer tremendous potential for broad, interdisciplinary deep-sea
research and TRACES sets out the framework for a unique new collaboration
between palaeoceanography and deep-sea ecology.

A TRACES programme is
feasible now for a number of
reasons: (1) baseline habitat
mapping provides a database
of target sites across the
Atlantic basin, itself a global
centre of cold-water coral
records; (2) genetic markers
(notably microsatellites) have
recently been developed for a
number of cold-water corals,
allowing issues such as their
B¢ genetic  connectivity and
i clonality to be examined; (3)
exciting geochem1cal advances have now produced coral skeletal proxies for
several parameters including ocean ventilation history, seawater
temperature, seawater provenance, nutrient status and even pollution
history; (4) the seagoing infrastructure (e.g. remotely operated and
autonomous underwater vehicles, coring and observation tools) and expertise
available in European research groups have greatly expanded over the last
decade. Understanding deep-water, suspension-feeding systems, such as
those formed by cold-water corals, requires integrated interdisciplinary
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research involving marine biologists, chemists, geologists and physicists.
Developing appropriate tools for their long-term conservation not only
requires understanding their ecological connectivity but also the policy
context in which conservation strategies can further develop. Here social
scientists and those working at the interface of science and policy are
needed. TRACES is an ambitious programme designed to bring together
European and American research groups to conduct internationally excellent
deep-sea science.

TRACES

We envisage the TRACES programme as organised in a hierarchical scheme
where research issues and overarching issues are grouped into four broad
thematic areas. Overarching issues are those that will relate to several
research projects. These are summarised briefly below with full detail
provided in the individual sections of this Science Plan.

Ecosystem research: Linkages & connectivity
Cold-water coral habitats provide a
fascinating natural laboratory to study
genetic relationships between spatially
separated marine populations. Sessile
benthic marine species such as corals
may be genetically connected (i.e.
exchanging genetic material) by larval
dispersal. Understanding how one coral
habitat is (or is not) genetically related
to others is vital to understand
ecosystem dynamics in space and time and to design ecologically coherent
marine protected areas. If there is limited exchange between sites, one may
predict that the populations present would evolve in isolation, lowering
regional diversity and enhancing local endemicity. Such populations would be
vulnerable since the chances of recruitment from external populations are
very low. The TRACES programme would expand upon the concept of the
‘metapopulation’ as it relates to cold-water coral habitats at a series of
spatial scales across the Atlantic Ocean. This would allow investigations into
which populations are sources or sinks of
propagules and to examine how populations may
recover from disturbance.

Priority research questions focus on identifying
patterns of connectivity, and assessing the variety
of linkages and factors influencing or controlling
the connectivity of coral populations and their
associated fauna over time. Hydrographic
conditions may cause strong, steady or fluctuating
ocean currents at various levels in the water
' column; these currents may promote or impede the
! dispersal of organisms from one place to another.
Seafloor geological features may provide stepping
stones for fauna to disperse, but actual




connectivity will depend on interactions with local hydrography and life
history characteristics. Scales of larval dispersal remain unknown for most
cold-water coral species and assemblages. Studies should be conducted both
within patches (or habitats) and between patches (or habitats) across the
Atlantic Basin. Finally, recent evidence from molecular phylogenetic studies
has indicated that the evolution of some coral groups has involved exchanges
between shallow-water and deep-sea ecosystems. Such processes are an
essential context to understand patterns in cold-water coral community
biodiversity and biogeography.

Ecosystem research: Biodiversity & biogeography

Cold-water corals are among the most three dimensionally complex structural
habitats in the deep sea. As such they provide a great variety of physical
niches and support many species (alpha diversity). In turn the variety and
spatial patchiness associated with cold-water coral habitats creates
significant variation in species between habitats, promoting high beta (or
species turnover) diversity. Finally, regional lists of species reported from
cold-water coral habitats show they also are associated with high gamma
diversity. However, while they clearly form biodiversity ‘hotspots’, our
understanding of spatial biodiversity and biogeographic patterns in cold-water
coral habitats remains poorly developed. This is largely because studies to
date cannot be compared because of variable sample collection protocols
(e.g. trawl, submersible, box corer) and inconsistent taxonomic resolution
(differing expertise between research groups leading to biases in the species
subsequently identified).

TRACES sets out an ambitious study to examine
biodiversity and biogeographic patterns. This
should entail standardised field sampling both on
and off scleractinian reef frameworks across the
Atlantic from northern Norway to the US South
Atlantic Bight. Carefully controlled sub-sampling
for genetic and palaeoceanographic material can
support other TRACES objectives. Standardised
ROV and submersible visual surveys and selected
sampling could be additional approaches to
characterise wider habitat variability and to
sample species associated with long-lived
gorgonian and antipatharian coral colonies.
Analytical consistency and co-ordinated use of
international taxonomic experts organised
through TRACES networking activities would
reveal new species and revisions to existing species descriptions. TRACES
would complement and add to previous large-scale biodiversity initiatives,
such as the Census of Marine Life, by targeting biodiverse cold-water coral
habitats likely to contain many undescribed species.

Ecosystem research: Coral biology
Information on critical aspects of cold-water coral biology, such as respiratory
physiology, trophic ecology, growth patterns and reproductive strategies,



have only begun to become available in recent years but remain restricted to
very few species. This aspect of TRACES has clear relevance to the projects
investigating linkages and connectivity since understanding reproductive and
larval biology is central to understanding population connectivity. But in
addition, a better appreciation of coral growth and calcification is needed to
understand the ‘vital effects’ so clear in many attempts to derive proxies of
past seawater temperature and other parameters from coral carbonate. Such
vital effects manifest themselves in, for example, the strong correlation
between stable carbon and oxygen isotopes in azooxanthellate scleractinian
coral skeletons. While early studies struggled to derwe palaeoceanographlc
information in the face of - -
these vital effects, a large
and growing body of work is
showing greater success,
see below. Furthermore,
lack of physiological data
limits our ability to
understand cold-water coral
responses to ocean warming
and acidification, both
causes of great current
concern.

TRACES will support
investigation of the
reproduction, feeding ecology, growth and ecophysiology of major habitat-
forming cold-water corals. It will capitalise on recent advances in maintaining
cold-water corals under controlled laboratory conditions allowing studies of
coral response to predicted scenarios of ocean warming and acidification. It
aims to co-ordinate and control experimental studies so physiological and
growth parameters will be normalised in a consistent manner allowing the
results from separate studies to be compared and fed into broader models
examining the flux of carbon and nitrogen under simulated field situations
(informed by results being generated by studies related to the topic
‘Oceanography & food supply’). Studies of live coral maintained in flume
conditions would allow the first detailed observations of feeding and response
to controlled sediment exposure. Finally, repeatedly sampling field sites
where year-round access is achievable can provide new insights regarding
reproductive periodicity in a seasonal context.

Climate records research

The TRACES palaeoceanographic projects would set out to cover two main
timescales with dual aims: (1) to understand the role of ocean circulation in a
changing Earth climate system and (2) to examine these effects on cold-water
coral habitats and biodiversity. Investigations of the recent past (millennia)
coupled with instrumental records can provide a clearer picture of
anthropogenic changes to ocean chemistry and circulation. Records of the
past 25,000 years and beyond can provide unique information on ocean
circulation in what is now known to be a strongly disturbed and dynamic
climate system. It has now become well established that during glacial



periods the volume of southern source waters in the Atlantic increases while
northern source waters shoal and are volumetrically less important.
Instrument-based records have suggested that key Atlantic circulation
patterns, such as the Meridional Overturning Circulation, may have slowed by
30% since 1992, but such interpretations are based on a few snapshots of
available data since 1957. TRACES climate records research projects would
contribute to the following major issues:

¢ Links between global climate and the rate of ocean circulation

e Links between past changes in ocean circulation and coral vitality

¢ Recent and long-term history of carbon cycle and ocean acidification

e Deep-ocean productivity, nutrient cycling and trophic changes
TRACES would exploit the significance of cold-water corals as recorders of
intermediate water mass history: their ubiquity, high temporal resolution
(unaffected by bioturbation), long-life spans and suitability for parallel U/Th
and 'C dating. Further studies would capitalise on the wide geographic
sampling planned during TRACES to run proxy calibration exercises (e.g. to
test temperature proxies across latitudinal transects, to calibrate nutrient
proxies, and to refine proxies for past ocean ventilation, intrinsically linked
to past atmospheric CO; levels).

Overarching issues: Mapping & habitats

High quality mapping and habitat characterisation should underpin all TRACES
studies and take advantage of the survey and processing improvements made
in recent years. Existing relevant regional data (e.g. sidescan sonar,
multibeam bathymetry and backscatter) would be amassed using Geographic
Information System software. Key areas currently unmapped would be
surveyed at sea and ground-truthed using appropriate visual and sampling
techniques. TRACES will produce one of the largest integrated deep-water
habitat mapping efforts and will greatly assist standardisation and habitat
categorisation by working closely with existing schemes and government
agencies on both sides of the Atlantic. In addition to refining existing and
developing new habitat maps,
TRACES could also incorporate
the emerging science of
predictive habitat mapping
using approaches such as
Ecological Niche Factor Analysis
and Maximum Entropy to
predict geographical areas
likely to support cold-water
corals. Furthermore, dating
fossil corals found during
mapping surveys will enable
researchers to produce ‘habitat
maps’ of corals for the past, * - :
which in turn can be linked to ecological niches required for coral growth
(i.e. for particular time periods or climatic and oceanographic conditions).
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Overarching issues: Oceanography & food supply

Understanding the hydrographical context of cold-water coral habitats is vital
to study food supply mechanisms, near-bed sediment flux, larval transport
and the distribution of species across habitats. The importance of these issues
places physical oceanography as a key overarching theme of TRACES. The
programme aims to support studies addressing both local-scale physical
characterisation of study sites, for instance by using benthic landers and
moorings to deploy ADCP and single-point current meters alongside
interpretation of larger-scale boundary currents, density horizons and
internal wave dynamics. In addition, video-deployed lander systems can allow
precise instrument positioning in complex coral habitats. Food sources could
be examined using stable isotope and lipid biomarkers of collected coral
fauna with parallel analysis of locally collected prey (e.g. net-collected
zooplankton, sediment traps and seabed-pumped bottom water samples).

Overarching issues: Policy

The policy regime in which marine conservation measures are developed is
complex and evolving. TRACES will contribute to the review and compilation
of relevant information of maritime policy at national, European and
international (High Seas) levels. The policy work should ensure clear two-way
communication between the pure science projects and the policy-maker end
users. Several social scientists are members of the TRACES community and
their research could focus upon regional governance case studies to critically
evaluate the process of conservation policy development for cold-water
corals and deep-sea habitats in general.

Programme relevance, relation to on-going activities and other issues
Deep-sea science is a costly, interdisciplinary undertaking most effectively
conducted by international collaboration. The trans-Atlantic vision of the
TRACES programme relies upon collaborative research between American and
European investigators. Several members of the TRACES community are
already engaged in relevant research supported through European Science
Foundation’s EuroMARC scheme and the on-going development of TRACES
forms a component of the European Commission’s HERMIONE project. There
are strong synergies to aspects of existing research in Canada, Europe and the
USA but TRACES is carefully designed to complement and not duplicate these
efforts. It is focused on distinct ecological and palaeoceanographic questions
that can only be addressed at a trans-Atlantic scale.
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1 Introduction

Cold-water corals, also called ‘deep-sea corals’, have been known for
hundreds if not thousands of years. Indeed, worldwide the majority of coral
species are found in water >50 m deep (Cairns 2007; Roberts et al. 2009). The
skeletons of long-lived precious octocorals such as Corallium have been used
to make jewellery since Antiquity and the earliest trawl fishers often
reported cold-water corals in their nets. However, it is only in the last ten
years as improved seabed mapping technologies have been applied to wider
areas that we have begun to appreciate the true extent and scale of cold-
water coral habitats. This has led to a dramatic increase in research output
(Fig. 1.1) showing that cold-water coral habitats are locally rich in
biodiversity and an important new archive of past ocean climate history. But
in many instances modern scientific surveys have not only revealed previously
unknown coral habitats but that these habitats have been damaged by deep-
water trawling. This has prompted significant conservation efforts both
nationally and internationally through the United Nations to protect
‘vulnerable marine ecosystems’, including cold-water corals from further
damage.

140 - Figure 1.1 The number of
research papers referring to
120 ‘cold-water coral’ or ‘deep-sea
coral’ between 1972 and 2007.
100 This greatly increased research
activity is a major reason why
80 the TRACES programme is now

both scientifically necessary and
practically feasible. Figure from
Roberts et al. (2009).

60
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‘Corals’ are a varied group of animals from several taxa. While many species
are single individuals (the solitary corals) others form complex, branching
colonies supported by a common skeleton - these skeletons form some of the
most structurally complex deep-sea habitats known. A few species of
scleractinian stony corals form three-dimensional skeletal frameworks that,
over hundreds to thousands of years, may accumulate to form deep-water
biogenic reefs (Roberts et al. 2006).

This document presents a Science Plan for the Trans-Atlantic Coral Ecosystem
Study ‘TRACES’ outlining priorities for cold-water coral research in the
Atlantic Ocean from 2010 to 2020. The Atlantic is a natural focus for this first
attempt to study cold-water corals at the scale of an ocean basin for several

reasons:
e There are more cold-water coral records from the Atlantic than any
ocean basin (Fig. 1.2). These scleractinian reef framework-forming
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species themselves provide structural habitat for many other coral taxa
and a very high regional biodiversity.

e Many coral sites have been mapped allowing sampling strategies
comparing sites across to basin to be developed and standardised

e Atlantic cold-water corals have already provided palaeoceanographic
information on past water temperature and ocean ventilation history,
but no study has yet unified this work across the basin

e Several initiatives are currently being developed to conserve Atlantic
coral habitats both in national waters and on the High Seas, leading to
growing policy needs to understand how these habitats are connected
genetically.

As sessile, habitat-forming species, reliant on water currents to supply food
and disperse larvae corals fall at a natural confluence of biology, geology and
oceanography. At its core, TRACES is a collaborative, interdisciplinary effort
designed to span the Atlantic, crossing national and scientific boundaries so
the scientific community can tackle major ecological and palaeoceanographic
questions.

Figure 1.2 The global distribution of reef framework-forming cold-water corals showing
concentration of records in the Atlantic Ocean. Figure from Roberts et al. (2006).

1.1 TRACES structure

The TRACES programme is organised into two research issues, ‘Ecosystem’
and ‘Climate records’, and several overarching themes that relate to both the
research issues (Fig. 1.3). Our philosophy is to answer questions relating to
the Ecosystem and Climate records themes in a co-ordinated, standardised
manner using the best-available technologies and measurement approaches
from deep-submergence vehicles at sea to advanced analytical equipment in
the laboratory.

14
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Figure 1.3 Organisational structure of the TRACES programme.

The issues described in the Science Plan were developed by consensus at two
international workshops in early 2008. The North American workshop was held
in Wilmington NC, USA (28-29 February) and the subsequent European
workshop was held in Faro, Portugal (29-30 March). At each meeting
delegates came up with a wide range of research questions organised by
workpackage:

A. Linkages & connectivity

B. Biodiversity & biogeography

C. Coral biology & reproduction

D. Climate records (combining all palaeoceanographic aspects).

Each group was asked to identify three priority research questions listing for
each: (1) Key geographic sites and (2) Methods & standardisation issues.
Suggested criteria to help prioritise research questions were:

Scientific merit

Trans-Atlantic relevance

Policy relevance

Feasibility

Reports from these workshops can be downloaded from the project website
(www.lophelia.org/traces). These reports list all the research topics
suggested and summarise the discussion and prioritisation that followed. The
following sections summarise these questions and outline plans to tackle
them in a co-ordinated trans-Atlantic context. We also consider critical
methodological and standardisation issues that must be addressed to allow
trans-Atlantic comparisons. The TRACES programme will facilitate
standardisation from the geochemical standards applied to palaeo-proxy
analysis through to the sampling, processing and taxonomic identification of
benthic biota.
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2  Ecosystem Research

2.1 Linkages and connectivity

North American workshop priority questions
1. What are the spatial and temporal scales and patterns of connectivity?

e Within populations (e.g. relatedness among individuals of a cold-water
coral species at a site, such as a seamount, bioherm, bank, etc.,
including degree of sexual vs. asexual reproduction)

e Between populations (e.g. what is the degree of differentiation
between populations of cold-water coral species, larval source vs. sink
dynamics, etc.)

e Across regions (e.g. decreased connectivity across known
oceanographic boundaries?)

2. What are the natural processes that control connectivity in Atlantic
coral ecosystems?
3. How do anthropogenic influences affect connectivity?

European workshop priority questions
1. How does dispersal of cold-water corals and associated species influence
deep water community structure at a range of geographic scales? Sub-
questions:
e Is genetic structure driven by large-scale biophysical coupling or by
regional- to local-scale hydrodynamics?
¢ What is the role of life history in structuring processes?
e How does the genetic structure of populations influence resilience to
human impact?
¢ How will climate change affect larval dispersal?

2. What historical events have influenced the structure of coral
communities?

¢ On human timescales

e For the last 1 million years

¢ On longer timescales

2.1.1 Introduction

In ecology, connectivity refers to the exchange of genes among
geographically-separated populations (Cowen et al. 2007). For benthic marine
organisms, connectivity is achieved during the dispersive phase from
reproduction to settlement. Connectivity is a primary factor in determining
community structure, species cohesion and population persistence (Cowen et
al. 2006). Understanding connectivity is therefore critical for the
management of coral habitats, especially through the establishment of spatial
conservation measures such as those recently proposed by regional
management organisations in the North Atlantic (e.g. OSPAR and NEAFC).
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Populations and communities are sustained by recruitment from locally-
produced propagules or dispersal from more distant sites. The basic patterns
of faunal dispersal among coral habitats are key unknowns to understanding
the processes that structure both the diversity and biogeography of coral
species and their assemblages. Demographic and genetic connectivity
mediate the recovery of vulnerable ecosystems and resources. Knowledge of
levels of connectivity among habitat patches is therefore critical to our
understanding of how communities develop and are sustained. Without
dispersal between sites, populations and communities evolve in isolation,
which could lower regional diversity, enhance local endemicity, and reduce
their potential to recover from damage. Connectivity among cold-water coral
populations results from both the passive transport of propagules and the
active movement of older, motile species. These transport mechanisms are
affected by biological and physical processes that operate at various spatial
and temporal scales; biological interactions and linkages among coral hosts
and their associates may further influence connectivity (Fig 2.1). For
example, some coral and epifaunal species form apparently close associations
with high specificity, such as the symbioses between gorgonians and
ophiuroids on seamounts. On an ecological timescale, the successful
recruitment of coral associates into a community may then depend on the
prior establishment and growth of certain coral species. On an evolutionary
timescale, these associations provide an untested ‘model’ system in which to
address co-evolutionary processes in deep-water marine systems. We identify
below priority research questions in the area of Linkage & Connectivity.

- Figure 2.1 Schematic illustrating
Hydrodynam'cs gene flow between seamounts
showing significance of seafloor
morphology, habitat availability
(both biotic and abiotic), water
depth, reproduction, settlement
H and hydrodynamics. Figure courtesy
of T. Shank.

The concept of metapopulation dynamics is a useful theoretical framework
for investigating how dispersal and population connectivity influence the
dynamics of individual populations and their response to disturbance.
Metapopulations are assemblages, discrete patches, or demes representing
geographically separated populations or sub-populations linked by migration
of individuals and exhibiting transient events of local extinction and
(re)colonisation (Levins 1969; Hanski 1998). Corals and their associates are
ideally suited to this concept because they inhabit seamounts and other
patchy habitats in the deep sea, have the potential to disperse between
habitats in their planktonic larval stage and have a very real possibility of
local extinction. Metapopulation models integrate information about local
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dynamics (e.g. reproductive output, trophic and other species interactions
that affect population growth rates) with estimates of connectivity (e.g.
current-mediated exchange of propagules, recruitment of immigrants and
gene flow) to predict how processes in one patch may influence the dynamics
in the others (Hanski et al. 1995; Hanski 1998). For instance, this approach
can be used to investigate which populations may be sources or sinks of
propagules, and to predict how individual populations may recover from
disturbance.

Priority research questions are focused on identifying patterns of
connectivity, and assessing the variety of linkages and factors influencing or
controlling the connectivity of coral populations and their associated fauna
over time. These objectives include, but are not limited to, the following
questions:

1. How do the various factors (depth differences, habitat specificity,
habitat availability, colonisation processes, reproductive and larval dispersal
modes, physical and hydrographic settings) act as facilitators or barriers to
the dispersal and exchange of corals and their associated fauna?

2. What are the patterns of dispersal, migration and connectivity of coral
species and their associated fauna?

3. What are the dominant forces (e.g. co-evolution, isolation, etc.)
structuring the distribution and dynamics of coral species and their
populations?

4, How have climate change and the role of changing oceanic circulation
shaped the evolution, diversity and biogeography of corals and their
associated fauna throughout the Atlantic?

5. Do patterns of dispersal indicate that a given coral habitat (e.g. bank,
seamount, knoll or canyon) may have served as a refuge or retained ancestral
lineages for other coral habitats?

6. Is dispersal controlled by the influence of modern day current
patterns? Is migration uni-directional, either toward or away from the Mid-
Atlantic Ridge?

7. Can genetic connectivity studies identify key vulnerable coral habitats

with a crucial role to be considered in the design and assessment of
conservation and management strategies?
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2.1.2 What are spatial scales of connectivity?

Depending on the geographic scales, different evolutionary forces may act to
drive the spread of genes in space and time. Barriers to gene flow in ocean
systems may not be obvious or easily identifiable (Vermeij 1987). While some
studies have shown genetic homogeneity over regional or basin-wide spatial
scales in some coral reef fishes (e.g. Shulman & Birmingham 1995), many
recent studies of connectivity in marine organisms have found the spatial
scale of connectivity to be smaller than larval dispersal potential (e.g. Taylor
& Hellberg 2003; Baums et al. 2005; Cowen et al. 2006, 2007). The effects of
geographic separation, depth difference and circulation patterns around
isolated marine habitats on both the historical migration of marine fauna and
their modern rates of gene flow are poorly known. There is growing
awareness that the interaction of these factors with the life history of
individual species is important to faunal dispersal in the oceans (e.g.
Hedgecock & Edmands 2007; Treml et al. 2008). Hydrographic conditions may
cause strong, steady or fluctuating ocean currents at various levels in the
water column; these currents may promote or impede the dispersal of
organisms from one place to another. Seafloor geologic features may provide
critical stepping stones for fauna to disperse great distances, but realised
connectivity will depend on interactions with local hydrography and life
history characteristics of the species (see below). Dominant scales of larval
dispersal or the extent of spatial connectivity are unknown for most cold-
water coral species and assemblages.

We envisage conducting and encouraging projects that explore the
interactions within, and connectivity between, spatially-isolated coral
ecosystems. Cold-water coral communities have been identified in various
deep-sea habitats of the North Atlantic, including seamounts, canyons,
continental slopes etc., that are spatially isolated to varying degrees.
Through these studies, we aim to identify areas or habitats that are likely to
be sources of larvae for future generations, as well as corridors where
habitats appear highly connected. This approach has recently been
demonstrated using network theory to analyse genetic data from a clonal
marine organism , the seagrass Posidonia oceanica (Rozenfeld et al. 2008).

Within patches (or habitats). Processes that structure and maintain cold-
water coral communities begin at the local scale, e.g., seamount,
canyon/fjord, bioherm, bank etc. Recent genetic studies of shallow-water
coral species have demonstrated that complete mixing of genes often occurs
only at small spatial scales, such as 100 m, during fertilisation (see Van
Oppen & Gates 2006 for review; Underwood et al. 2007). For spawning corals,
non-random mating may occur frequently due to restricted mixing of
gametes. Successful fertilization may be more likely between individuals in
close proximity and mating between relatives may occur often, resulting in a
pattern called ‘genetic patchiness’, a phenomenon observed in several
marine species from fishes to invertebrates (Johnson & Black 1982; Watts et
al. 1990; Doherty et al. 1995; Arnaud-Haond et al. 2008). Such a scenario
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would lead to small effective population sizes and locally adapted gene
complexes, maintaining genetic subdivision (Whitaker 2004). We know little
about the species-level relatedness between individuals within a cold-water
coral population or their associates at these sites, including the relative
contribution of sexual vs. asexual reproduction. Since coral samples may by
chance come from genetically identical clones, this can quickly reduce the
number of genotypes in any population genetic analysis, thereby biasing the
results. This underscores the need to understand the level of clonality in
cold-water coral populations - a particularly acute problem for colonial reef
framework-forming species. For example, a recent study of an inshore L.
pertusa reef in the NE Skagerrak found genetic clones extended for up to 100
metres (Dahl et al. unpublished data).

Between patches (or habitats). Habitat patches in the North Atlantic are
spatially isolated at a range of geographic scales from:

o tens of kilometres (e.g. between seamount peaks, continental slope
banks or reefs; along the mid-ocean ridge axis)

e hundreds of kilometres (regional scale, e.g. between seamounts and
seamount chains; continental margins)

e thousands of kilometres (ocean basin scale, e.g., continental margins
vs. offshore seamounts; eastern vs. western Atlantic; transoceanic
scale, e.g. Lophelia pertusa in the Atlantic vs. Pacific Oceans).

Oceanographic and hydrographic conditions vary across these spatial scales.
For example, cold-water coral communities in the southern North Atlantic
may be influenced by Antarctic-derived water masses, whereas the more
northern western Atlantic communities are bathed in North Atlantic Deep
Water. Surface and deep-water boundary currents that promote connections
among patches at one scale or depth range may act as isolating mechanisms
at another scale. For example, studies of deep-sea fish (Helicolenus
dactylopterus) populations in the North Atlantic have provided evidence for
population connectivity on the continental slope off Europe, yet barriers to
gene flow between the European continental slope, the Mid-Atlantic Ridge
(Azores Islands) and the slope off the USA were also identified. There is also
evidence for a major genetic discontinuity in H. dactylopterus populations
north of the Cape Verde Archipelago (Aboim et al. 2005).

In cold-water corals, regional isolation among Lophelia pertusa populations
along the eastern and western North Atlantic continental margins and the
Gulf of Mexico has been identified using microsatellite markers (Morrison et
al. unpublished data, see Figure 2.2). Sharp genetic breaks as well as obvious
cases of gene flow in deep-sea sponge species along the continental slope off
Europe support the predictions from the palaeoecological analyses (Frank et
al. unpublished data; Schroder-Ritzrau et al. 2005) that recent glaciations
had a strong influence on present day geographic distribution of genetic
polymorphism. Glacial events may have forced some fauna towards more
southern refugia such as the Mediterranean Sea, the region off NW Africa,
providing opportunities for the evolution and diversification of taxa that
subsequently colonised northern latitude reefs (Roberts et al. 2006). The
upper bathyal coral ecosystems in Europe are therefore recognised as highly
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dynamic environments, reinforcing the need to protect multiple lineages of
these cold-water coral reefs.
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Figure 2.2 Unrooted neighbour-joining tree generated from pairwise genetic chord distances
using microsatellite data from 341 unique Lophelia pertusa individuals and 16 sampling
localities. Branch colours correspond to genetic clusters identified in a Bayesian clustering
analysis (Structure). Ellipses include populations that formed a grouping supported by
bootstrap analysis (bootstrap % at nodes). Figure courtesy of C. Morrison.

Evidence from non-coral associated deep-sea communities suggests that
populations occurring at different depths can be genetically isolated or may
be composed of closely-related cryptic species (e.g. France & Kocher 1996;
Chase et al. 1998; Howell et al. 2004; Solis-Marin et al. 2004). Although
genetic evidence is lacking, some coral species and their associates on
seamounts of the eastern Atlantic, such as Paramuricea sp. and its associated
ophiuroid Asteroschema clavigera are distributed across a broad depth range
of >700 meters. Unexpected barriers to gene flow may exist with depth or
depth-associated factors such as temperature, oxygen and pH. Lophelia
pertusa reefs also occur at a broad range of depths in the Atlantic Ocean,
from ~40 m in Norwegian fjords to 200-1000 m on the continental slope and
1500 m on New England Seamounts. Although too few samples from
Norwegian fjords have been analysed to derive conclusive results, L. pertusa
examined so far from fjord settings seemed different from continental slope
populations (Le Goff-Vitry et al. 2004), a preliminary observation that
deserves to be further explored. Likewise, L. pertusa from New England
Seamounts (approx. 1,500 m) show substantial genetic differentiation
compared with continental slope populations in the eastern and western
North Atlantic Ocean (150-750 m; Morrison et al. unpublished data).
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Understanding connectivity between cold-water coral populations depends
upon studies encompassing distinct spatial scales: intra-population; local;
regional and trans-oceanic scale. With better knowledge of the patterns of
connectivity at various spatial scales, identification of the forces shaping
population structuring, including abiotic factors will be feasible for the first
time. This requires collaborative research efforts at the trans-Atlantic scale.
Using several model organisms with wide distributional ranges, including the
habitat-forming coral species, comparative phylogeographic studies of deep-
sea coral ecosystems can begin and will allow common or overlapping
phylogeographic breaks in the North Atlantic to be identified. Additionally,
putative larval sources or pathways that play a critical role in the integrity of
the metapopulation system may be identified. Taken as a whole, a better
understanding of connectivity across the North Atlantic Ocean will allow for
effective design of marine protected area networks.

2.1.3 What are temporal scales of connectivity?

Exchange of individuals on ecological timescales (weeks to decades)
influences the dynamics of local populations and their potential to recover
after catastrophic disturbance (resilience). When multiple species are
considered in a metacommunity, their interactions (facilitative, competitive
or trophic) affect the diversity of local ecosystems. If the metacommunity is
highly connected then a local species extinction may be transient (if the local
system is a sink), or alternatively it may extend regionally (if the local system
is a source). Understanding the extent of connectivity is essential for
predicting the consequences of local disturbance, such as might be caused by
focused trawling or changes in the wider environment brought about by
climate change. Over evolutionary timescales, limited connectivity may lead
to genetic isolation of populations and eventually to speciation, influencing
regional biogeographic patterns.

Observations of cold-water coral communities on seamounts in the western
North Atlantic suggest highly patchy distributions of many coral species, both
within and between seamounts. Video transects show species may be
completely absent, in low or high densities at different locations along a
single slope, on different slope faces, between seamount peaks, or between
seamounts. Some observations of dead reefs also show that extinction may be
recurrent on a local scale. One explanation for such distribution patterns is a
rare recruitment event into an area followed by frequent local propagation,
partly facilitated by the clonal nature of corals. Thus, connectivity may vary
on temporal and spatial scales. This infrequent exchange with other
populations, revealed by rather high genetic differentiation, may result in a
local population that cannot recover quickly from a catastrophic disturbance
that removes the adults; i.e., one with low resilience.

Recently, evidence from molecular phylogenetic studies have indicated that
the evolution of some coral groups have involved exchanges between shallow-
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water and deep-sea ecosystems in the course of evolution (e.g. Lindner et al.
2008). Timing of invasions of the deep sea from shallow-water ecosystems has
been linked to past climatic change events (e.g. Little & Vrijenhoek 2003;
Strugnall et al. 2008) and provide an important historical view on the possible
impacts of global warming and cooling events on marine communities. Such
historical events may explain many of the large-scale patterns in the
distribution and diversity of deep-sea marine communities and are clearly
relevant to the ‘Biodiversity’ objectives described in Section 2.2.

Finally, it is difficult to reconcile the age distribution of organisms like corals
that can reproduce asexually, producing clones of potentially unlimited age,
with the genetic structure of populations. Cold-water reef framework-forming
scleractinian corals may live for >100 years but the reefs themselves can be
>10,000 years old. The concept of gene flow is also very challenging in
octocorals and antipatharians where individual colonies may be several
thousand years old (Roark et al. 2006, 2009). This is also an issue with
sponges associated with cold-water coral habitats, where ca. 200 Porifera
species have been reported to dominate the reefs along the European margins
(van Soest et al. 2007). Some groups, such as the hexactinellids (glass
sponges) may also live for more than 100 years (Vacelet pers. comm.).
Coupling genetic studies of population connectivity with studies of
recruitment and reproduction in cold-water corals will be a significant
feature of TRACES that will shed new light on the interpretation of genetic
data from clonal and long-lived marine species. Those structures that have
formed across centuries or millennia may indeed be particularly vulnerable
and not resilient enough to recover from rapid, large-scale human
disturbance.

2.1.4What are the natural processes that control connectivity?

Connectivity is the result of biological traits (e.g. pelagic larval stage or adult
movements) and factors (e.g. currents) favouring dispersal and those
preventing it (e.g. physical barriers to gene flow or abiotic factors preventing
the survival of migrants). Corals are sessile animals and are therefore largely
dependent on the larval phase for the dispersal stage (gene flow or
connectivity). Most cold-water coral species investigated to date have been
found to be gonochoric (separate sexes) and most are broadcast spawners
(see Section 2.3.1). However, there are major differences in the size of eggs
produced by cold-water corals, the mode of larval development
(planktotrophic vs. lecithotrophic) and in seasonality of reproduction. Some
species show synchronous seasonal reproduction (e.g. Lophelia pertusa),
others reproduce periodically but aseasonally (e.g. Madrepora oculata),
whilst some show quasi-continuous reproduction (e.g. Fungiacyathus
marenzelleri) (Waller et al. 2002; Waller 2005; Waller & Tyler 2005). Such
differences in life history will affect the level and timing of recruitment to
coral populations and the distances over which larvae may disperse. These
factors will influence both the connectivity of coral populations and their
resilience to human impacts such as the effects of fishing with bottom
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contact gear (trawls and long lines). The role of intense or long-term fisheries
activities on the structure and diversity of coral communities is now at the
forefront of concern for ecosystem and fisheries managers interested in
developing marine protected areas. Habitat-forming cold-water coral (and
similarly sponge) assemblages are vulnerable to damage from bottom-tending
fishing gears, especially bottom-trawling, as well as energy exploration and
development, deployment of cables and pipelines, and other human activities
that disturb the seafloor. Recovery from damage may require decades to
centuries, as most cold-water corals and their associated communities grow
slowly, and is directly dependent on levels of connectivity among sites
allowing or preventing recolonisation of depleted areas. However, there is
little or no direct information on the frequency or magnitude of recruitment
to coral populations or on dispersal distances of the larvae of corals in the
deep sea. Indeed, indirect assessment of dispersal by estimation of the
genetic differentiation among coral populations remains the only practical
way of assessing connectivity.

2.1.5 Methodology

An interdisciplinary approach combining genetic and oceanographic
techniques will be needed to undertake the first basin-wide estimates of
connectivity among various types of cold-water coral habitats. Much of the
data necessary to estimate connectivity will overlap with other aspects of the
ecosystem (sections 2.2 and 2.3) and environmental research (section 4)
proposed in this Science Plan. Genetic studies are needed to compare
regional samples and identify potential phylogeographic breaks in
connectivity in many coral species and associated fauna. Finer-scale genetic
studies will also be needed for select taxa to assess: (1) contributions of
sexual versus asexual reproduction and relatedness among individuals at
sites, (2) to assess population genetic structure and estimate gene flow
among sites and (3) the potential for long term (i.e. evolutionary) impact of
present day disturbance on mating system and migration patterns.
Furthermore, better understanding of the reproductive cycles and larval life
histories of key taxa, in combination with genetic estimates of gene flow, will
allow for more accurate estimates of larval dispersal distances, or
‘neighborhood sizes’ (Palumbi 2004). Lastly, investigations into the physical
oceanographic environment at both broad and local scales can be used to
model expected connectivity. Model estimates can be compared with genetic
estimates of connectivity to test model predictions using a ‘seascape
genetics’ approach (e.g. Galindo et al. 2006). With such data in hand,
accurate biophysical models of dispersal can be developed (e.g. Baums et al.
2006), which will allow estimates of resilience of reef areas and source-sink
dynamics. Ultimately, biophysical models of multiple deep corals and
associated fauna will be important tools for effective protection and
management of deep coral habitats.

Bar coding and the Tree of Life. In all phyla, species delineation greatly
depends upon the number of available diagnostic characters. Taxonomic and

24



systematic uncertainty may prevail, especially in species with a low number
of informative characters (Klautau et al. 1999; Knowlton 2000). For instance,
molecular analyses repeatedly revealed cryptic species and proved valuable
in delineating species boundaries in Porifera (Klautau et al. 1994, 1999;
Blanquer & Uriz 2007) and knowledge on speciation within cold-water coral-
associated sponges might have potentially great consequences for the
efficient conservation and economic use of this group (van Soest & Lavaleye
2005).

Phylogeography and historical connectivity. Broad-scale patterns of
connectivity will be investigated for various corals and coral-associated fauna
using DNA sequence data, systematic, phylogenetic and phylogeographic
analyses such as statistical parsimony haplotype networks (Templeton et al.
1992; Clement et al. 2000). Researchers with expertise in certain taxonomic
groups will lead phylogeographic investigations. Genetic samples
(approximately 10 per site) will be preserved using a standardised protocol
and will be transferred to the appropriate research team. Gene regions to be
used for phyogeographic comparisons will vary according to taxon.

The marker of choice for phylogeography remains mitochondrial DNA, which
allows the initial characterisation of population structure, to test population
monophyly, or to infer maternal gene flow (Avise 1995, 2000). However,
highly variable nuclear data are increasingly used to corroborate initial
results based on cytoplasmic loci (Hare 2001).

Population genetics and connectivity. Fine-scale patterns of connectivity
will also be investigated for select corals and associated fauna by using highly
variable molecular markers, such as microsatellites. These markers have the
advantage of distinguishing more readily between clonal individuals (with
identical genetic makeup) versus those that are unique and therefore
probably arose through sexual reproduction (Arnaud-Haond & Belkhir 2007;
Arnaud-Haond et al. 2007). Clones can then be removed from subsequent
analyses before genetic distances are calculated, which would otherwise
artificially reduce estimates of gene flow. Taxa will be chosen depending
upon geographic range, the availability of a large number of samples from
various sites (>20 samples per site), and the availability of highly variable
molecular markers. For the scleractinian reef-building coral L. pertusa, two
sets of microsatellite markers have been published (Le Goff & Rogers 2002;
Morrison et al. 2008). On-going studies of L. pertusa population genetic
structure by Morrison (western Atlantic and Gulf of Mexico), Dahl (eastern
Atlantic and Mediterranean) and those planned during the European CoralFish
project will be expanded, standardised between research groups, and
combined for a more complete assessment of trans-Atlantic gene flow.
Additionally, a set of microsatellite markers have been developed for the
scleractinian Madrepora oculata (Morrison unpubl. data). Markers are also
now being developed for other species including an octocoral and black coral
(E. Cordes pers. comm.).

Samples for genetic studies of this sort must be more numerous than the ones
for phylogeographic studies (ideally between 25 and 50 samples per location)
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and preserved in 95% ethanol or on FTA® Technology Classic cards, with
careful recording of sample location information. Precise location information
is particularly important for fine-scale connectivity investigations to allow
estimates of relatedness and neighboured size within habitats and for input
into either Bayesian clustering software, or spatial landscape genetic analysis
software such as Geneland (Guillot et al. 2005), Alleles in Space (Miller 2005)
or Tess (Chen et al. 2007). Additionally, analysis that does not require
information regarding sampling sites can be used to cluster individuals into
genetic clusters (e.g. Structure software, Pritchard et al. 2000). Collections
made using manned submersibles or ROVs should provide high quality samples
along transects which may reduce the chances of sampling clones produced
by fragmentation and provide the material needed to assess relatedness
among individuals. Samples from boxcores may be used, but are inferior for
these purposes because frequently only one genetic individual is sampled per
deployment, exact positioning is often not possible and corals often
fragment.

Finally, settlement plates may be assayed in order to characterise recruits
genetically and determine their putative source populations. With a defined
population genetic dataset to compare with, genotypes of newly settled
larvae can be analysed using software packages such as Geneclass (Piry et al.
2004) allowing possible parental populations to be identified.
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2.2 Biodiversity and biogeography

North American workshop priority questions

1. How are cold-water coral communities structured and by what?
2. How do species utilise coral habitat?
3. What is the resiliency of deep coral communities?

European workshop priority questions

1. Do cold-water coral (communities) reflect established zoogeographic
patterns?

2. Do different species fulfil key equivalent functional roles in cold-water
coral ecosystems and in different biogeographic provinces?

3. Do cold-water coral habitats support (and maybe export) increased
biodiversity compared with other habitats?

Integrated priority questions:

1. Are cold-water coral communities primarily defined by established
biogeographic patterns, and what are the underlying factors (bathymetry,
hydrography, biological interactions, etc. both contemporary and historical)
that control their distribution?

2. Is cold-water coral community assembly explained primarily by random
dispersal, migration, and local extinction processes (neutral theory) or by
environmental gradients according to species’ habitat requirements (niche
theory)?

3. How does the biodiversity of cold-water coral habitats compare with
other habitats?

2.2.1 Introduction and questions

Although cold-water corals have long been known, efforts to describe the
biodiversity and biogeography of the corals and their associated fauna have
only begun to be widely developed over the last decade or so. In the Atlantic
basin, research has come predominantly from the north Atlantic,
Mediterranean Sea and Gulf of Mexico regions; these include the large
Lophelia pertusa reefs off Scandinavia (e.g. Mortensen et al. 1995, Mortensen
& Fossa 2006), the coral mounds off the U.K. and Ireland (e.g. Henry &
Roberts 2007; Roberts et al. 2008), the gorgonian forests off Nova Scotia
(Henry 2001; Buhl-Mortensen & Mortensen 2005) and the New England
Seamounts, and the Lophelia and Oculina banks off the southeastern U.S.
(SEUS) (e.g. Reed et al. 2006; Ross & Quattrini 2007; Henry et al. 2008) and
in the Gulf of Mexico (e.g. Schroeder et al. 2007; Cordes et al. 2008). There
are very few studies from the south Atlantic and mid-Atlantic ridge (e.g.
Mortensen et al. 2008) and off northwest Africa (e.g. Colman et al. 2005)
despite the occurrence of Lophelia pertusa and other cold-water corals in
these regions. Cold-water coral communities exhibit locally elevated biomass
and diverse associated faunas (i.e. high alpha diversity - the number of
species in a small area), by some estimates rivalling those of tropical coral
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reefs (Jensen & Frederiksen 1992; Mortensen et al. 1995; Henry et al. 2008).
In addition, the heterogeneous habitats associated with cold-water corals
appear to support high beta diversity (species turnover across space) (Cordes
et al. 2008; Roberts et al. 2008; Henry et al. in press).

However the mechanisms underlying cold-water coral community structure,
diversity and distribution remain mostly unresolved, especially on an ocean
basin scale. This is largely due to the lack of methodological and taxonomical
standardisation needed to integrate of the available species datasets into an
appropriate meta-analysis of Atlantic cold-water coral community biodiversity
and biogeography. Consequently, we know very little about what controls
biodiversity and biogeography in these habitats, or how to predict it.

Question 1:

Are cold-water coral communities primarily defined by established
biogeographic patterns, and what are the underlying factors (bathymetry,
hydrography, biological interactions, etc. both contemporary and historical)
that control their distribution?

Coral associated communities are largely composed of species that also occur
in adjacent habitats (Mortensen et al. 1995; Rogers 1999; Ross & Quattrini
2007; Cordes et al. 2008). Therefore, the coral associated fauna is generally
expected to follow biogeographic patterns similar to those exhibited by the
surrounding benthos (e.g. as in Watling 2009). Distinct biogeographic
provinces are exhibited by many Atlantic deep-sea benthos including those
that frequently inhabit cold-water coral communities including the corals
themselves (Cairns & Chapman 2001), hydroids (Henry et al. 2008) and
cumaceans (Watling 2009).

The biogeographical affinities of many species inhabiting cold-water coral
communities largely correspond to depth. For example, shifts in scleractinian
species composition occur at the shelf-slope transition, between the upper
and lower slopes (1000-1500 m), and between the continental slope and
abyssal plain. Similar patterns are found in the octocorals of the Atlantic
(Watling et al. unpublished data). There is an assemblage of octocorals that
occur principally on the continental slope of the western North Atlantic from
north of Cape Hatteras to the Reykjanes Ridge and on the slopes of Europe
extending northward from the British Isles. There is a deep (approximately
1500 m to 2500 m) fauna that extends along the Mid-Atlantic Ridge south of
the Reykjanes Ridge and along the New England seamounts. There is also a
shallow seamount octocoral fauna found only on the eastern North Atlantic
and Corner Rise seamounts at depths <1000 m. If these trends in the
scleractinians and octocorals are also found in the communities associated
with cold-water corals, then sampling these communities across regions of
the Atlantic or across predicted bathymetric boundaries should reveal them.

Concomitant with examinations of biogeographic patterns should be the
collection of data to determine the underlying factors that best explain them.
For Lophelia pertusa, aragonite saturation state, temperature, dissolved
oxygen, nutrient levels, sedimentation and current speed appear to be among
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the most significant factors (Davies et al. 2008). However, even for this
relatively well-studied species, these variables need to be refined and their
interactions need to be explored. For other species and taxa, far less is
known although recent work shows habitat-forming gorgonian corals are
associated with specific ranges of environmental factors that vary in a
predictable manner between the families Paragorgiidae and Primnoidae
(Bryan & Metaxas 2006, 2007). For the vast majority of the species commonly
associated with cold-water corals, biogeographic boundaries remain poorly
defined and there are little or no data on the environmental factors
influencing their distribution. However recently Henry et al. (in press) used a
spatially explicit model to measure the contribution of environmental and
spatial factors predicted from multibeam bathymetry and ground-truthing to
creating beta diversity in cold-water coral communities off the west coast of
Scotland. Communities varied significantly with bathymetric variables, many
of which themselves varied longitudinally on the reef complex, pointing to
the potential importance of other unmeasured variables such as hydrography.
Thus collecting a wide range of environmental data, along with quantitative
species data at a variety of spatial scales, should be a priority for TRACES, as
should the technological development of the best in situ platforms to
integrate with remotely sensed and ground-truthed data.

Additional factors may influence the biodiversity and biogeography of coral
species and their associated communities by affecting their evolutionary and
ecological history on geologic time scales. The coral habitats of the Atlantic
span a series of geological and glacial histories and oceanographic regimes.
The Lophelia pertusa reefs of the North Atlantic show a periodicity of growth
coinciding with the influence of glaciation (Roberts et al. 2006). It seems
likely that post-glacial periods see the arrival of new species or the
recolonisation of old ones from glacial refuges (e.g. Henry & Roberts 2007).
The L. pertusa communities of the SEUS and Gulf of Mexico were not
subjected to direct glacial activity, but an understanding of their long term
growth on a geological timescale has not yet been established. The
composition of octocoral communities may also have been affected, with
more southerly or deeper sites providing refugia from glacial scouring. In the
future, cold-water coral communities may also be subjected to pressures
from ocean acidification, which may severely affect their global distribution
and shift coral community structure from those that create aragonite
skeletons to primarily calcitic skeleton fauna (Guinotte et al. 2006; Roberts
et al. 2006). Co-ordination of this portion of the study with the
palaeoenvironmental investigations is required to address these complicated
questions and elucidate the effects of climactic history and future trends on
coral biodiversity and biogeography.

Question 2:

Is cold-water coral community assembly explained primarily by random
dispersal, migration, and local extinction processes (neutral theory) or by
environmental gradients according to species’ habitat requiremen