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Abstract

Abstract

Knowledge of the spatial distribution of species &aditatsis crucialfor effective
management of marine resourcesteD@ support informed decisianakingin the

deep seare often sparse oibsent as offshore sampling surveyseaexpensive,
time-consuming havelimited coverageand are spatially biasetiabitat suitability
models (HSMs) make use of the limited data available and are being applied
increasingly to create continuous coverage snapthe potential distribution of
species or habitatSuch maps hawalue as decision support tools for future survey
planning, design of marine protected area networks and ultimately the
implementation of marine spatial planning. In the deep seautiiygof these maps

is suboptimal because of 1) the fregut lack of highresolution ecologically
relevant environmental variables, 2) species distribution data arising from
opportunisti¢ spatially biasedsampling, and 3) a lack of reliable species abse
data. Therefore, this thesis has as its primary objective the developmep¢atale

and robust methods for despa benthic HSNhat take into account these issues.

Based on the case study of predictisigitable habitat for the coldater coral
Lophelia pertusa (Linnaeus 1758)n the northeast Atlantic,this thesis extends
existing benthic HSM methodologies by 1) maximising the resolution and
information content of environmental variables, 2) optimising the reliability of
presenceonly modelling nethods, 3) investigatg the predictive power of high
resolution environmental variables derived from 3D hydrodynamic models, 4)
assessing the use of quantitative species occurrence proportion data for calibrating
models, and 5) exploring the applicabiltf mixed models to account for spatially
grouped transect data. The keyammhe is the first reliable higresolution HSM for
Lophelia pertusareef habitat as a tool for ecosystbased management in Irish
waters. The implications of HSMs for conservatiomarine spatial planning and an

understanding o#cosystm functioning and processes are discussed.
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Chapter 1 Introduction

1. Introduction

1.1. General introduction and key concepts

From the beginnings tanodern deegsea research

The deep sea, as defined and used here, includes seabed areas and waters below the
depth of 200 m and represents the largest biome of the global biosphere. It covers an
area of approximately 360 million Krequivalent to 50% oht e  Esasurfadedd

90% of tshoeean EaEegUNEPG 2007, Ramireklodra et al. 2011) The
exploration of the deep sea began about
infamousazoic theory which postulated that the growing pressure, coldness and
darkness with increasing water depth impeded the existence of living organisms
below approximately 550 m (Forbes 1844). Surprisingly, this theory was widely
accepted at the time. However, 25 years later, dredging activities fromdMise

Lightning and theHMS Porcupinearound the British Isles revealed the existence of

life at water depths below 4000 (fhomson 1873)These findingsvere the catalyst

for the greatChallengerexpedition of 18721876 which explored and catalogued

the deepseafloor of the wot d 6s oceans and is consider
modern oceanographyrhree quarters of a century later, tBalatheaexpedition

(19501 95 2) and Picarddés and Wal shdés subma
(1960) proved that living organisms exist at aiter depths, including the deepest

parts of the ocean (>10 000 m).

Since then, technological developments and new discoveries have promoted a
rapidly growing field of modern deegea research. In the 1960s and 1970s,
increasingly sophisticated samplingiugpment became available to researchers,
ranging from trawls and dredges to a variety of coring and grabbing devices and
finally video platforms which enable direct observations of esp habitats and
associatedspecies (Gage & Bett 2005). Rapatvanes in sabed mapping
techniques usinginglebeam, multbeam and sidecan sonarfKenny et al. 2003,
Andersonet al. 2008, Brownet al. 2011) have evealed previously unknown deep

sea habitat heterogenei#y (non-exhaustive) list of known deegeabentic habitat
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Chapter 1 Introduction

types includes open slopes, abyssal plains, seamounts, carbonate mounds, submarine
canyons, coldvater coral habitats, cold seeps, hydrothermal vents, mud volcanoes
and manganeseodule provinces, all of which support a diverse and specialized
fauna (UNEP 2007, Ramird4dodra et al. 2011). Developments in submarine
technology and robotics, such as remotely operated vehicles (ROVs) and
autonomous underwater vehicles (AUVS), now increasingly allow scientists to

access and sample these remote regad the ocean.

We hw e come a | ong arag/ theasry Intermationdl oreséarcts 0
progranmes,such as INDEEFInternational network for scientific investigation of

deepsea ecosysteméittp://www.indeep-project.org), the Census of Marine Life

(www.coml.org) and EUfunded projects like HERMESw{vw.eu-hermesnel),
HERMIONE (www.euwhermionenet) and CoralFISH Www.eufp7-coralfishnet),

are rapidly expanding our knowledd#e are improving our understandingdsep

sea ecosystem functions and processes, and we have taken firsp stajpe their
goods and services (Armstrorg al. 2012). Yet, the deep seeemainsthe least
studied ecosystem oBarth Merely 5% of the deeyseafloor hasbeen explored
remotelyand lesghan 0.01% has been sampled (Ramldezira et al. 2010). Given
t he d eenmrmeus sizg, its value in providing importgabds andservices
and its vulnerability tdhe evetincreasinganthropogenic impacts, theiean urgent
need to deepeour knowledge ornvulnerable deegea ecosystems, to map their

spatialdistribution, and to ensure their sustainable management and conservation.

Services and threats of deeyga ecosystems

Ecosystem goods and services are the benefits human populations derive from
ecosystem functions (Armstrorgg al. 2012). The deep sea a reservoir of a wide
range of living and nofiving resources. Commonly exploited goods include
commercially important fin and shellfish, genetic resources and chemical
compounds for pharmaceuticals, oil, gas and minerals, and the provision ofsites fo
waste disposal and GQ@torage(Davieset al. 2007, UNEP 2007, Armstronet al.

2012). The deep sea also provides important supporting and regulating services,
including the provision of habitat to a highly diverse fauna, nutrient and water
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Chapter 1 Introduction

cycling, chenesynthetic primary production, carbon sequestration and stagage,
and climate regulation, amongst others (UNEP 2007, Arms&bag2012).

Due to diminishing resources on land and in shallow waters, the anthropogenic foot
print in the dep sea is expanding at alarming rates (Hal@tral. 2008b, Benret al.

2012). Advances in technology now facilitate exploitation of previously inaccessible
resources of economic value. Adverse and sometimes cumulative impacts -of deep
sea fisheries, oil ral gas exploitation, cable and pipelingyihg, littering and
dumping, deefsea mining, carbon capture and storage seriously threaten the health
of deepsea ecosystems (Glover & Smith 2003, Dawkal. 2007, Ramired_lodra

et al. 2011, Bennret al. 2012. These effectare superimposed by climaieduced
changes in oceatemperaturecirculation and stratification, nutrienbput and
primary production,oxygen content, and ocean acidificati@®mith et al. 2009,
Doneyet al.2012) The latter is likelya have fatal consequendes somedeepsea
habitats and species, especially for calcifying fauna such as bivalves and
scleractinian corals (O#t al. 2005, Guinotte & Fabry 2008, Feadyal.2009).

Vulnerable marine ecosystems

High longevity and slowgrowth rates make certain desga species (e.g. orange
roughy, Hoplostethus atlanticjsand habitats (e.g. coldater coral reefs andoral
gardens) g=cially vulnerable tadverseémpacts(Rogerset al. 2008, Austeret al.

2011). A rapid implementatioof effective and precautionary measures is required to
hinder their unsustainable exploitation or destructi@riteria for identifying
vulnerable marine ecosystem¥MESs) include thé& rarity or unigueness, their
functional significance, fragility, striigral complexity as well as life histories that
limit the probability of recoveryfRogerset al. 2008) Common examples include
coldwater coral and sponge habitats, chemosynthetic ecosystems around
hydrothermal vents and geophysical features such as sa#snbhe scleractinian
cold-water coralLophelia pertusgLinnaeus 1758)for example, forms fragile three
dimensional frameworks and reefs, that are easily destroyed by bottom fishing gear.
Severalknown coralreef habitats have already bedamaged by dttom trawling,
resulting in severe loss of habitat complexity and a reduction of local biodiversity
(Hall-Spenceret al. 2002, Greharet al. 2005, Wheeleret al. 2005) Trawling
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Chapter 1 Introduction

impacts have been found to be long last{Aghaus et al. 2009) andto affect the

reproductive biology and therefore the resilience of framesaoilding coldwater
corals(Waller & Tyler 2005)

Policy context
Over the

last decadeshet United Nations,

international conventions and

organisations have developed a number of legdtuments and regulations in order

to protect marine biodiversity, to sustainably manage offshore marine resources, and

to control activities impacting the deepeangTablel-1).

Table 1-1: Examplesof international frameworkrelevant forthe protection and conservation of
marine biodiversity andulnerable marine ecosystems (VMES) in the newdit Atlantic.

Framework

Main objectives

Convention on Biological
Diversity

UNGA Resolutiors 61/105and
64/72

United NationsConvention on
the Law of theSea(UNCLOS)

United Nations Fish Stocks
Agreemen{1995)

OSPAR Convention

EU Habitats Directive
(92/43/EEC)

EU Strategic Environmental
Assessment Directive
(2001/42/EC)

EU Marine Strategy Framework

Directive (2008/56/EC)

EU Water Framework Directive

(2000/60/EC)

Bern Convention on the
Conservation of European
Wildlife and Natureal Habitats

To congrve biodiversity
To use biological diversity in a sustainable fashion
To share benefits of genetic resources fairly and equitably

To assess the impact of bottom fishing on VMEs
To identify/map VMEs through improved snidic researb
To close such areas to bottom fishing

To definethe rights and responsibilities of nations in their use obteans
To protect and preserve the marine envirentnincludingrareand fragile
ecosystemand thehabitats of threatened or endangered species

To imposeobligaions oncoastal and fishingationswith respect to their
management of highly migratory and straddling fish stocksational and
international waters

To protect the maritime area against adverse effects of human activitie
order toensuréhuman health and to conserve or restore marine ecosys

To promote the matenance of biodiversity by requiring EU Member
States to maintajmestore and monitor natural habitats and wild species
l'isted in Annexes | and |1 at a

To enbrce integration of environmental considerations into preparatior
and adoption of plans and programmémdustrial sectors in order to
protectlisted habitatsfrom potential adverse impacts.

To estabkh a framework within which EU member States shall take
necessary measures to achieve o
the marine environment by the year 2020

To establish a framework ifthe protectiorof inland surface waters,
transitional waters, coastal waters and groundwater

To conserve wild flora and fauna and their natural habitats
To promote cooperation between states

To monitor and control endangered and vulnerable species
To provide assistance concerning legal and scientific issues

In late 2006, the United Nations General Assembly Resolution 61/105 called upon

Statesiito take action immediately, individually and d¢igh regional fisheries
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management organizations and arrangements, and consistent with the precautionary
approach and ecosystem approaches, to sustainably manage fish stocks and protect
vulnerable marine ecosystems, including seartspunydrothermal ventand cold

water corals, from destructive fishing practices, recognizing the immense importance
andvalueofdeepea ecosystems and t HUWNGA2006)i ver si
In response, some Regional Fisheries Management Organizations, such as the North
East Atlantic Fisheries Commission (NEAFC), have adopted spatial conservation
measures for existing and future bottfishing areagNEAFC 2010) as wellas

(rather ineffective) moveon rules and environmental impact assessmédaoits

exploratory fisheries in order to protect VM@ eaveret al.2011)

On a European level, the EU Habitats and Species Directive (92/43/EEC) requires
member states to implement Special Areas of Conservation (SACs) for listed
habitats 92/43/EECANnnex ) and species (Annex V) within their areas of national
jurisdiction (200 nmlimit). Four offshore SACs have been designated within Irish
waters which are protectingophelia pertusaeefs (Annex lcategory Reefs Code

1170) from bottom fishingthe Belgta Mound Province (SAC 002327, 4101a4°),

the Hovland Mound Province (SAC 002328, 1086/@87), the South West
Porcupine Bank (SAC 002329, 329.31 %mand the North West Porcupine Bank
(SAC 002330, 716.43 ki

Within the northeast Atlantic region, th®SPAR Convention for the Protection of
the Marine Environment of the nordast Atlantic (1992) requires the establishment
of a network of marine protected areas (MPASs) for the priotgctnanagement and
restoratiorof certain species and habitats listedier theOSPAR List of Threatened
and/or Declining Species and Habita(®©SPAR 2010) The World Conservation
Union (IUCN) has dfined a marine protected area "any area of intertidal or
subtidal terrain together with its overlying water and associake@, ffauna,
historical and cultural features, which has been reserved by law or other effective
means to protect part or all of the enclosed environthdpending on the
objectives,the regulation levelswithin an MPA may vary greatly, ranging from
manaed multiple use areas to areas of restricted acBgsthe publication of the
status report on the OSPAR network of MPAs in 204 Qotal of 159 siteswere
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adopted, collectively covering~150 000 km? of the OSPAR maritime area.
However, only 22% of thes#esignated OSPAR sites were located in offshore areas,
resulting in an unbalanced distribution of MPAs within the respeakausive
economic zones (EEZs) as well as within the overall OSPAR re§ioortly after
publication of he OSPAR status reportvhich highlighted the international need to
overcome the networgaps in offshore areasig OSPAR conventioestablishedhe

w o r |fisstdbnetwork of MPAs in the high seas covering approximatel286 200

km? of the NorthEastAtlantic (O'Learyet al.2012.

Ecosysterrbased management

The eawvironmental legislations and initiativesmmarised irmable 1-1 demonstrate

an increasingffort at regional and global levéb shift towards an ecosystemased
managemendf marine resourcegcosysterrbased management is a fundamentally
placebased, holistic and integrative approach, that aims to effectively move away
from traditional sectebasedmanagement antb incorporatethe associated human
population asan integral part of the ecosysh (Curtin & Prellezo 2011,
Katsanevakiset al. 2011, UNEP 2011)The core objectives of ecosystémsed
managemerinclude i) recognising connections among marine, coastal and terrestrial
systems, including human societies; ii) utilizing an ecosystenicssrperspective

that recognizes the value of important ecosystem functions; iii) considering
cumulative adverse impacts of multiple stressors affecting an ecosystem; iv)
managing and balancing multiple and sometimes conflicting objectives; and v)
embracig change, learning, and adapting throughout the management process
(UNEP 2011).

Marine spatial planning (MSP) is an essential tool for the practical implementation

of ecosystenrbased management (Douvere 2008). Ehler & Douvere (2009) describe

MS P a s sing amd allbcating parts of threénensional marine space to specific

uses or notuse, to achieve ecological, economic, and social objectives that are
usually specified through political proc
areanetworks prowle a meansfor emphasised protection of featui@sd processes

within the ecosystemto be managed (OSPAR 2010, Katsanevakisal. 2011).

Ocean Zoning can be applied to partition a larger region into zones designed to allow
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or prohibit certain activitiesHalpern et al. 2008a, Katsanevakist al. 2011).
Geographic information systems (GIS) are commonly used to store, process,
integrate, analyse and visualise relevant spatial data (Loeglaly 2005). A large
range of GlSbased decision support tools farosysterrbased management exist,

for example Marxan (Ball & Possingham 2000) or Marxan with Zones (\Watb
2009), which assist managers in systematic spatial planning.

The concept of ecosystebased marine spatial planning has been adopted by
multiple governments, ranging from Western European countries and the United
States to China and Australia, which have developed and implemented first MSP
initiatives of different spatial and integrative dimensions (Ehler & Douvere 2009,
Foley et al. 2010). In tle high seas, MSP is hampered by a range of factors,
including serious gaps in authority and scarcity of comprehensive data describing

biological patterns (Ardroet al.2008).

Marine habitat mapping

Marine habitat mapping &@powerful tool for ecosysterhased management and has
recently become a standard practice in national and internatioraaine spatial
planning initiatives (Cogan et al. 2009) Holistic marine habitat mappingis a
complex process that requiréise integration of state of the art tectogy and
statistical tools with dataand scienfic expertise from a range of disciplines
including geology, biology, chemistry and oceanograghgure 1-1). The standard
mapping procedure usually involves thembination of full coverage, remotely
sensed (e.g. using multibeam echosounders) or modelled ysigg ocean
circulation models datawi t h i n situ ( Agr ofrom dideo ut h o)
surveys, sediment samples and oceanographeasurementswithin a 4GS
framework (FosterSmith et al. 2007, Brownet al. 2011) Terrain geomorphology
and substraim type can be readily obtained from multibeam bathymetry and
backscatter dataand may actas surrogategor biological assemblages on the
sedloor (Wilsonet al.2007, Degraeet al.2008, Holmet al. 2008, Verfaillieet al.
2008, Howellet al. 2011, Reisset al. 2011) Full coverage habitat maps may be
obtained by extrapolatinthe observedpeciessurrogate relationships ovéarger

areas In this ®nse, a habitat map does not necessarflgaiereality but fis a
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statemenbf our best estimate of habitat distribution at a point in time mabasg
use of the knowledge we have availabléhat time" (FosterSmithet al. 2007)

Technology
- GIS applications
- remote sensing

Geology - in situ sampling, ... Blology

- geomorphology - primary productivity
- sedimentary processes . - biological assemblages
- substratum, ... Marine - resilience, ...

S~

Habitat

Mapping

Chemistry

Oceanography

- wave energy & exposuri/ - aragonite saturation
- tidal processes .. j - dissolved oxygen
- currents, ... StatIStICS - salinity, ...

- multivariate and geo-
statistics tools for model-
ling and validation

Figure 1-1: Summaryof the main elements drdisciplines related to benthi@bitat mapping.

Habitat suitability modelling

An approach aimed at estimating single species or community distributions in
geographic space is a central research tool in theoretical and applied ecology (Guisan
& Zimmermann 2000, Elith & Leathwick 2009b)Habitat suitability models
(HSMs), also referred to as species distribution models (Elith & Leathwick 2009b),
environmental niche models (Hirzek al. 2002) or resource selection functions
(Boyce et al. 2002) statistically relate species occurrence data with environmental
predictor variales to estimate fultoverage potential species distribution in
geographic space (Guisan & Zimmermann 2000, Elith & Leathwick 2009b, Franklin
2009). Marine HSMs have been generally unaidized compared to the terrestrial
realm, but are recently receigngrowing interestbecause ofthe increasing
availability of relevant datasets and the international commitments to map and
sustainably manage marine resources (Robingsbral. 2011). Useful marine
applications include the prediction of the potendadtribution of invasive species
(Tybergheinet al. 2012), the estimation of impact of a changing climate on future
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distributions(Lima et al. 2007, Tittensoet al. 2010a), to assess patterns of marine
biodiversity (Tittensoret al. 2010b) and to aid caervation planning (Browet al.
2012, Marshall 2012pmongst others

A large rangeof algorithms is available for HSMTable 1-2) and several
comprehensive reviews of model types have been provided begeast decade
(Guisan & Zimmermann 2000, Segurado & Araujo 2004, Guisan & Thuiller 2005,
Elith et al. 2006, Franklin 2009).Methods range from relatively simple
environmental envelopes using preseand/ data (e.g. BIOCLIM, Busby 1991) to
statistical modls such as generalized lineaodels(GLMs) and generalized additive
models (GAM$ using presencabsencedata (Guisanet al. 2002) to machine
learning algorithms such as Maxent (Phillgisal. 2006), Boosted Regression Trees
(BRT, Elith et al 2008) andArtificial Neural Networks (ANN, Lek & Gueégan
1999).

Table 1-2: Common HSM algorithms, kefeatures and referencefable nodified from Elith &
Leathwick (2009a).

© “©

— (] .‘?m M ) 8 (O]
£ £ % 38 w828 £
£ =) S 25 S8 8 ¢
o S o Fac Ea 95 TL @
o ko= O 5 o9 9 T o
< << o x s O = F o oo
BIOCLIM  Envelope P L R L (Busby 1991)
DOMAIN  Envelope P L-M C L (Carpenteet al. 1993)
ENFA Factor analysis P L-M C M (Hirzel et al.2002)
GARP Genetic algorithm P L-H R L-M (Stockwell & Peters 1999)
Maxent ML/maximum entropy P H C H (Phillips et al.2006)
GLM Regression PA,CT L-H C M-H  (Guisanet al.2002)
GAM Regression PA,CT L-H C M-H  (Guisanet al.2002)
CART ML/Tree PA,CT L-M C/B L-M (De'Ath & Fabricius2000)
MARS ML/Regression PA,CT L-H C M-H  (Friedman 1991)
BRT ML/Regression/Tree  PA,CT M-H C H (Elith et al.2008)
ANN ML/Regression PA L-H C M-H  (Lek & Guegan 1999)
Bayesan Bayesan PA,CT L-H C M-H  (Wade 2000)

"ML = machine learning

2P = presencenly; PA = presencabsencgor presencgseudeabsence); CT = count data
3L =low, M = medium, H= high

“C = continuous, R=rank, B= binary
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The appropriate model choiceusually depends on 1) the amount and type
(continuous or categorical) of the émnmental predictor variables, 2) the
complexity of the response curves and possible interactions between predictors, 3)
the type of response variable (i.e. presemuy, presenc@bsence or count data),

and 4) what one attempts to model (e.g. realizecputential distribution, Jiménez
Valverde et al 2008). Table 1-2 summarisegmportant attributes for a range of

commonly used HSM algorithms.

HSM requires a number of steps includifhy ecological conceptualizan (e.g.
literature research)?) collecting new or existingspecies occurrence data and
filtering this data for useful, representative recoR)sdeveloping new ocollating

existing environmentalpredictor variables 4) selecting an appropriate model

1. Ecological conceptualization

*  based on ecological knowledge and theory
*  assumptions or hypotheses to be tested
e.g. “Coraldistribution is correlated with terrain morphology and current speed.”

2. Data collection

ENVIRONMENTAL PREDICTORS SPECIES DATA

*  (Categorical or continuous *  Survey design

*  Choice of spatial resolution *  Type of response variable

*  Choice of spatial extent *  Data quality

*  Correlations between predictors? . Partition in training / evaluation data

e.g. terrain parameters, temperature, e.g. video data, boxcores, fisheries
hydrodynamic parameters, etc. bycatch, public databases, etc.

3. Statistical model

*  Choice of model algorithm

*  Choice of response functions and model parameters

*  Model calibration and evaluation (e.g. bootstrapping, cross-validation etc.)
e.g. Maxent, Generalized Linear Models, etc.

4. Model predictions

*  Extrapolation in space and/or time

*  Threshold selection

+  Testing model applicability

e.g. use for conservation planning, cruise planning, biodiversity assessments, etc.

Figure 1-2: Key steps and considerations in ktab Suitability Modelling (HSM). Examples
are given for modellinguitable habitat for coldvater corals (in red).
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algorithm, 5)calibratingand evaluatinghe model, 6projecting predictions onto the
entire study area, and 8glecting a threshold to transform the continuous model
resultinto a binarypresenceabsence map. The key steps of HSM and important data
corsiderations are summarizedkigure1-2. The Introduction and Method sections
of Chapters 3 and 5 give relevant details in the contekbphelia pertuséhabitat
preferences and HSM for celdater corals.

1.2. Scope of thesis

The FP7EU-Project CoralFISH consists of an international and interdisciplinary
consortium of deegea scientists, modellers, oceanographers, economists and the
fishing industry, with the ambition to assess the interaction betweernwedbdad
corals, deegsea fsh and fisheries, and to develop tools to assist ecosysisau

management in the deep waters of Europe and beybttg:/fnvww.eufp7-

coralfish.nety. Thiswork was developed and conducted within the cantéXVork
Package 6, which aims to fAproduce habita
OSPAR region V to identify ar efaisPhD.i kel vy
thesisfocuses on the Irish study region and aims to understand and predict the
preseniday spatial distribution of the framewaebkiilding coldwater coralLophelia
pertusa(Linnaeus 1758)Relationships between the species and a range of terrain

based and oceanographic predictor variables are analysed and modelled at regional
(within the limits of the Irish extended continental shelf claim) and local (within
selected carbonate mound provinces) scélegi(el-3).

It is noteworthy that other vulnerable marine ecosystems are present wighin Iri
waters, includingscleractinian, antipatharian and gorgonian corals as welkas

sea sponge aggregatioflse Danois 1948)While the coldwater coralLophelia
pertusaserves as a single focal species throughout this thesimgettheds developed
anddescribed here can be easlyapted to estimate the distribution of other species
or habitats, provided that distribution data and ecologically relevant predictor

variables are available.
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Figure 1-3: Studyareas of each of tHfeur research papers that constitute this thesis.

Working in the relatively remote deega environment mearteat compromises

have to be made, for example, related to quality, resolution and spatial coverage of
data available for model developmeAuailable deepsea species distribution data
frequentlyarise from opportunistic sampling and commonly lack (ré¥abbsence
records. The application of despa HSMs is also hindered by the general tdtle
between spatial resolution and coverage of environmental predictor variables.
Therefore, this thesis is also concerned with a number of methodological sstfes,

as making best possible use of available data, collecting new data in a standardized
and efficient manner, and testing model approaches which incorporate spatial

structure irsampling data.

Table 1-3 showsan overview of data and model algorithms tested within the four
research paps that constitute this thesis.
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Table 1-3: Overviewof data and algorithms used within the research papers that constitute this thesis

Paper 1 Paper 2 Paper 3 Paperd

(Chapter 2) (Chapter 3) (Chapter 4) (Chapter 5)
Environmental Terrain Terrain Hydrodynamics Terrain
Predictors Hydrodynamics Hydrodynamics

Chemistry
Distribution Presencenly Presencenly Presencabsence Presencabsence
data Proportion
Algorithm Maxent Maxent Only exploratory GLM*
(boxplots) GLMM?

Spatial 507 1000 m 200 m 250 m 50m

Resolution

'GLM: Generalised linear model
2GLMM> Generalised linear mixed model

The theory applied to accomplish thiseasch is highly interdisciplinary by nature

and includes aspects of biology, ecology, geology, chemistry and oceanography, as
well as a profound understanding of statistical modellhNecessary methodologies

to develop the HSMs include processing of nmgléim data and terrain analysis, the
design of ROVbasedsampling surveys, the analysis of video data and the use of
software and code to process and analyse large datase®® feaject for Statistical
Computing, www.r-projectorg), amongst othersinstead of focusing inoo much

detail on any of these areas, the objective and challenge of tlils Whs to
recognize and understand the relevant aspects of each discipline, become familiar
with the respective conceptand methodologigsand to integrate them in an
innovative, applied and productive manner. The strong fdowsards applied
research and the development of existing HSM methodsddigir benthic deepea

speciesare reflected throughout the research papieat constitute this thesis.
Specifically this thesis aims to

1. Identify the effect of initial bathymetry grid resolution on terrparameters
and habitat suitability model predictiorRaper 1)

2. ldentify environmental factors influencing the spatiatribsition of the cold
water coralLophelia pertusaby means of habitat suitability modelling at
local and regional scaleBgpers2 and4),

3. Develop aregional highresolution habitat suitability map forLophelia
pertusareefs within the limits of the Irlsextended continental shelf claim as

a tool for ecosysterhased managemerRgper 2)
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4. Assess relationships between coral distribution and local scale hydrodynamic
regimes in three Irish carbonate mound provinBapér 3)

5. Develop localscale habitat stability models for Lophelia pertusareefs
within three Irish carbonate mound provin¢Baper 4, and

6. Improve existing methods for estimating des@a benthic species
distributions by testing novel approachgsrticularly the use ofspecies

distribution proportion datand generalized linear mixed modePsyer 3.
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1.3. Summary of Papers

This thesis is structured around the following research papers:

Paper 1(Chapter 2): Lead author i major role

Rengstorf A., Yesson C., Brown C. & Grehan A. (20I2wads highresolution
habitat suitability modelling of vulnerabl marine ecosystems in the desga:
resolving terrain attribute dependencigisirine Geodesy 35:843-361

This paper addressése effect of bathymetric grid resolution on terrain parameters
and demonstrates the inherited consequences for tbaaed HSMs developed for
three coldwater coral carbonate mound areas and one control area off the west coast
of Ireland. The raw data of the Irish National Seabed Survey (INSS) were used to
generatebathymetric grids of 50 mx 50 m spatial resolutiorusing Fledermaus
gridding software. Aggregation and interpolation methiod&rcGIS were used to
generate grids of varying spatial resolution and information content. Quantitative and
distributional diffeences between terrain parameters resulting from varying
bathymetry grids were assessed visually, by means of Pearson correlation
coefficients and by means of descriptive summary statistics. Preliminary HSMs were
generated employinilaxent (v3.3.1) usinghe limited coldwater coral distribution

data available at that time (247 occurrence records from Geinah2009a) The

study reveals the strong dependency of terrain parameters and HSM results on initial
bathymetry grid resolution. It highlights theeed for highresolution (< 250 m)
bathymetry data to ensure a realistic representation of the often relatively small
carbonate mounds which provide a significant proportion ofa@lter coral reefs in

Irish waters.

The author was responsible for genemgtihe highresolution bathymetry grids from

the raw INSS datafor bathymetry grid manipulations and terrain anedysall
statistical analyses using R, calibration of the Maxent models, computation of
thresholddependent presenadsence maps, all tabjesaps and figures and a major

part of the writing.
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Paper 2(Chapter 3): Lead author i major role

Rengstorf A., Yesson C., Brown C. & Grehan KHigh-resolution habitat suitability
modelling can improve conservation of vulnerable marine ecosystems itetp

sea. Journal of Biogeographw pres3

This paper buildon thesuggestions oPaper 1 and integratderrain parameters
derived from the INSS multibeam bathymetry data with a large range of interpolated
environmentabdata to develop a regional higasolution (0.002° or ~ 200 m) HSM

for Lophelia pertusareefs covering the extended Irish continental shelf claim.
Environmental predictor ariables were produced by defithsed resampling of
global oceanographic datasetadaaregional ocean circulation model. Muticale
terrain parameters were computed from tNSS multibeam bathymetryusing
Landserf and ArcGlSoftware A database ok. pertusaoccurrences was compiled
from an extensive review of existing records, adl a® from analysis of video data
collected duringwo CoralFISH research cruise& rigorous quality control ensured
that only records were used for analyses that represented Lvipgrtusareefs.
Investigations using Maxent (v3.3.3) revealed high iotee power for localkcale
terrain variability (standard deviation of slope: 54 %), followed by -bet&om
water temperature (28 %), and néattom hydrodynamic settings (bottom stress: 9
%). Suitable coral habitat was predicted on mound featuresnandnyon areas
along a narrow band following the slopes of the Irish continental margin, the Rockall
Bank and the Porcupine Bank. The detailed distribution map shows a significant
reduction in habitat compared to a recent global scale analysis, andegriwdfirst
realistic estimate of.. pertusadistribution in Irish waters. The implications for

marine spatial management are discussed.

The author was responsible for generating nadéle terrain parameters, processing
of hydrodynamic model output, deéo acquisition, processing and annotation,
development of the. pertusadatabase and data filtering, environmental variable
selection, calibration and spatial crasdidation of the Maxent models, computation

of the binary coral distribution map, alblas, maps and figures and a major part of

the writing.
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Paper 3(Chapter 4): Secand co-author i moderate role

Mohn C., RengstorfA., Greha A., White M., Duineveld G. & Soetart KLinking
benthic dynamics and celdater coral ocurrences: Results fromhagh-resolution
modelling study at threeold-water coral provinces in thenorth-east Atlantic.

Journal of Geophysical Reseaiiclbceansif prep.)

This paper describes tlievelopment and results of higésolution (250 nx 250

m), threedimensional oceaairculation models developed for three caldter coral
carbonate mound areas off the west coastetdnd. The ROMSAGRIF (v3) model

was used with a nested model grid to describe benthic cueedta number of key
oceanographic parameters for a onenthmbservation perio@pril 15" i May 15"
2010).The pedictedbenthic currents and temperature values were validated against
in-situ measurements where available. The hydrodynamic model results were placed
in an ecological context by overlaying indiwal records ofLophelia pertusa
presences and absences derived from R@sed video transects. The results
confirm the intensified benthic dynamics previously observed at individual coral
sites. Living corals can mostly be found in areas of dominant deling. The 3D
hydrodynamic models provide a highsolution, spatially coherent picture of the
distribution and variability of oceanographic key parameters over the full extent of

each coral province and beyond.

The author provided ecological guidanceghhresolution bathymetry data and geo
referencedL. pertusapresencebsence data. The author conducted all analyses
linking coral distribution and hydrodynamic key parameters using ArcGIS and R,

prepared Table 4.1, Figures 4.2, 4.6 and 4.9, and hadlerate part in the writing.
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Paper 4(Chapter 5): Lead author i major role

RengstorfA., Mohn C., Brown C., Wisz M. & Grehan Almportantconsiderations
on themethodology for predicting deegea benthic specielstributionsusing high
reolution ervironmental variables.A shortened version of this material is being

prepared for submission eep Sea Research

This paper starts with an overview of availablata and m#odologies for benthic

HSM andillustrates emerging issues related to spatial taethatic data resolution.
Using a case study for the predictionLaiphelia pertusan three carbonate mound
provinces along the Irish margin, the papesesses th&) usefulness of high
resolutionhydrodynamicvariables to improvélSMs, 2) advantagesramtherwiseof
species occurrencgroportion datacompared to presenedsece data,3) use of
mixed effect modelsas an approach to deal with spatiadjsouped (i.e.pseude
replicated transect data, and) ability to transfer local scale HSMs generatedme
region in order to predict species occurrence in another region. Generalised linear
models (GLMs) were employed in the study,thsy are flexible and descriptive
modelling tools allow for the use of presenabsence and proportion data, and can
be extended to generalised linear mixed models (GLMMSs) in R. Models including
terrain and hydrodynamic variables performed significantly better than models using
terrain variables only. However, inclusion of hydrodynamic variables reduced model
transferabiliy, due to the large differences in hydrodynamic settings between study
areas. The preliminary results suggest that proportion models perform slightly better
than presencabsence models. The usefulness of GLMM was probably mitigated

due to the small numbef independent transects available.

The author was responsible for most of the intellectual content in the paper, for
generating terrain variables from the INSS bathymetry, -pastessing of
hydrodynamic model output, acquisition, annotation and proges$ video data, all
statistical analyses, manipulation of the R code to run the GLMs and GLMMs using
presenceabsence and proportion data, model projections and transferability

assessments, all tables, maps and figures and a major part of the writing.
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2. Towards high-resolution habitat suitability
modelling of vulnerable marine ecosystems in
the deep sea: resolving terrain attribute

dependencies

Abstract

Recent habitat suitability models used to predict the occurrence of vulnerable marine
species particdarly framework building coldvater corals, have identified terrain
attributes such as slope and bathymetric position index as important predictive
parameters. Due to their scale dependent nature, a realistic representation of terrain
attributes is cruciafor the development of reliable habitat suitability models. In this
paper, three known coral areas and a-camal control area off the west coast of
Ireland were chosen to assess quantitative and distributional differences between
terrain attributes dered from bathymetry grids of varying resolution and
information content. Correlation analysis identified consistent changes of terrain
attributes as grain size was altered. Response characteristics and dimensions
depended on terrain attribute types and dbeninant morphological lengtbcales

within the study areas. The subsequent effect on habitat suitability maps was
demonstrated by preliminary models generated at different grain sizesstily
demonstrates that higiesolution habitat suitability mote based on terrain
parameters derived from mulieam generated bathymetaye required tadetect

many of the topographical features found in Irish waters that are associated with
coral. This has implications for mare spatial planning in the desea.

Keywords: carbonate mounds, coldater coral, ecosystettased management,

habitat suitability modelling, spatial resolution, terrain analysis
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2.1. Introduction

In late 2006, the UN General Assembly resolution 61/105 highlighted the major need
to identify, mapand protect vulnerable marine ecosystems including-waler
corals from anthropogenic impacts such as bottom trawling (UNGA 2006). In order
to facilitate the design and implementation of effective marine protected areas
(MPAs), extensive knowledge of Ihgat distribution and specidmbitat
relationships is needed. However, information on esssp habitats is generally
limited, since ROY or submarinébased surveys are expensive and {goesuming.

In the absence of complete surveyapitat suitabilitymoddling (HSM) can be
applied to predict full coverage distribution déey species based on available
presencenly point data (Hirzekt al. 2002, Phillipset al. 2006). Resulting species
distribution mapscan provide useful and cestfective supportdr future survey
planning and the design bfPAs (Galparsorcet al.2009).

There has been a rapid increase in the development and relevance of HSM in
terrestrial ecology and natural resource management (Guisan & Thuiller 2005, Elith
et d. 2006). More recatly, advances in seabed mapping technologies (Kehay.

2003, Andersoret al. 2008) and benthic sampling and surveying techniques (Gage
& Bett 2005) have facilitated the application of HSM in the marine environment
(Davieset al. 2008, Degraeet al. 2008, Dolanet al. 2008, Galparsoret al. 2009,
Guinanet al. 2009a).In the deepsea, much of the developmentHd$M approaches

has centred on colater corals, both because they are an emblematic vulnerable
marine ecosystem, and because our understgndf coldwater corals, and
particularly Lophelia pertusa habitat requirements are now well constrained
(Robertset al.2009) Cold-water corals werelso one of the few mentioned types of
vulnerable marine ecosysteinsthe FAO Guidelinesto Managemenof Fisheries in

the High Seas FAO 20M). Table2-1 summarisesold-water coral HSMs developed

at different spatial scales and using different modelling techniduredogous with

the experience of terrestrial dias (MacKey & Lindenmayer 2001, Pearson &
Dawson 2003}the dominant environmental factors for coral growth appear to vary
over scales of investigation. In global HSMs for example, -ea@ter coral

distribution is determined by the availability of suitabdeperatures, oxygen and
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aragonitesaturation state, as well as enhanced surface produciVigyk et al.

2006, Davieset al. 2008, Tittensoret al. 2009) In regional and local HSMs,
bathymetric terrain attributes such as slope and bathymetritopomdex (BPI

Weiss 200} have shown gml potential as environmental predictors as they act as
proxies indicating areas of enhancadrents and food supply for tiseispension
feeding coral§Wilson et al. 2007, Dolanet al. 2008, Guinanet al. 2009a) The
summary ofHSMs in Table 2-1 further demonstrates the frequently encountered
tradeoff between spatial (cell size) and thematic (range of environmental variables)
resolution(Guisan & Thuiller 2005, Kendall & Miller 2008)indeed,the lack of
extensive highresolution environmental datasets has been identified to be one of the
major restrictions to the reliability and applicability of coelWter coral HSN
(Bryan & Metaxas 2007, Etnoyer & Morgan 2007, Dawesl. 2008, Tittensoret

al. 2009) For example, a 1R 1° temperature grid was shown to be too coarse to
accurately resolve rapid changes in water temperature, leading to a mismatch
bet ween <cor al occurrences and temperatu
tolerance limit(Davieset al. 2008) A precise spatial matching between presence
data and environmental variables is necessary in order to avoid an atrtificial
expansion of the species niche width, especially when modelling the distribution of
sessile organism$&uisan & Thuiller 2005)

Terrain attributes are increasingly applied in habitat classification and modelling
studies, and seabed morphology has been shown to play a crucial role in the
distribution of benthic biotéKostylev et al. 2001, Lundblackt al. 2006, Wilsonet

al. 2007, Dolaret al. 2008, Holmeset al. 2008, Verfaillieet al. 2008, Guinaret al.

2009a, Guinaret al. 2009b) These attributes are frequently derived froeadily

available global bathymetry grids which combine quadibytrolled ship depth
soundngs with satellitederived gravity datgMarks & Smith 2006) While such
hybrids provide full coverage of the wor
in resolving discrete morphological features on the seafloor. The global12°
resolution GEBCOgrid (GEBCO 2009)for example proved to be too coarse to
resol ve many of t he oceanos seamount s,

important biodiversity hotspo{€lark et al.2006, Daviet al.2008) By employing
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Table 2-1: Local, regional and global scale habitat suitability models for-eater corals

Target Taxon Predictive  Environmental Data Cell Size  Source
Model
Cold-water corals on ENFA Alkalinity; Aragonite saturation stat&athymetry; Current velocity; Dissolved 1° Clarket al
Seamounts inorganic carbon; Dissolved oxygen; Export primary Productivity; Productivity; 2006
Salinity; Seamount location; Temperature; % oxygen saturation
Scleractinian corals ENFA Alkalinity; Aragonite saturation state; Bathymetry; Aspect; Dissolved inorganic 1° Davieset al.
(Lophelia pertusa) carbon; Dissolved oxygen; Hydrocarbon seeps/Pockmarks; Nitrate; Phosphate; 2008
z(' Productivity; Salinity; Silicate; Slope; Temperature
8 Sclectiniancorals on ENFA; Alkalinity; Aragonite saturation state; Bathymetry; Current velocity; Dissolved 1° Tittensoret
—1 | seamounts MAXENT inorganic carbon; Dissolved oxygen; Export primary productivity; Nitrate; Phosph al. 2009
O Productivity; Salinity; Seamount location; Silicatesrmperature; % oxygen saturatiot
Sclelctiniancorals MAXENT  Alkalinity; Apparent oxygen utilisation; Aragonite; Bathymetry; BPI; Calcite; 0.0083° Guinotteet
Carbonate ion concentration; Current velocity; Dissolved inorganic caltissglved al. 2009
oxygen; Eastness /Northness; Nitrate; pH; Phosphate; Productivity; Salinity; Silic:
Slope; Rugosity; Temperature; Vertical flow; % oxygen saturation
Gorgonian corals ENFA Bathymetry; Current speed; Productivity; Slope; Substrate; Temperature 9km Leverette &
(Paragorgia arbore, Metaxas2005
Orimnoa resedaefmis)
_, | Gorgonian corals ENFA Bathymetry; Current velocity; Productivity; Slope; Temperature a)0.03° Bryan &
<Z( (Paragorgiidae, Primnoidae b)0.08° Metaxas2007
% Scleractinian corals ENFA; Aspect; BPI; Current velocity; Curvature; Rugosity; Salinity; Slope; Temperature 550m Guinanet al.
L1 | (Lophelia pertusa) GARP 2000a
Scleractinian corals ENFA Aspect; Bathymetry; Currespeed; Iceberg ploughmark areas; Productivity, Salinit 0.25° Davieset al.
(Lophelia pertusa) Slope, Temperature 2008
Cold-water corals Logistic Bathymetry, Rugosity, Slope 15-50m Woodbyet al.
regression 2009
Scleractinian corals ENFA,; Aspect; BPI; Current velocity; Curvature; Rugosity; Salinity; Slope; Temperature 30m Guinanet al.
g (Lophelia pertusa) GARP 2009a
9 Scleractinian corals ENFA Aspect; BPI; Curvature; Fractal Dimension; Rugosity; Slope; TRI 0.5m Dolanet al.
(Lophelia pertusa) 2008
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the GEBCO bathymetry with a30 aresecond resolutignGuinotte et al. (2009)
significantly improved the terrain detail in their global model, revealing suitable

coral habitat on thousands of previously undetected seamounts.

In Irish waters, coldvater corals such dophelia pertusaandMadrepora occulata

are often associated with areas of raised topography known as carbonate mounds.
These are discrete morphological features of varying shape with heights ranging
from tens to hundreds of metr@&/heeleret al. 2007) In this study, we investigate

the effect of initial bathymetric grid resolution in the production of terrain attribute

maps for carbonate mound areas on the Irish continental margin. The Irish National
Seabed Survey bathymetric dataset wagridded at ayrainsize of50 m x 50 m, to

provide a highresolution benchmark to measure the quality of terrain attributes
derived from coarser resolutions.ghain sizeof 1000 m was chosen to be the upper

limit of investigation, as it roughly corresponds te tB0arcsecond GEBCO grid

used in the Guinottet al. (2009) global model. The effects of terrain attribute
resolution on the applicability of HSM ai
suitability modelso (i.e. m pdvameterson ui t ab

for cold-water corals.

2.2. Methods

Study Areas

Four study areas were chosen to represent large, medium and canahate
mounds as well as a mouteks gently sloped area on the Irish continental margin in
the depthrange 5561100 metes (Figure2-1a). Study areas A, B and D measure 15
km x 15 kmwhile study area C measures Rih x 9 km. The main topographical
features in the study areas are showrFigure 2-1b. Study area A (55°28.21'N
16°6.23'W) is situated within the Logachev mound province, a belt of giant
carbonate mounds stretching between 16°30'W and 15°awg the southern
mar gin of the Rockall bank. The areaos
described in detailKenyonet al. 2003, Mieniset al. 2006, Wheeleget al. 2007)
Mounds are predominantly arranged in deslope oriented clusters, which may

reach lengths of several kilometres and heights of up to 380 nfibtensis et al.
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2006). A large sediment wave field runs upslope and parallel to the mound belt.
Previous video and photographic surveys revealed high densities of live corals on the
summits and terraced flankg the moundgOlu-Le Royet al. 2002, Mieniset al.
2006) Study area B%5°19.56\ 14°45.74V) comprises the Arc Mound province on
the western Porcupine Bank. This area is characterized by asoorth oriented
carbonate mound chain in the east, andwast oriented mound chains in the in the
north. Some mound flanks draptd® a channel or local depressions, resulting in steep
slopes and larger mounitanks on one side of the mounds. The mounds reach
between 50 and 10t in height and base lengths seldom exceed ri0¥/ideo
surveys have revealed the existence of kiighsity coldwater coral assemblages on
the flanks and tops of the moun@Srehanet al 2009) Study area C (53°46.4Y
13°58.24W) in the southeast Rockall Trough covers the R1 area investigated by
Guinanet al (2009b) Carbonate mounds are alignedrgjaa northeagsouthwest
trend. The tallest mound reaches approximately @20th height and has a base
length of 1500mMulti-scalerelationships between coral presence points and terrain
attributes in this area were studied by Guiretnal (2009b) Study area D
(52°36.82N 14°57.7AN) is situated approximately 140 km north of the Arc mound
province on the Western Porcupine Bank. It is a mdass, relatively smooth area

and serves ascontrol area.

Generation of terrain attribute maps

Multibeam data ceering the study areas were acquired as part of the Irish National
Seabed Survey. The employed multibeam system was a Kongsberg Simrad EM120
multibeam system mounted to the hull of the survey vessel S.V. Bligh. Multibeam
data were processed to hydrograpstiandardfGOTECH 2002) The clean *.xyz

ASCII data were acquired from the Geological Survey of Ireland by the authors and
Fledermaus v.7 gridding software was used to produce a digital elevation model
(DEM) with a grain size of 0.0005° x 0.0005° (WGS84)he DEM was imported

into ArcGISv.9 and projected in UTM Zone 28N withgaain size of 50m x 50m.

This original bathymetry grid ) contained the maximum amount of information

and served as a source and benchmark for all further produced grids.
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The MeanAggregation strategy in ArcGIS v.9 wasedto coarsen B to 100, 250,

500 and 1000 m spatial resolutioni§® Baso, Bsoo and Booo respectively).Re-
sampling by bilinear interpolation (ArcGIS v.9) was then applied to tlae Grid in

order to okain bathymetry grids of 500, 250, 100 and 50 m spatial resolugen (I
I250, l100@nd ko respectively), but with low information content. The purpose of these
interpolated grids was to assess the utility ofsogling coarse global bathymetry
models sah as GEBCO to finer spatial resolutions. Additionally one can derive
information on how much of the variation between terrain attributes is due to the
changing grid resolution (i.e. discretization effect) and how much is due to varying
terrain informationcontent (i.e. smoothing effec{Gallant & Hutchinson 1996,
Wolock & McCabe 2000, Sgrensen & Seibert 2007).

We calculated slope, aspect (as eastness and northness values), plan and profile
curvatures, bathymetric position index (BPI), roughness and tygdsi all
bathymetry grids (B-B1oooand ko,-Iso) using ArcGIS v.9 and following parameter
computation methods described by Wilseh al (2007). The Benthic Terrain
Modeller extensionLundbladet al. 2006) was employed for the computation of
terrainrugosity. A defaultneighbourhoodf 3 x 3 grid cells was employefbr all

terrain attributes and for consistency in analyses no annulus was used for the
computation of the BPITo avoidincluding edge artefacts, the map borders for each
study areas werdipped after terrain analysis. Cells per grid totalled 90 000, 22 500,

3 600, 900 and 225 for study areas A, B and D and 36 000, 9 000, 1 440, 360 and 90
for study area C at grid cell sizes of 50, 100, 250, 500 and 1 000 m respectively.

Terrain attribute analyses
Terrain attributes of varying resolution and terrain information content were

compared in three different ways:
1) Maps were visually evaluated within ArcGIS v.9.

2) Pearson correlation coefficients (r) between the terrain attributes of the 50 m
benchmark (By) and coarser resolutions 8Bioog) Were calculated in order to
assess the effects of decreasing resolution on -d&ekll basis. This analysis gave

information on the spatial agreement between maps.
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3) For each study area, 500 randpuint locations were generated. These points
were used to sample all underlying terrain attribute maps. The randomised sampling
procedure was chosen because it simulated potential species presence data with
minimal spatial autocorrelation. Bgxots werecomputed for each set of sample
points to obtain information on quantitative variations between terrain attribute maps

of different resolutions and information content.

Generation of preliminary terrain suitability models

To investigate the effects of deasing resolution and terrain information loss on
HSM of coldwater corals, preliminary terrain suitability models were generated
employing Maxent (Phillips et al. 2006) This modelling software estimates the
distribution of a certain species by relatkigpwn species occurrences with a series
of environmental variables via a machine learning maximum entropy algorithm.
Maxentprovides a useifriendly interface and has shown good performance in recent
comparative modelling studi€glith et al. 2006, Phillps et al. 2006, Guisaret al.
2007). Default parameters (convergence threshold 6% #0maximum of 500
iterations and a regularization multiplier of 1) of Maxent version 3.31

(http://www.cs.priceton.edu/~schapire/maxgnivere applied Terrain suitability

models for study area C were generated for each set of the above described terrain
attributes (50, 100, 250, 500 and 1000 m resolution). The species sample data in this
area consisted of 247greferenced videderived coral presence points provided

by Guinanet al (2009a). Mixentremoved duplicate presence points within the grid
cells, resulting in a reduction of sample points with increasing cell size (203 at 50 m,
44 at 100 m, 22 at 250 rb3 at 500 m and 6 at 1000 m). The trained model was then
projected onto all study areasakkntproduces logisticallgcaledhabitat suitability

maps for each study area, with each pixel estimating the probability of species
presence. Maes close to zermdicate lowprobability, values close to one suggest

high probability of species presence.

For many HSM applications, continuous predictions need to be reduced to binary
maps indicating species presence and absence. In order to assess the effect of grid
resolution on the total area predicted suitable coral habitat (i.e. coral presence), all

produced HSMs were converted into binary maps base@ oange ofhabitat
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suitability index thresholds (0.4, 0.5, 0.6 and 0.7). All grid cells with habitat
suitability values above the respective threshold were counted and the total area was

computed by multiplying the cell count with the respective grid cell size.

2.3. Results

Visual evaluation of computed terrain attributes

The generated terrain attribute maps variecsicarably with resolution and terrain
information contentFigure2-2 shows the distribution of slope values in study area

A as an example for the general pattern found. Even though dominant features were
roughly peserved over a range of resolutions, terrain detail and smaller features
were gradually lost with increasing cell size. For example steep slopes were not
resolved at coarse resolutions as they were increasingly aggregated with the adjacent
valley bottom.The loss of high slope values was also visualized by the reduction of
map contrast. Smaller features such as sediment waves in study area A or the Arc

mounds in study area B entirely disgad with coarsening resolution.

Lost terrain detail could not \ildy be recovered by upscaling:ddo to finer
resolutions. While sho grid-based terrain attribute maps appeared to be smoother
versions of the Bygpterrain attribute maps, further interpolation resulted in artefacts
reflecting the cell structure of thenderlying Bogo bathymetry grid Eigure 2-2b).
These squarshaped structures are most visible in thgahd koo maps and are
probably a consequence of the bilinear interpolation method applied. Virtually
constat attribute values within the original 1000 m x 1000 m window and rapidly
changing values at the window borders resulted in a-jkatgrid appearance.

Increasing the grid cell sizes also led to an emergence of new distributional
properties within temin attribute mapsFigure 2-3 shows BPI, eastness, profile
curvature and rugosity computed for study area B at 50, 250 and 1000 m resolution.
While the greyscales employed are magpecific and cannot be usedadasis for
comparison between resolutions, it is clear that attribute maps based,¢iaiBto
represent the terrain in a realistic manner. Frequently, an alternation between

positive and negative terrain attribute values could be observed.

Rengstorf (2013) PhD Thesis

28



Chapter 2 Resolving terrain attribute dependencies

‘paledlpul ssaigenpiAipul Yoea Jo sanjeA adojs wnwixew pue wnwiuiw
[@&pU W Q00T PUe ‘00S ‘0SZ ‘00T ‘05 1e spub AnawAyreq (q) parejodiaiul pue () pauasieod Woll paAlap v eale Apnis jedew ado|s :z-z ainbi4

B . E '. . . ) . < 4 -
T T e R
NONT ST EYAT EYS
gLy - 80°0 S00 | 100 000
ado|g €29 80'8 G9'6 €0l
006Gl 0sel 001}l 0Gl
spub AnswAyieq pajejodiajul woly paausp ado|s (q
e R 04_ &v ﬂ ?
: 1..”«._._ WY 13 o o fif B
L 1 X .ﬁs ___.r.._..i.....u 4& §
_...n..lj....., 3 w | c JED ‘,A\
i . ..&u ,,.M r“h.huv -
810 €00 ° €00 ~ . .200 e
2eS €0l zLl ‘ , €62 o G Y
0oolLg 00s9 0624 ooLd 0s4

spub AnswAyjeq pauasieod wouy paalep ado|g (e

29

Rengstorf (2013) PhD Thesis



Chapter 2 Resolving terrain attribute dependencies

‘'suonnjosalim Ja1oweled yoea uiylm sabueyo
Jireluasaidal uowwod e mojje 0} 1ealb 0ol s| abuel ‘uonnjosapue Jayawrad yoes Jo) Ajjengmil paindwod S| 8jeds auolAalo
‘'suonnjosal pub enul bulAuea paseq g eale Apnis Jo) pagadsdew Alsobni pue ‘ainjealnd ajjoid ‘ssauisea ‘|dg :£-¢ ainbi4

ooolLd

Mo

. 059

Ajisobny aInjeAInd “Joid ssaujseq

Rengstorf (2013) PhD Thesis

30



Chapter 2 Resolving terrain attribute dependencies

Spatial agreement of terrain attributes across resolutions

The Pearson correlation coefficiemj (vas used to describe the nature (i.e. positive

or negative) and strength of spatial agreement between terrain attributes of 50 m and
coarser resolutiondHigh r values (close to 1) indicated that the terrain attribute
based on a certain grid resolution represented the respective 50 m benchmark grid
well, while low values (close to 0) indicated a poor correlati@orrelation
coefficients consistently decreaseditiv coarseningresolutions(Figure 2-4). This
suggests a general decrease of spatial agreement between terrain attribute values
with increasing grid cell size, along with a decrease in predictability of the manner of
change. An atupt drop inr values mostly between 100 and 250 m resolution
indicated the potential crossing of a threshold, possibly reflecting dominant
morphological length scales in the study areas. Interestingly, this drop was also
observed for the BPI and curvatsrim the moundess control area (study area D),
suggesting that these attributes might be sensitive to artefacts which are commonly
existent in multibeam derived bathymetry. Slope, roughness and rugosity within the
control area showed generally higherretations, withr values of ~0.7 throughout
resolutions. Averaged over all resolutions and study areas, slope, rugosity and
roughness were the terrain attributes most robust to resolution chamgesns and
standard deviations of 0.62+0.24, 0.61+0.25 @u@d)+0.25 respectively), while BPI,

plan curvature and profile curvature were the most sensitive (0.34+0.28, 0.27+0.26

and 0.24+0.27 respectively).

Quantitative variations in terrain attribute values

All terrain attribute values varied dramatically witthange in resolution and
information content. Boplots for all study areas followed the same patterns and
only results for study area A are presented hergufe 2-5), the figures for the
remaining study areaseincluded in the append&1l However, thalimensions of

the yaxes were throughout highest for study areas A and C, followed by area B.
Within the control area changes in attribute values remained negligible.

Effects of bathymetry grid coarsening{B Bioog
While the summary statistics of bathymetry remained generally constant throughout

all grids, mean slope values decreased slowly and maximum values decreased
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sharply with increasing cell size. The underestimations of maximum slope values
when calcuhted at 1000n resolution reached as high as ~80% (study arelasCA

Area A Area B
1 5 1 —
E 0.8 1 = 0.8 -
§ 0.6 § 0.6
g 0.4 g 0.4 —
B 0.2 = T 0.2 -
0 0 T T T 9
0 200 400 600 800 1000 0 200 400 600 800 1000
cell size (m) cell size (m)
AreaD
14 1
P 0.8 5 0.8 -
§ 0.6 - § 06 -
§ 0.4 § 0.4 A —A
Q02 4 o g2 4
0 0 T T
0 200 400 600 800 1000 0 200 400 600 800 1000
cell size (m) cell size (m)

bathymetry ~ @—@—@ plan curvature
H—8—HN slope GC—O6—0O profile curvature

A—A—A BPI &O—E—= roughness
V—V—V eastness E—H—F] rugosity
IA—2A—2A\ northness

Figure 2-4: Pear sonds c or r g lbetweénatarraincattribds fofi 50 ime(By)tand (
coarser resolutions (&1 Bigog.

Aspect (orientation) was transformed into eastness and northness for a better
quantification of the paramet@Wilson et al.2007) Mean values of both parameters
were largely preseed across resolutions and mirrored the overall orientation of the
study areas; e.g. study area C was dominated by negative eastness valuép (~
and positive northness values (~ +0.8), reflecting the rwettt facing slope of the
continental margimn this arealtigure2-1b). Generally, uppeaind lower percentiles
converged towards the mean with coarsening resolution, reflecting the same terrain

Asmoot hingod effect observed for sl ope.
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Figure 2-5: Box plots for the study area A illustrating the rantfee median, and the upper ar
lower percentiles of terrain attribute valuesided from grids of varying resolution {BB1oo0
andinformation content £hgolsg). The figures for study are&@D are included in thappendixS1
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Plan and profile curvate showed strong resolution sensitivity as positive and
negative values converged towards zero with increasing grid cell size. Again the
same pattern was found for all study areas, however curvature values in study area D
(control area) remained comparatliy low and never exceeded-€.2. Generally,

mean values remained close to zero throughout resolutions, indicating that

approximately the same level of convexity and concavity occurs in the study areas.

The BPI is a measure of the relative positjabose or below)of an individual pixel

in relation to its surrounding terra{iVeiss 2001) Coarsening grid resolution led to

a strong overestimation of both positive and negative BPI values. Generally, the
range of the percentiles expanded slowly while emérevalues expanded rapidly
with increasing grid cell size. Again the same qualitative differences between areas
could be observed, with BPI values expanding most in study area A, followed by

area C and finally area B.

All statistical measures of roughnessreased with decreasing resolution while

maximum rugosity values sharply decreased and converged towards one.

Effects of bathymetry grid interpolatiorsdd1 1s0)

The box plots derived from the upcala bathymetry grids of low terrain
information corent (ko, l100, 250, Is00) replicated a similar pattern as plots derived
from original grids of same resolution g3 B1oo, B2so, Bsog), €ven without reaching

the extreme values observed for the higher resolutiten d&is similarity between

box plots suggests that resolutiesiependent differences can partly be attributed to
the change in grid cell size (i.e. discretizaton effect). However, a substantial part of
the differences remains due to the actual loss of information cqneerédmoothing

effect)and canot be recovered by bilinear interpolation to higher resolution.

Preliminary terrain suitability nodek

Preliminary terrain suitability maps produced byaiént clearly reflect the
resolutioneffects observed durinterrain analysis Higure 2-6). Only models of
higher resolution (i.e. 81 Bzsg) successfully identified areas of smsdlale terrain
complexity as suitable coral habitat. The control area (area D) was predicted to be

unsuitable at all resolutns. It is noteworthy that the degree of resolution sensitivity
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Chapter 2 Resolving terrain attribute dependencies

varied between study areas depending on average {scafés of the dominant
morphological features (i.e. study area A shows less decrease in maximum habitat
suitability values than studgrea B). Changes in extreme habitat suitability values
further affected the total extent of area predicted suitable when different habitat
suitability thresholds were applied. Interestingly, these responses were inconsistent
between study areakigure 2-7). Study area A showed a constant pattern of-over
prediction of suitable habitat with increasing @fle at all tested thresholds. Based

on a threshold of 0.5, the predicted coral habitat increased from 3%tkB0 m
resolution to 77 krhat 1000 m resolution. Study area B on the other hand showed a
pronounced undeprediction as grid cell size was increasing, with potentially
suitable habitat decreasing from 3%at 50 m to 0 krhat 1000 nresolution. These
contradicting trends are due to the above discussed qualitative differences in the
study areas. Due to the large mound features in study area A, suitable coral habitat is
detected throughout resolutions and the increasing cell size leads to an increase in
predicted suitable area. Within study area B however, the smaller mound features
become less distinguished at increasing cell sizes, and less suitable habitat can be
detected by the HSM. The pattern observed in study area C suggests the existence of
a cell sze threshold between 500 and 1000 m resolution, above which a marked
overprediction will take place. Most of this ovprediction could be attributed to an

increase in area predicted suitable based on lower thresholds (0.4 gmub®e5)o

Study area A Study area B Study area C

area (km?)

50 100 250 5001000 50 100 250 500 1000 50 100 250 500 1000
cell size (m) cell size (m) cell size (m)

Figure 2-7: Stackedcolumns display the area (Kjrpredicted to be suitde coral habitat baset
on binary maps resulting from a range of habitat suitability thresholds (from bottoop:t®.4,
0.5, 0.6,and 0.7). Study area D is not displayed as less than 0.bd&spredicted to be suitable.
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2.4. Discussion

Terrain analysis

Terrain attributes, by their nature, asealedependent. Numerous authors have
addressed the issues of initial grid resolut{@olock & McCabe 2000, Kienzle
2004, Denget al. 2007) and analysis window siz@lbani et al. 2004, Schmidt &
Andrew 2005, Wilsonet al. 2007) in terrain analysis. Our results corroborate
findings of studies investigating resolution dependency of topogrdphyed terrain
attributes(Wolock & McCabe 2000, Kienzle 2004, Demg al. 2007, Sgrensen &
Seibert 2007)jn spite of differences in the grid resolution coarsening techniques
applied. Sgrensen & Seibert (2007) employed pixel thinning methods implemented
in Idrisi software ywww.clarklabs.ory Other authors reampled tie highresolution

grids at every nth grid point to ensure exact matching between grid points on the
coarse resolutiogrids with grid points on highesolution grid (Wolock & McCabe
2000, Dencet al.2007). We tested the latter approach in a prelimin@ryysand did

not find any significant differences to the resyftesented here. Grid coarsening by
means of theMlean Aggregation method was chosen because resulting grids better
represented coarse bathymetry models such as the GEBCO grid. Terraiteattribu
distributions of interpolated gridss{li Is00) partially reproduced the ones of the
original grids (Bo 7 Bsog). From this one could conclude that-sgaling coarse
bathymetry to higher grid resolution is a way to obtain higher resolution terrain
attribute maps. However, visual evaluation indicated significant differences between
the coarsened and interpolated terrain attribute maps, includingligeasetefacts at

the highest resolutions. Different upscaling methods should be considered if it is
aimal to apply coarse bathymetry grids to terrain analysis of higher resolution.
Interpolation techniques such as inverse distance weighing or kriging might prove
more promising for such purpose, however the evaluation of and comparison

between interpolation ethods is beyond the scope of this study.

A detailed review ohovel methods and trends in terrain analysigiven byDeng
(2007). One promising example to overcome the scale problem in terrain analysis
could bethe incorporation of fuzzy logic to prodel multtscale parameters (Wood

1996) and multiscde fuzzy objects (Fisheet al. 2004). An alternative approach
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Chapter 2 Resolving terrain attribute dependencies

involves changing the analysis window size while maintaining a constant bathymetry
grid resolution (Albaniet al. 2004, Wilsonet al. 2007). The applicability of tke
multi-scale terrain analysis approach to benthic mapping and habitat suitability
modelling has recently been explored and ggemising results (Wilsoet al.2007,
Dolanet al.2008, Verfaillieet al.2008, Guinaret al.2009a) It is important to note

that while the multiscale analysis approach is useftis only feasible when high

resolution bathymetric data are available in the first place.

Terrain resolution effects on HSM for colavater corals

All terrain attributes taed within this study (slope, eastness, northness, plan and
profile curvature, BPI, roughness and rugosity) varied dramatically with change in
resolution of the underlyinigathymetry Figure2-5). This may affect ISM results in
different ways.

Slope has been identified as important predictive parameter in virtually all published
cold-water coral HSM studiesT@ble 2-1 and references therein). Guinat al.
(2009b) found high colavater coal coverage percentage to be directly associated
with steep slope values. The underestimation of maximum (steep) slope values at
coarse resolutions therefore has the effecedticingthe width of the slopspecific

niche output by an HSM. In addition,ettobserved convergence of extreme values
towards the mean (i.e. the loss in map contrast observeigune 2-2a) is likely to

result in a los®f predictive power. Terrain aspect is intrinsically linked to slape
provides information on the exposure of seabed terrain to local and regional currents.
We observed a substantial change of eastness and northness distributions with
changing resolutions, as well as a resolutiependent alternation between positive
and negative values. Coldater corals have been associated with positive BPI
values corresponding to bathymetric highs such as crests and (iRiglas et al.

2008, Guinaret al. 2009a, Guinaret al. 2009b) We found the BPI to be highly
resolution depend, with a pronounced owastimation of extreme values at
coarser resolutions. Recent HSM studies approachestéesensitivity of the BPI

by computing both amaltscale BPcalculated over a small analysis window size),
and a largescaleBPI (calcubted with a large analysis window siZeundbladet al.

2006, Guinottest al.2009)
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Preliminary terrain suitability models

The results presented in this study suggest that habitat suitability models employing
terrain parameters based on bathymetry oD1®0(~30 Areseconds) resolution fail

to detect many of the small carbonate mounds found in Irish waters. Bathymetry data
of at least250 nx 250 mresolution are required to identify these areas as suitable
coral habitat. Care must be takiérihe availalbe bathymetric data does not reflect
local surface variability, as matching between the target species presence points and
flawed terrain attribute values is likely to occur. This mismatch might skew the
specias0 niche width as well as the resulting habitaitability maps, ultimately

leading to illinformed management decisions.

Binary coral habitat maps based on different thresholds have been shown to highly
depend on terrain attribute resolution, and care must be taken when making
assumptions on totakea coverage of species predictions when coarse bathymetry
grids are being used. Besides ti@solution factordiscussed hereghe choice of
threshold will further influence the total area predicted suitable. Several methods for
choosing a appropriate threshold are discussed in the litergtute et al. 2005,
JiménezValverde & Lobo 2007)but up to date no consensus for a best method has
been reached and different thresholds are being used to respond to different
management issues. Fuethresearch will be necessary to better describe and
understand the effect of terrain attribute resolution and HSM thresholds for the
generation of binary habitat suitability maps for the purpose of ecosystsed

management.

Besides the effects of origih bathymetry resolution discussed above, HSMs also

show an intrinsic sensitivity to changes in grid cell gi@eisanet al. 2007, Secet

al. 2009) I ncreasing model resolution may pot
absence patterfWiens 2002)and may affect the relevance of the output for
management applicationSeoet al. (2009) reported a threefold increase in suitable

area when models were run at 64 km x 64 km resolution compared to models run at

1 km x 1 km resolution. While the present stulily not incorporate an evaluation of

model performance, as more species sample data would be required from all study

areas to compute reliable model evaluation indices, the generation of preliminary
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terrain suitability models did illustrate the sensitnaf the model outcomes to initial
bathymetry grid resolution.

The need for further information dacal environmental drivers of celdater coral
distribution in order to improve their management has been identified by Duran
Munoz et al. (2009) amongst tbers. In future workwe will use highresolution
hydrodynamic models to help identify whether regional and local oceanographic
processes contribute to habitat optimisation in Irish waters. Where 3D oceanographic
models of sufficient resolution are undehie, a hierarchical modelling framework
(MacKey & Lindenmayer 2001, Pearson & Dawson 2088uld be employed,
combining highresolution terrain information with loweesolutionoceanographic
parameters. Such hierarchical models would ensure the idattih of suitable
habitat on small morphological features while highlighting areas of unsuitable terrain
in areas otherwise indicated as suitable by the oceanography. A hierarchical
modelling framework could therefore improve estimates of actual covakage and

the identification of vulnerable marine ecosystems at scales that support management
decision makingparticularlymarinespatial planning.
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2.5. Supporting Information

Appendix Sla: Box plotsfor the study area B illustrating the range, the mechad
the upper and lower percentiles of terrain attribute values derived from grids of

varying resolution (By-B1oog and information contentsgo-Iso).
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Appendix S1b:Box plots forthe study area C illustrating the range, the med
and the upper and lower percentiles of terrain attribute values derived from

of varying resolution (Ey-B1oog and information contentsgy-|so).

-400 — 50 —
—_ —~ 40 —
c 600 — 2
= o
.E.: o 30 —
@ 800 — S
E o 20 —
£ <3
@ _ k)
8 -1000 % 10 -
_— == ==
-1200 0 - = =
T T T T T T T 1
B50 B100 B250 B5S00B1000 1500 1250 1100 150 B50 B100 B250 B500B1000 I500 1250 1100 150
12 — 1.2
08 — 08 — % % f
- w —]
§ 0.4 § 0.4
c 0 — —
5 £ 0
@© o
© 04 — % % 2 04 -
08 — 08 —|
A2 =717 T T T T T T 77T T T T T T 1
B50 B100 B250 B500B1000 1500 1250 1100 150 B50 B100 B250 B500B1000 IS00 1250 1100 150
08 — 12 —
@ —
L 04 g 08
3 —
— ©
g > 04 —
S 0 - + = — — — == 3
2 o 0 — T = — — - = —
© =
= — o
Q. 04 & 04 —
8 717717 T 1 T 1 T 0 7717171 T T T T 1
B50 B100 B250 B500B1000 500 (250 1100 150 B50 B100 B250 B500B1000 1500 1250 1100 150
80 — . 14 —
13 —
40 — >
& & 12 -
2
0 ﬁ{ = ; ; = = =
11— T
i e L R N 1 = T o o o
B50 B100 B250 B500B1000 1500 1250 1100 150 B50 B100 B250 B500B1000 I500 1250 1100 150
200 —
160 —
@
@ 120 —
=
5
3 80 —
: G
“ 7 =
E e

o -~ 1 I T I I T
B50 B100 B250 B500B1000 1500 1250 1100 150

Rengstorf (2013) PhD Thesis

42



Chapter 2 Resolving terrain attribute dependencies

Appendix Slc:Box plots for the study area ustrating the range, the media
and the upper and lower percentiles of terrain attribute values derived from

of varying resolution (Ey-B1oog and information contentsgy-|so).
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Chapter 3 HSM to improve conservation of VMEs

3. High-resolution habitat suitability modelling
can improve conservation of vulnerable marine

easystems in the deep sea

Abstract

Aim: The distribution of vulnerable marine ecosystems in the deep sea is poorly
understood. This has led to the emergence of modelling methods to predict the
occurrence of suitable habitat for conservation planning insjatese areafkecent
global analyses focold-water coralgredict a high probability of occurrence along
the slopes of continental margins, offshore banks seainounts in theorth-east
Atlantic, buttend to oveestimate the extent of the habitat arant provide the

detail needed for finescale assessmentnd protected area planningysing
Lophelia pertusaeefs as an example, this study integrates multibeam bathymetry
with a wide range of environmental dai@a producea regional higkresolution
habitat suitability map relevant fonarine spatiaplanning.

Location: Irish continental margin (extended continental shelf claim)

Methods: Maximum entropy modelling w&a used to predicl. pertusa reef
distribution at a spatial resolution of 0.002%braloccurrencesvere assembled from
public databases, publications and video footayed filtered for quality.
Environmental predictorvariables were produced bye-sampling of global
oceanographic datasedsid aregionalocean circulatiormodel. Multiscale érrain
parameters were computed from multibdzathymetry.

Results Suitable habitat was predicted on mound features and in canyon areas along
a narrow band following the slopes of the Irish continental matiginRockal Bank

and the Porcupine Bank.té8dard deviation of theseabedslope was the most
important variable to predict coral distribution (54%), followed by temperature
(28%) and bottom shear stress (9%).

Main conclusion: This is the first regional coldiater coral habitat suitability

modelling study to incorporatdull coverage multibeam bathymetry over a wide
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variety of deepsea morphological features. The use bfghresolution
environmental data and quality control of distribution data significantly reduce
habitat over estimatiodemonstreed by global scalanalysesWe provide a robust,
coherent and transferrabfeethodologyto generate detailed distribution maps of
deepsea benthic species and discuss implicationsnfmine protected area network
design.

Keywords: coldwater coral, dge sea, ecosystettased managemenhabitat,
Lophelia pertusaMaxent, marine spatial planning, predictive modelling

3.1. Introduction

There is growing anthropogenic pressure on magrwsystems in the deep sea as
fisheries mining, oil and gas exploration noaccur in depths 1500m (Davieset

al. 2007, Greharet al. 2009) One of the biggest problems facing planners charged
with developing comprehensive networks of marine protected areas to protect
vulnerable marine ecosystend. (Rogerset al 2008 in the deepsea isthe lack of
knowledge of the true distributional extent of theecies and habitats. This is
exacebated in the case of framework buildirgpld-water corals because the
composition of associatedeef communitiescan change over relatively gho
distances (Rogers 1999)

While vulnerable marine ecosystems can ocatirthe sale of ocean basins,
conservation efforts are generally undertaken within national jurisdictidesew
legislation provides the legal framework for the establishment oinmarotected
areas.More recentlya number of marine protected areas have been created in Areas
Beyond National Jurisdiction where regional conservation conventions or fisheries
management organisations haagreed suchmeasuresamongsttheir contractig
parties.In 2010,the Oslo Pari€onvention for the Protection of Biodiversity in the
northeastAt | anti c established the worl doés
namely, the Mid-Atlantic Ridge north of the Azores, around the Milne, Altair,
Antialtair and Josephine Seamounts and Chd&iigbs SoutiMPA (OSPAR 2010)
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Chapter 3 HSM to improve conservation of VMEs

Identification and mapping ofulnerable marine ecosysteras the sale of ocean
basins is a&hallenge As extensive surveys in the deep sea are-tiamsuming and
expensive, theres an interest in usindpabitat suitability models (HSMs) to produce
continuous coverage habitat maps in data sparse areas. HSMs statistically relate
species distribution data with a set of environmental variables to understand and
predict potential specieslistributions (Guisan & Zimmermann 2000, Elitat al.

2006) Existing approaches include environmental envelopes (e.g. BIOCLIM, Busby
1991), statistical models such as generalized regressions an@araonetric
smoothing functions (Guisanet al. 2002), mache learning algorithms fitting
complex responses and interactions (Eitlal. 2006), as well as hybrids of these. In

the case of unavailable (e.g. museum collections and databasest Bb2912) or
unreliable (e.g. in the deep oceans, Davies & Gter2d11) absence data, presence
only methods are commonly used which contrast presence records to randomly
selected background data or pseatisence data (Elitht al. 2006, Pearce & Boyce
2006, Phillipset al. 2009). In a comparative study evaluating a@l§orithms using
presencenly records of 226 terrestrial species from 6 regions of the world, élith

al. (2006) found that machine learning methods (e.g. Maxent, Phellips 2006)
performed best, followed by regressibased methods, while enviroental
envelopes performed worsSimilar rankings were reported from comparative

studies in marine benthic environments (Huahgl.2011, Reis®t al.2011).

Scleractiniancold-water corad, especially the frameworkuilding specied.ophelia
pertusa(Linnaeus 1758)have been a popular target for HSM developnmerihe

deep sea (Guinast al. 2009a, Tittensoet al. 2010a, Davies & Guinotte 2011,

Howell et al.2011).Theyform emblematic vulnerable marine ecosyst€Rsgerset

al. 2008) and their biologyand ecology are nowvell described(Rogers 1999,
Robertset al. 2009) Lophelia pertusareefs arefi h o t spots of bi omas
cycling al ong c @antOevelenattala 2009)maheirgdssocated

faunal abundance and diversity are consistenmiggher than in neighbouring non
coralareama nd t hey support a Acharacteristic
Robertset al.2008). A parEuropean research project (Robettsl. 2006)reported

> 1300 species associated wlithpertusareefs and tis number is increasing as new
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reefs are discovered and new species are described. Theseataldoral reefs also
have an important role as feeding, breeding and nursery grounds for fish, including

commercially important speci¢€ostelloet al. 2005)

Lophelia pertusais widely distributed globally andhas been reported from depths
between ~ 40 3800 m(Freiwald et al. 2004) This suspension feeding species
prefers areas with enhanced cursahtat ensure plentiful food suppbnd prevent
sediment buding up on thehard substraim required bylarvee for settlement
(Robertset al. 2006) Under favourable environmental conditiohspheliapertusa
colonies may formthickets, reefs and eventualfjfant carbonate mounds that can
reach > 300 m in height arsgveral kilometres in diamet@iVheeleret al. 2007) In

Irish waters, these carbonate mounds are clustered in a number of provinces which
occur in a relatively narrow depth range along the continental m@gnschelet al.

2011)

Davies & Guinotte (2011) produced a global HSNbr Lophelia pertusa, which
providesthe most detailed and complete pregictmap ofits distribution Their
study used bathymetry data of 1 -gaex (~1 km) resolution and a wide range of
interpolatedenvironmental data, signifiodly improving model reliability compared

to a previous HSM at 1 degree (=100 km) resolutipavies et al. 2008) The
improved HSM successfully captures environmental drivers of coral distribution on
a globalscale (e.gdepth, temperature, aragonite sation state and salinity) and
predicts highprobability ofcoral occurrence along the slopes of the Irish margin and
the Rockall and Porcupine BankBidure 3-1). While these areaare known to
support thrivingcold-water corakreefs the amount of predicted coral habitat is most
likely an over estimate due tothe lack of highresolution terrain parameters
substratum and current dgf@avies & Guinotte 2011)This constrainghe practical

use of the global HSMotsupport marine management strategies

Rengstorfet al. (2012) have stressethe need fohigh-resolution (<250 mgrid cell

size multibeam bathymetry data to ensure identification of the often relatively small
carbonate moundwhat support aignificant proportion ofliving Lophelia pertusa
habitat in Irishwaters. Thisstudy addresses that deficiency for Irish waters by
making use ofrish National Seabe&urvey (INSS) multibeam data producethe
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first comprehensivé. pertusareef HSM. We focus on Wing L. pertusared habitat

and excludeoccurrences of dead wolated colonies for two reasorly we want to

develop a coherent model which predicts the presence of living coral reefs based on
preserdday environmental settings (Rossal. 2012) and2) inclusion of the more
widespread isolated colonies would result in over estimation of suitable coral reef
habitat (Howellet al. 2011). Following Robertset al (2006) we defind_ophelia

pertusar eef s as MfAbi ogenilc pedusaframewolsr tieat altek o r me d
sediment deposition, provide complex structural habitat and are subject to the

processes of growth and (bio)erosiono.

In this study, we providea comprehensive environmental dataset that can be utilised
for HSM of other benthiand demersapecies in the region, and a methodology that
can be easily modified for HSM o$uch species in other environmentg/e
demonstrate howhe high-resolution HSM can provide an objective assessment of
the appropriateness of maripeotected eeas in conseiug coldwater coral reef
ecosystems to capture biogeographic shiftasisociated fauna in the extensive Irish

continental margin.

3.2. Materials and Methods

Study area

The Irish seabed stretches from the Rockall Bank in the North (58f) @o the
SouthWestApproaches in the South (46°'3), and reaches from the Irish Sea in
the East (5° 16N) to the margin of the Iceland Basin in M&est (25° 46W, Figure
3-1). The INSS and Integrated Mapping for the Sustamditvelopment of the
Marine Resource (INFOMAR) projects have mapped an area of > 500 006fkm
the Irish seabed, revealing numerous submarine canyons, seamountsamd

features with great detdiDorschelet al.2011)

HSMs can be influenced by the atjal extent of the landscape used for the
background samplévan der Walet al. 2009) and wherever possible the area of
prediction and projection should be limited to areas of plausibly suitable habiat.
HSM was therefore restricted regionsidentified assuitable forscleractiniancold-

water corals using thglobal model (Davies & Guinotte 2011). This excluded the
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Rockall Trough area and resulted in an analysis epgaring ~310 000 knf and
ranging from ~ 100 4000 mwater depthKigure3-1).
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Figure 3-1: The extent of seafloor multibeam coverage undertaken by the Irish National S¢
Survey is shown together with the distribution of known livimgphelia pertusareefs (black
stars). The Irish Economic Fisheries Zone (EFZ, 200 nm limit) and the limit dfisheextended
continental shelf claim (cfSymmons2000, Long & Grehan2002) are also shown. Hatchin
indicates the extent of the HSM study area, which encompasses the area of suitable cora
predicted bya global HSM (Davies & Guinott2011). RB =Rockall Bank, PB = Porcupine¢
Bank, PS = Porcupine Seabight, SWA = Selitbst Approaches.
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Species distribution data

Video data

A total of 20 video transectsasacquiredduring two research cruises (CE0908 and
CE10014) using the Irish Research Vesagltic Explorerand the remotely operated
vehicle (ROV) Holland I: 2 transects on the Southern Porcupine Bank covering 800
m and 5200 nrespectively(CE0908) and 18 transectsachof 2000 m length
covering areas on the Rockall Bank, Porcupine Ban# Borcupine Seabight
(CE10014). The ROV was equigpavith three low definition cameras (vertical,
pilot and aft) as well asfarward facing oblique (45to the seabedjligh Definition
video camera (all Kongsberdg)avigation data (accurate to ~ 1mgreprovided by
an Inertial Navigation System (PHINS, $&A) connected to an external uishort
baseline sensor (GAPS, IXSEAYhe HD video data was used for species
identification and for differentiation between living and déagertusaframework
(based on coral branch colour and presence or not of pegye}. Video data were
annotated in intervals of ~ 5 m and all observationk. gfertusareef habitatwere

recorded and gereferenced.

Lophelia pertusa distribution database

Lopheliapertusaoccurrenceecords were assembled from databasesse repais
and publications (Appendix S1). A total of 442&cordswere integrated into a
database including-where possible their source, geographic posii and
information ont he coral és | ife stage, occurrenc
spatial precisiof the record Table3-1). Qualitycontrol ensured that records used
for analysis: 1) represented confirmed livingpertusareefs o excluding 2900
records ofdead and isolated coral colony records); 2) wigved from sampling
equipment that allows for accurate (< 200 m) -geferencingwith sufficient
accuracy to fall within the madk @rid cell sizgso excluding 620ecords derived
mainly from trawling and dredging activitigsand 3 were not duplicai A total of
2450ccurrence were retained for trenalysis.
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Table 3-1: Sourcesf Lophelia pertusaistribution data. Available metadata are indicated by check
marks. Total number of records and numbereabrds retained after quality and spatial filtering are
given.

Saurce alive vs colony vs. reef sampling  spatial # records # records
dead equipment precision retained

Cruise P P P P 145 8
reports

HERMES P P P P 322 6
oBIS P - - P 375 0
OSPAR - only reef - P 176 0
Publications P P P P 251 3
Video datd P P P P 3154 36
Total: 4423 53

'De Mol (2009)

’Downloaded from iOBIS.org [25/07/2011, Databases: Cold Water Corals (354 records), Hexacorallians of the World (19
records), NMNH Invertelate Zoology Collections (2 records)]

®0SPAR Threatened and/or Declining Habitats Database (2009). Maintained by the Joint Nature Conservation Committee
“Resulting from video analysis of two CoralFISH cruises (CE0908 and CE10014)

Table 3-2: Normally scaledenvironmental variables developed for this study. The abbreviations for
the multiscale terrain variables used in the text are given in brackets.

Variables Native Source & Software
Resolution

Bathymetry ariables

Depth (m) 0.002° INSS bathymetry (ArcGIS)

Slopé (°) (slope5, slope25, slope49) 0.002° INSS bathymetry (Landserf)

SD of slopé (SD of slope5, SD of slope25, SD of 0.002° INSS bathymetry (Landserf, ArcGIS

slope49)

Bathymetric positin indeX (BPI-5, BPL25, BPI49)  0.002° INSS bathymetry (BTM)

Rugosity (rugosity3, rugosity25, rugosity49) 0.002° INSS bathymetry (BTM)

Chemical variables

Alkalinity, total carbon dioxidet(i 7 1t) EC 1° (Key et al.2004f

Aragonite (q), calcite 1° (derived from Keyet al 2004)

Nitrate, phosphate, silicate ( T #) 1° (Garciaet al.2010a}

Salinity (psu) 0.25° (Antonovet al.2010Y

Salinity (ROMS) (psu) 2.5km (Marine Ingitute 2012}

Hydrodynamic variables

Bottom stress (N i), current speed (m s& 2.5km (Marine Institute2012Y

vertical flow (m se?)
Oxygen variable

Percentage oxygen saturation (%) (oxygen) 1° (Garciaet al.2010b¥
Temperature variables

Temperature (ROMS) (°C) 2.5km (Marine Institute2012Y
Temperature (°C) 0.25° (Locarniniet al.2010y

Lthree layers computed with neighbourhoods of 5 x 5, 25 x 25 and 49 x 49 grid cells

2 three layers computed with an inner radius of 1 and an adersrof 5, 25 and 49 grid cells

@ Data downloadhttp://jetstream.gsi.ie/iwdds/index.html

b Data downloadhttp://www.nodc.noaa.g@@C5/WOA09/pr_woa09.html

¢ Data downloadhttp://cdiac.ornl.gov/oceans/glodap/Glodap home.htm

9 Model accessible atww.marine.ie/home/services/operational/oceanography/OceanForecast.htm
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Environmental variables
We generated 29 environmentalriables Table3-2) to determine which were most

important for modelling coral distribution.

Terrain-based variables

The INSS multibeam bathymetry data of 0.D@patial resolution were projected
to the Universal Transverse Mercator coordinate systgitM 28N) with a grid cell
size of 200 m prior to terrain alysis. A multiscale movingvindow terrain analysis
(Wilson et al.2007) was conducted employing window sizes 25 and 49 grid
cells (Table3-2). Seabed slope, rugosity and bathymetric position index {BBiss
2001) were calculated following Wilsaet al (2007). The standard deviation (SD)
of slope was generated by passing the same moving analgsiews as abovever
the fine-scaleslopegrid (slopeb, i.e. slope grid derived with the moving window
size of 5% grid cells)and calculating th&D for the neighborhoodDunn & Halpin
2009). From here on the suffixes behind the variables define the moving window

size used for their generation.

Chemical variables

Chemical parametensere derivedfrom the World Ocean Atlas (WOA 2009) and

the Global Ocean Data Analysis ProjdGLODAP, Keyet al. 2004) The variables

were extracted from global depth tiered grids and converted into a single layer
benthic gridof 0.002 spatial resolutionusing the scaling proces# Davies &
Guinotte (2011). This process interpolates depth tiers into a higher resolution grid
using inverse distance weighting and then selects thbatgan value directly from

the depth tier suggested by the depth of the reference bathymetrytgridragonite
saturation state has important implications for scleractinian corals as they can have
difficulty maintaining their external calcium carbonate skeletons in usaterated

waters (Orret al. 2005 Guinotte & Fabry 2008, Feelgt al. 2009. The calcium
carbonate saturation states (omega aragonite and omega calcite) were calculated
from temperature, salinity, phosphate and silicate from the WOA along with
alkalinity and total C@from GLODAP using the methodology outlined in @tral.

(2005) andi mpl emented in the carb function of

chemi stry wi htth:/CRAN.Rprajectiom/package=seacartPrimary
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productivity (chlorophyll a) was not included &svias only available as a sea surface
layer which precludes its use for interpolating from dejgtedgrids.

Hydrodynamic variables

Hydrodynamic variables were derived from thissh Marine Institutés Regional
Ocean Modelling SysterfMarine Institute R12),which simulates oceagirculation
patterns ovem large portion of thanorthreastAtlantic. The model has a spatial
resolution of 2.5 km and 4€rrainfollowing vertical levels. Model output as
computedat 6 hour intervals for thg@eriod between 1%\pril and 15 May 2010
(corresponding to the period of CE1001MJ)e note that in spite seasonal differences
in the strength of thydrodynamicsignals, their relative spatial distribution can be
considered to be fairly stable, as near bottom tidal curremet relatively stable over
long time periods (CMohn, personal communicatior(hrids were produced giving
mean valuegor bottom (shear) stress, current speed, vertical flow, temperature and
salinity at the neabottom layer (thickness ~ 0.1% water dépt and were

interpolated to 0.002spatial resolution using bilinear interpolation in ArcGIS v. 9.3.

Selection of environmental variables

The choice of predictor variables for a particular species is crucial in HSM as the use

of too many variables may nds in overfitting and celinearity of environmental

layers (Guisan & Zimmermann 200@)e followed the methods outlined in Yesson

et al. (2012) for variable selection: environmental variables were clustered into
ecologically me ani nmgeftuly 0 gr ofuipis): d(hiy)dr & O s
Aoxygeno; (i v) At empe Table3R), tacdvariabderwdhthev ) i c
highest predictive value within each cluster when used in isolataanselecteds

represerdtive ofeach group for model building.

Maximum entropy modelling

Maximum entropy modelling veaused to predidtopheliapertusareef distribution
at a spatial resolution of 0.00Maximum entropy(Maxent,Phillips et al.2006) isa
commonly used algohim for HSM with presencenly data It has consistently been
shown to perform well againsthermethods (Elithet al. 2006, Huanget al. 2011,
Reisset al. 2011) and hasbeen successfully applied previouscold-water coral
HSMs (Davies & Guinotte 2011Howell et al. 2011, Yessoret al. 2012) The
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maximum entropy principle states that a probability distribution with maximum
entropy (i.e. the closest to uniform), subject to known constraints (e.g. environmental
constraints), is the best approximation ofunknown distribution (e.g. of a certain
species or habitat), as it agrees with everything that is known, but avoids assuming
anything that is unknown (Phillipst al. 2006). Maxentassigns logscaledhabitat
suitability values to each grid cell withimé study area, where values near 0 mean
low and values near 1 mean high habitat suitability. We used Maxenmv&.8i.3k

with default settingstHHowever, after visual inspection of results and extensive trials,
prevalence was set to 0.7 to calibrate thedeh towards higher habitat suitability

values in known coralich areas.

Model evaluation

Coral observationsare highly clustered in regionargeted by research expeditions,
which might lead tofalsely inflatal model evaluation measurd¥eloz 2009)
Therefore,we coarsenethe distribution datdy deletingall but one recordvithin

grid cells of 0.02 resolution (Davies & Guinotte 2011)The remaining 53 points
were subject to a spatial cregalidation process: a random presence point was
chosengrouped with its12 clogst points based deuclidean distance and withheld
from model training. This process was repeated forretbrdsresulting in 53

replicates of spatially neaverlapping sets of test (n=13) and training (n=40) data.

AUC and test gain

The area under the curve (AUC) of the receiver operating characteristic (ROC) is the
dominant tool for the evaluation of presermrdy models as it has the advantage of
being threshold independeffielding & Bell 1997).AUC values range from 0O
(worsethanrandom model) to 1 (best model), with a random prediction scoring 0.5
(Phillips et al.2006) AUC valueshave been criticizedor beingbiased by the spatial
extent of the study are@.obo et al. 2007), sowe appliedtest gain, a measure
analogous taleviance used to assess performance of generalized linear and additive
models(Phillips 2005)

Jackknife assessment
Ma x e fatkkbnge test is a stepwise selection method which systematically drops
variables one at a time and determines the respectivablgds importance by
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assessing predictive performances of a model using all variables except the dropped
one and a model which is based on that variable @flilips 2005).

Threshold selection

A threshold is required for binary maps to indicapeees presence and absences

(Liu et al. 2005, JiméneXalverde & Lobo 2007). W usel Max ent 6s 10t
percentile (training presence value) threshold asoffuor L. pertusareef presence

and absence.

3.3. Results

Environmental variable selection

Initial data explordon revealed significant degrees of correlation betweestered
variables Appendix S2a Test AUC values for each of the 29 grarameter models
ranged from fair (0.59, pH) to higl0.92, SD of slop®) (Appendix S2b) Besides

SD of slopeb, BPI-5 (0.8) was retained as a bathymetric layer as thesno
correlation between BPI and other bathymetry layEne depthlayer wasexcluded

from final analyses, as abther environmentalayers utilizedbathymetry dataat

some point in their constructioAmongst the chemical variables, omega aragonite,
omega calcite and silicate performed equally well (0.91) and omega aragonite was
selected for analysis due to its immediate importance for calcifgiogak.
Temperature derived from the global dataset yieklbdgher predictive value (0.83)

than temperature derived from the regional ROMS model (0.72). Amongst the
hydrodynamic variables, bottom stress had the highest predictive value (0.83). The
full model usedsix selected variables: SD of slepe BPI5, omega aragonite,

bottom stress, percent oxygen saturation and temperature.

Distribution of Lophelia pertusa in Irish waters

Approximately 70% of all reefoccurrence pointsvere associated with mound
features 20% were found within canyons or channel systeragd the remaining
were associated with steep slopesthe edges okscarpments-igure 3-2 shows
summary statisticef theselected environmental variables at reef locations compared
to the overall environmentabaditions in the study are@ummary statistics for the

complete dataset are given in Appendix S3.
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Figure 3-2: Boxplotsshowing range (dashed lines), median (thick black line), upper and |
percentiles (box)rad outliers (points) for the environmental predictor variables at locations
Lophelia pertusaeefs (Lp) and for 10 000 random background points.(Bg)

Approximately95% of the existing reef recordgerelocated betwee640- 1440 m

water depthsReefs occuedin a relatively narrow salinity range of 85.35.6 [su

and at temperatures ranging from 489 °C. All coral observationgerelocated in

areas supersaturated for aragonited (q >1
from 70.3 to 95.5 % and reefsudd be found throughout most of this range (70.5

93.4 %).Most reef recordswere located in areas of enhanced current speed

bottom stress and at locations of relatively high terrain variability compared to

overall background values.

Model evaluation

Training and test AUC valuesereconsistently high (> 0.97) indicating an accurate
fit and successful prediction of the sote habitat in tesareas Table 3-3). High
AUC scoreswere supported by a high test gain (2.25). Jackknife tests revds
high predictive importance of SD of slepeand temperature variables, together
contributing & % to the modelBottom stress and oxygen concentratiggre the
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next important vaiables, followed bysmall contributions of BPH and omega
aragonite.The variable delivering highest AUC values when used in isolatas
SD of slopeb, indicatirg that this variable lththe most predictive information by
itself. SD of slopeb also decreasgdest and train AUC the most when omitted from
the model build, indicating that it carries most information thawot present in the
other variables.

Table 3-3: Summarystatistics (average and SD of 53 replicate model runs) of evaluation measures,
jackknife test of variable importance and"ercentile threshold results.

Evaluation
Training gain Training AUC Test gain Test AUC
3.1+£0.2 0.98 £0.01 23+0.7 0.97 £ 0.02
Jackknife test of variable importance
% variable Test AUC without Test AUC with only
contribution variable variable
SD of slopeb 54 0.95 0.92
Temperature 28 0.97 0.83
Bottom stras 9 0.97 0.83
Oxygen 6 0.97 0.70
BPI-5 3 0.97 0.89
Aragonite 0 0.97 0.91
Threshold (18 percentile)
Logistic value Area suitable Omission
0.53 0.02 0.09

Modelled distribution of Lophelia pertusa reef habitat

Analysis of response curves piged insight into how the variables shape the
predicted environmentaliche Figure3-3). Suitabilityscores rapidly increadeavith
growing terrain variability (SD of slop®) and hydrodynamic activity (bottom
stress). Probability of reef preseneeas predicted to be highest ia temperature
range from ~ 4 t41°C. The ongarameter response for BRIlsuggests high habitat
suitability scores for low and high BPI values, reflecting reef occurrences on seabed
features such as carbonate mounds as well as in canyon sydtem&ver, he
relative flatness of the solid BBl cuved emonstr at es t he var
contribution to the full model. High habitat suitability valuesre associated with
aragonite saturation wa#s> 1, however the contribution of aragonite to the full

model was negligible (see discussion). Interestingly, probability of reef presence
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seems negatively correlated with dissolved oxygen concentratibich is most
likely areflection of the limitedbxygen range sampled.

Aragonite saturation BPI-5 Bottom stress (N/m?)
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Figure 3-3: Responseurves showing the relatiomigs between predictor variables and habi
suitability scores. The solid curves
environmental variable is varied, keeping all other environmental variables at their a\
sample value, whereas the dashed/esirepresent models built using only the corresponc
variable (i.e. ongparameter models).

The final HSM was generated using all 53 occurrence records for model training.
The 10" percentile training presendéreshold (0.53) was applied to produce a
presence/absence map of potential reef habiegjufe 3-4). Generally suitable
habitatwaspredicted in areas of enhanced hydrodynamic regimes, mostly on mound
features, along escarpments and in canyons systkimga narrow band following

the slopes of the Irish continental margime Rockall Bank and the Porcupine Bank.

3.4. Discussion

Previous HSMs have been constructed at coarse resolution on a globéDsvads
& Guinotte 2011)or at highresolutions over very small aref@olan et al. 2008,
Guinan et al. 2009a, Rengstoret al. 2012) Our model makes use of limited
occurrence data toeate a continuous coverage higisolutionpredicted occurrence
map forL. pertusareefs taking into account (igffects of analysis scale on terrain
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parameters (Wilson et al. 2007); (ii) reducton of cevariation between
environmental variableressonet al. 2012); (iii) quality control of coral occurrence
records to avoidbver estimationof reef habitat(Howell et al. 2011, Rosset al.
2012); (iv) minimization of spatial autocorrelation effedtsough data coarsening
(Veloz 2009, Davies & Guinotte 2011and spatik crossvalidation; and (v)
application of a habitat suitability threshold to prodacéinary presence/absence
map (Liuet al.2005).

High-resolution HSM for coldwater corals

The lak of extensive highresolution environmental data iéeen identified as a

major limitationto the applicability of HSMgDavieset al. 2008, Tittensoret al.

2009, Davies & Guinotte 2011In a globalcold-water coraHSM, for examplethe

coarse resolutn of temperaturelata lel to a mismatch between coral occurrences

and temperature values beyon@aviedeeal. speci e
2008) Temperature is an important factor influencing the physio(@pddset al.

2007) and spatial distbution of coldwater corals(Freiwald et al. 2004) The

suitable temperatures captured by our mod&+9.9 °Q lie well within the limit of

the speciedreportedtemperature range (Freiwadd al.2004).

Terrain parametersan indicate areas of enhagat current regime¢Genin et al.
1986) and hard bottom habitdDunn & Halpin 2009) Both factors are essential
prerequisites foreef initiation and developme(reiwaldet al. 2004) Depending
on the analysis scaleprak have been associated with rarous seabed features
ranging from continental slopes and large seamdiittensoret al. 2009, Davies &
Guinotte 2011)to carbonate mound&uinan et al. 2009a)and sediment waves
(Dolan et al. 2008) Fine-scale terrain variability contribetl >50% to lhte model in
this study higHighting the importance of higlesolution bathymetry data in
resolving small topographic features likely to support corals (Rengstaif2012)
Unsuitable terrain was identified in many open slope areas of known soft bottom
habitatthat had been considereditableemploying theglobal scalenodel (Davies

& Guinotte 2011)
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Legend
% Lophelia reef

Habitat suitability
[70.53-0.6
[710.6-0.7
Emo0.7-08

Figure 3-4: Lopheliapertusahabitat suitability map for the Irish continental margin (a). Ble
stars repremt the 53L. pertusareef occurrence records used for HSM development. In
show closeups of the Southern Rockall Bank (b), the Northern Porcupine Bank (c), the E:
Porcupine Seabight with the location of the Belgica mound province indicatedgdputhern
Porcupine Bank (e) and the SoMrest Approaches (f). Only areas identified Laspertusa
presence above the I @ercentile threshold (0.5B) are colowcoded. Map projection is UTM
28N (WGS84).
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None of the hydrodynamic variablegere significantly correlated with any of the
bathymetric variablesThis may be due to differences in the varisbe nat i ve
resolution Table3-2), yet itindicatesthat the hydrodynamic model variables carried
valuable information not reflected in terrain morphology. The Maxent model reveals

a strong positive effect of bottostress on suitable coral habitat, corroborating

pertusar e eré&lisnée on currents to provide food supply to the coral polypgaand

reduce sediment depositigirederikseret al. 1992, Whiteet al. 2005, Thiemet al.

2006)

Aragonite is the calum mneral form deposited byckeractiniancorak to build their
skeletons adh its saturation state is an importairtver of coral distribution on a
global scale, with areas unegaturated for aragonite being difficult environments
for scleractiniarcorals(Guinotteet al. 2006, Tittensoet al.2010a, RodolféMetalpa

et al. 2011) This study area is uniformly supersated for aragonite, sthis

parameter hatittle effect onour modd.

Global HSMs indicate that. pertusashould not be found in oxygen lited
environments(Tittensor et al. 2009, Davies & Guinotte 2011Ecophysiological
studies confirm thatl. pertusacannot maintainaerobic metabolism at oxygen
concentrations below 3 mL™L (Dodds et al. 2007) The negative relationship
suggested by the ggen response curves is most likely a reflection of the limited

oxygen rage sampled.

Although L. pertusareef occurrences in this study are derived from a large range of
data sources, there are regions where no sample data are available. The area west of
the Rockall Bank, for example, harbours numerous mounds and seamounts
(Dorschelet al. 2011) but it is predicted to be unsuitable, mainly because water
temperature values are outside the range captured by the available occurrence data.
When using presenamly data, pedictionsin broad unsampled areas are affected by
spatial sampling bias.é. some areas are sampled more intensively than {theds

must be interpreted with cautidiPhillips et al. 2009) Spatial sampling bias is
thought to be less of aissue when using preserabsence algorithms, as both
presence and absence records are affected and the bias effect is largely cancelled out
(Elith et al. 2011). While not possible in the present studigjllips et al (2009)
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propose a method to correct feampling biasn presencenly modelsby choosing
background data in a way that reflects the sampling effort

Another limitation of preseneenly modelling is that the prevalence of the species in

the study area (i.e. proportion of occupied sites) cahacexactly determinetsee

Elith et al 2011 for details)While presenc@bsence models identify the probability

of species occurrence, presefccea | v model s estimate a fAr
occurrenceo ( Pe aWecnete, Bowdar, thateadrs® @dta6do not

always yield reliable estimates of prevalence, as they may be flawed due to varying
sampling effort within grid cells and imperfect species detection (Etitd. 2011).

In the present study, absence data were not available from datahdsesuld not

be reliablyinferred from video analysis due to the scale discrepancy between the
cameraods field of view (~ 2 m) and the
only modelling allowed us to use occurrence records derived from a wide ohnge
sources and effectively ruled out the risk of confounding predictions due to false

absence records.

Extensive suitable reef habitat is predicted in cangygstems Kigure 3-4f). These
predictions are driven byhe extreme terrain parameter values typical for these
seabed featuresCanyons are complex dynamic systems that are likely to be
influenced by fine scale processes not captured by the environmental dataset used in
this study.However, @hanced hydrodynamiactivity and organic matter flux make
some canyons hotspots of biodiversity and bionfBesLeoet al. 2010)and could
provide favourable conditions for suspensfeading coralsLophelia pertusaeefs
have been observed in many canyons along continsltpes of thenorth-east
Atlantic (De Mol et al. 2010, Huvennet al.2011)and in the Mediterraneg@rejas

et al. 2009) Extensive coldvater coral frameworkvas foundgrowing on walls and
overhanging cliffs in canyonseflecting not only favourableonditions for growth

but also the possibility that these areas represatural refuges proteog against

adverse impacts from bottom trawlifiguvenneet al.2011)

Preliminary models constructed using the species distribution data prior to quality
contol predicted a much wider range of suitable habBhtllow areas (< 400 m
depth)wereespecially affected by the data cleanprgcess. Numerous observations
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on top ofthe Rockall Bank lacked information about whether records represented
living or deadcoral reefs and were therefore omitted from analyses. Inclusion of
these samplesould haveresulted in prediction of suitable habitat in shallower areas
including the top of Rockall BankVhile L. pertusacolonies have been observed in
water depths as shaw as 39 m in Norwegianiords (Freiwald et al. 2004) most

living reefs in Irishwaters occur at depths below 600 m. One interesting aspect of
our model is that living reef is predicted over all of the Belgica Mound Province
(Eastern Porcupine SeabighEigure 3-4d), whereas video data revealed the
occurrence of mainly dead coral and coral rubble over some parts (Feuladrt
2005). Further work is required to determine whether these corals are fossil reefs tha
were thriving in environmental conditions different from those encountered at
present, or are dead due to the cumulative impact of trawling over the past 50 years.
These findings also reinforce the need for databases incorporating as much sample

informaton as possible (Ro%t al, 2012).

Management implications

To demonstrate the utility of higresolution HSMs in conservation planning, we
take the example of current measures to protect coral reefs within the Irish Exclusive
Fisheries Zone (200 nm limiEigure 3-5). Four areas covering some 25002kof

the seabed were designated as Special Areas of Conservation (SAC) under the
European Union Habitats Directive in 2006 based on a partial knowledge at the time
of the distribution ol ophelia pertusaHowever, using a simple methodology where
HSM outputs, based on our selected threshold, are gridded into 10 x 10 km squares,
our results suggest that the existing SACs only occupy the central portion of the
predicted eef distribution and fail to protect sufficient reefs to fully encompass the
likely biogeographic variability of the associated fauna (Rogers 1999). Potential reef
clusters to the north, south and west of the existing SA@gie 3-5) should be
investigated to determine whether additional SACs are warranted to capture the
biogeographical variability of Irish coral reefs.

A more representative network of protected areas might also ensure adequate gene
flow betweencoral areas. This is particularly important as genetic analyses have

revealed high levels of inbreeding and low gene flow ambopghelia pertusa
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subpopulations (Le Gof¥itry et al. 2004, Morrisonet al. 2011); therefore the
maximum distance between pratied areas is an important consideration in planning
MPA networks to protect coldiater corals. More research to better understand
population connectivity and larval dispersal needs to be undertaken as a basis for

more effective conservation planning (Meanet al.2011).

Legend:
I Existing SACs
I Suitable habitat
I Reef clusters
Fishable grounds

Figure 3-5: Map showingthe distribution of suitable coral habitat and existing coral Spe
Areas of Conservation set against a backdrop showing the fishable grounds (dow
maximum depth of 1500 m) within the Irish Exclusive Fisheries Zdredicted reef cluster:
with the potential (upon further investigation) to improve bi@geographicepresentivity of
the existing MPA network are highlighted in green.

In addition, our model can provide an estimate of the proportion by area of coral
protected under existing conservation measures. In this example, based on the
selected threshold, our model predicts 2 %7000 knf) of the study are&o be

suitableL. pertusareef habitat while existing SACs account for merely 18Rthis
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predicted distributionThe European Commission recommends Eabpean Union
member states conserve a minimum of 20% of prescribed habitat and species
following an assessment of the proportion of the total regional resource contained
within the designated SAC$IJNCC 2009) This also suggests thdurther

conservation measures are required.

Towards highresolution multispecies habitat maps

This study isone example of a small number of studies (Hustng. 2011, Traceyet

al. 2011)that are using a wide range of environmental vargfoleregional habitat
suitability modelling of benthic species. To the best of our knowledge, this study is
the first toincorporate full coveragé> 500 000 knf) high-resolution multibeam
bathymetry over a wide variety deepsea (> 200 m deptimorphological features
(seamounts carbonate mounds, escarpments, canyons and channels, iceberg
ploughmarkgDorschelet al. 2011)). It can easily be adapted for an analysis of the
distribution of other vulnerable benthic species that may require protection such as
other scleractinian, antipatharian and gorgonian corals deepsea sponge
aggregationsknown to be present in thegien (Le Danois 1948)As habitat
requirements vary between species, the selection of appropriate predictor variables
constitutes a crucial step in analysis. The environmental data should be clustered into
ecologically meaningful groups and predictor viales should be carefully chosen
based on both their explanatoppwer and ecological relevance for the target
species. As new data become available and as modelling techniques develop, so will
the identification of biodiversity hotspots and priority ardas conservation

management in the context of marine spatial planning.

Conclusions

Our model integrates ecologically meaningful environmental variables Wit
resolution multibeam bathymetdatato predict the potential distribution of celd
water cor&reef habitat. This significantly reduceser estimationdemonstrated by
global scale models argenerates detailed prediction maps neededdoservation
managementWe provide a robust, coherent and transferrabkthodologyfor
benthic habitat suitality modelling in the deep sea. Theomprehensive

morphological and neaeabedenvironmental datasefior the Irish continental
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margin can be applied to determine distribution of other species and, ultimately,
biodiversity hotspots.
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3.5. Supporting Inform ation

Appendix S1:Sources for distribution data

#records | # retained after
guality and spatial
filtering

Video data

Johnson & Allcock& Shipboard Party2010) Species at the margiindiversity cruise. CE10004. Cruise Rep&thool of Natural 66 3
Scienes, NUI, Galway.

Grehan, A. & Shipboard Party (2009) A multidisciplinary investigation of ecosystem hotspots and their importance asafish h{ 301 5
along the Irish and Biscay continental margins. CE0908 Cruise Report. Earth and Ocean Scienced, atuoal Sciences, NUI,

Galway.

Grehan, A. & Shipboard Party (2010) Deep water coral and fish interaction off the west coast of Ireland, CE10014 Crtiise R| 612 13
Earth and Ocean Sciences, School of Natural Sciences, NUI, Galway.

Guinan, J. & eahy, Y. (2010) Habitat Mapping of Geogenic Reef Offshore Ireland. Report prepared by the Marine Institute, | 2175 15
Galway, Ireland and Geological Survey of Ireland to the Department of the Environment, Heritage and Local Governmeat's

Parks and WildlifeService.

Total 3154 36
Publications

Guinan, J., Brown, C., Dolan, M.F.J. & Grehan, A.J. (2009) Ecological niche modelling of the distributionwhtaidoral habitat 250 3
using underwater remote sensing d&teological Informatics4, 83-92

Mienis, F., De Stigter, H.C., De Haas, H. & Van Weering, T.C.E. (2009)-bleiparticle deposition and resuspension in a-cold | 1 0
water coral mound area at the Southwest Rockall Trough margin, NE Atl2aet@p. Sea Research Part I: Oceanographic Resear|

Papers 56, 10261038

Total 251 3
Cruise Reports

Duineveld G. & Shipboard Scientific Crew (2006) Cruise Report RV Pelagia, Cruise 64PE 249, Biodiversity, ecosystem fun{ 14 0
and food web complexity of coldater coral reefs in the NE AtlantiR¢ckall Bank). Royal Netherlands Institute for Sea Resear

Texel, The Netherlands, 55 pp
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Lavalaye M. & Shipboard Scientific Crew, Cruise Report RV Pelagia, Cruise 64RE929Biodiversity, ecosystem functioning a| 1 0
food web complexity of cold wat coral reefs in the NE Atlantic, and the relation between fish and coldwater corals. & Testin
MOVE. Royal Netherlands Institute for Sea Research, Texel, The Netherlands, 90pp

Olu-Le Roy, K., Caprais, C., Crassous, P., Dejonghe, E., Eard2y,Freiwald, A., Galeron, J., Grehan, A., Henriet, J.P., Huve| 43 6
V., Lorance, P., Noel, P., Opderbecke, J., Pitout, C., Sibuet, M., Unnithan, V., Vacelet, J., Van Weering, T., Wheeler, A. &
Zibrowius, H. (2002) Caracole Cruise, N/O Atalante and ROV Vijdt®2. In. Ifremer, Brest

Pfannkuche O. & Shipboard Party (2004b) Cruise Report RV Meteor, Cruisel MB&oBiological Investigations on 7 2
Azooxanthellate ColWWater Coral Reefs on the Carbonate Mounds Along the Celtic Continental Slop&d&iviar67 pp
Van Duyl FC, Duineveld GCA. 2005. BIOSYYSERMES 2005 cruise report with R.V. Pelagia. Cruise 64PE 238, Gdlessl, 21 | 80 0

June21 July 2005. Biodiversity, ecosystem functioning and food web complexity of deep water coral reefs in the NE Atlantig
(Rockall Bank and Porcupine Bank)

Total 145 8
DATABASES

De Mol, B. (2009) The HERMES coldater coral database. In. PANGAEA. download: 322 6
http://doi.pangaea.de/10.1594/PANGAEA.728313

Downloaded from iOBIS.org [25/07/2011, Databases: Cold Wadeals (354 records), Hexacorallians of the World (19 records] 375 0
NMNH Invertebrate Zoology Collections (2 records)]

JNCC (2009) OSPAR Threatened and/or Declining Habitats Database. Maintained by the Joint Nature Conservation Comn| 176 0
Total 873 6
TOTAL 4423 53
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Appendix S2a:Pair-wise Pearsororrelation coefficientsr] for environmental predictor variables developed for the study. Cells are-colour
coded based on theirvalue: red = high correlation (0-8L); orange = moderate cefation (0.6- 0.8); yellow = low correlation (0.40.6),

white = no correlation (60.4).

BATHYMETRY CHEMISTRY TEMPERATURHYDRODYNAMICS |OXYGEN
2 & o o 9 & @ 2 - g 23 2
= = = [Te) [ < Q o Q = = < n = = = —= c
s o & % 838 8 g & @ €& S % g £ ¢ % 8 35% gl 8¢ ¢ §3 £3 é; 48
Variables 8 & & & & E8 22 o 5 o 6 0% 82 &£ 8§ T 2 & 5 T O & §l °o Solldy 37 38| &8
Depth 05 0.14 020 -0.23 -0.30 043 -047 032 -040 -0.47[EEEEE o EEEEEEE o7 o/E2ENESEEY 025 015 006] 056
BPI-5 0.65 -0.09 -0.03 -0.02 0.00 000 -0.12 -0.05 -0.04f 0.03 0.3 -0.03 -0.02 -0.03 -0.06 0.2 -0.03 -0.01 0.02| 0.00 0.03| -0.01 -0.01 0.03| 0.2
BPI-25 -0.16 -0.07 0.00 -0.03 001 -019 -0.12 -0.10| 0.09 0.09 -0.03 -0.08 -0.09 -0.17 0.07 -0.09 0.04 007 0.05 0.09 0.06 0.5 -0.08 0.06
BPI-49 : -0.12 -0.05 -0.07 000 -0.19 -0.15 -0.13| 0.14 0.4 -0.03 -0.12 -0.13 -0.26 0.10 -0.12 009 012 011 0.14| 010 0.09 -0.13] 0.07
Rugosity-5 -0.09 0.65 067 066| -0.16 -0.16 -0.02 0.5 0.15 0.19 -0.15 0.5 -0.11 -0.09| -0.13 -0.13| 0.08 0.07 -0.28| -0.16
Rugosity-25 -0.03 -0.18 -0.18 -004 0.16 0.7 021 -0.16 0.6 -0.13 -0.12| -0.16 -0.15| 0.08 0.07 -0.29| -0.16
Rugosity-49 -0.02  0.00 -0.24 -0.24 -0.06 021 022 027 -020 019 -0.18 -0.17| -0.22 -0.21| 0.07 0.06 -0.30| -0.18
Slope-5 -0.02 -0.11 -0.33 -0.34 -010 031 032 034 -032 031 -0.23 -0.21| -0.28 -0.27| 0.10 0.10 -0.36| -0.30
Slope-25 0.00 -0.03 -0.38 -0.38 -0.12 035 0.36 0.38 -0.36 0.34 -0.27 -0.25| -0.32 -0.31| 0.11 011 -0.38| -0.33
Slope-49 0.00 0.01 0.00 -041 -0.41 -0.13 0.38 039 042 -040 038 -029 -0.27| -0.34 -0.33| 0.11 0.1 -0.38] -0.36
SD slope-5 -0.12 -0.19 -0.19/ 0.65 -0.28 -0.28 -0.08 0.26 027 030 -0.26 026 -020 -0.18| -0.23 -0.23| 0.07 0.09 -0.26| -0.24
SD slope-25 -0.05 -0.12 -0.15 0.67 0.70 . 10 031 032 037 -0.30 0.30 -0.30 -0.29| 0.09 0.11 -0.32| -0.27
SD slope-49 -0.04 -0.10 -0.13 0.66 0.71 0. ] : 11 0.38 0.39 043 -0.39 0.38 -0.34 -0.33] 0.10 0.1 -0.38) -0.36
Aragonite 0.03 0.09 0.14 -0.16 -0.18 024 011 -0.04] 069
Calcite 0.03 009 014 -0.16 -0.18 -0. ] ! 0.24 011 -0.04|  0.69
Alkalinity -0.03 -0.03 -0.03 -0.02 -0.04 -0.06 -0.10 -0.12 -0.13 -0.08 -0.10 -0.57 -059 -0.21 0.44 -0.38 0.18 0.07 -0.07 0.16
Nitrate 002 -008 -012 015 0.16 021 031 035 038 026 0.31
Phosphate -0.03 -009 -013 0.15 0.7 022 032 036 039 027 032 . . .
Silicate -0.06 -0.17 -0.26 0.19 021 027 034 038 042 030 0.37 -0.69 0.77 -0.68 -0.20 -0.12 0.06] -0.61]
pH 0.02 007 0.10 -0.15 -0.16 -0.20 -0.32 -0.36 -0.40 -0.26 -0.30 0.63 0.18 0.05 0.05
tco2 -0.03 -009 -0.12 0.15 0.16 019 031 0.34 038 026 0.30 -0.66 -0.18 -0.07 -0.02
Salinity (ROMS) 001 004 009 -0.11 -0.13 -0.18 -0.23 -0.27 -0.29 -0.20 -0.26 -0.68 0.63 -0.66 026 015 -0.12| 043
Salinity 0.02 0.07 0.12 -0.09 -012 -0.17 -0.21 -0.25 -0.27 -0.18 -0.24 -0. -0.67 0.55 -0.58 0.24 013 -0.12| 0.32
Temperature (ROMS) 0.00 005 0.11 -0.13 -0.16 -0.22 -0.28 -0.32 -0.34 -0.23 -0.30 -0.12[ 047
Temperature 003 009 014 -013 -0.15 -021 -027 -0.31 -0.33 -0.23 -0.29 -0. ! ! ! 011 047
Bottom stress 0.25 -0.01 0.6 010 008 008 007 0.10 011 011 0.07 009 0.10 024 018 -0.22 -021 -020 0.18 -0.18 . -0.66] 0.12
Current speed 0.15 -001 005 009 007 007 006 010 011 011 009 011 0.11] 011 011 007 -0.10 -0.09 -0.12 0.05 -0.07 0.5 0.13| 0.17 -0.58
Vertical flow -0.06 0.03 -0.08 -0.13 -0.28 -0.29 -0.30 -0.36 -0.38 -0.38 -0.26 -0.32 -0.38| -0.04 -0.04 -0.07 0.03 0.03 0.06 0.05 -0.02 -0.12 -0.12| -0.12 -0.11| -0.66
Diss. Oxygen 056 002 006 007 -0.16 -0.16 -0.18 -0.30 -0.33 -0.36_-0.24 -0.27 -0.36] 0.69 0.69 0.16 0.43 0.32| 047 047] 0.12
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Appendix S2b: Best AUC scoresfor Maxent modelf the distribution of IrishL. pertusareefsbased on a singlparameterFrom each

group the variable with thkighest score was selected for the final model build-BRias additionally retained, as no correlations were

found between BPI and other bathymetric variables. The variables used for modelling are indicated with bold text.

Variable
BATHYMETRY
Depth

BPI-5
BPI-25
BPI-49
Rugosity-5
Rugosity-25
Rugosity-49
Slope-5
Slope-25
Slope-49
SD slope-5
SD slope-25
SD slope-49

Test AUC

0.906
0.890
0.782
0.712
0.843
0.724
0.759
0.811
0.748
0.764
0.916
0.826
0.778

Variable
CHEMISTRY
Aragonite
Calcite

Alkalinity

Nitrate
Phosphate
Silicate

pH

tCO2

Salinity (ROMS)
Salinity
TEMPERATURE
Temperature (ROMS)
Temperature

Test AUC

0.907
0.907
0.715
0.807
0.856
0.907
0.593
0.675
0.643
0.756

0.724
0.830

Variable Test AUC
HYDRODYNAMICS

Bottom stress 0.825
Current speed 0.809
Vertical flow 0.767
OXYGEN

Diss. Oxygen 0.696
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Appendix S3: Box plots slowing range (dashed lines), median (thick black line), upper and lower percentilearfdautliers (points) for

all environmental variablest locations witH_opheliapertusareefs (lp) and for 10 000 random background points (Bg)
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Chapter4: Linking hydrodynamics and coral occurrences

4. Linking benthic hydrodynamics and coldwater
coral occurrences: A highresolution model
study at three coldwater coral provinces in the

north -eastAtlantic

Abstract

Linkages between key abiotic parameters and -a@itkr coraloccurrences are
investigated using a spatiallgxplicit integrated modkng amd observational
approach. The 3 ocean circulation model ROMAGRIF was applied to describe
oceanographic conditions at threeldwater coral provinces in thenorth-east
Atlantic (Logachev Mounds, Arc Mounds and Belgica uvids)adoptinga nested
model grid setup with a central model resolution of 250 m. Modelled fields of
benthic currents, temperature and salinity were analysed at obsetgedater coral
presence and absence locations within each province. Each respsmtigkeperiod
covers one month (5April 1 15" May 2010) corresponding to the maiold-water

coral survey period. Data from this survey were supplemented by additional data
from other campaigns. The mod®thymetry was taken from higlsolution INSS

(Irish National Seabed Survey) seafloor mapping data. Modelled fields of benthic
currents and temperature were validated agairsitinmeasurements and compared
with main coral assemblage patterns fromsiti observations of the EU FP7
CoralFISH progremme. The model results confirm the intensified benthic dynamics
previously observed at individual coral sites, but also reveal substantial differences

in hydrodynamic conditions both between and wittoid-water corajprovinces.

4.1. Introduction

The Porcupie Bank, Porcupine Seabight and Rockall Bank are areas of abundant
occurrences of the scleractinian celdter coralLophelia pertusgLinnaeus 1758)

and associated faunal communities. Most of these occurrences are found in
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connection with large coldiater coral mound structures or appear as individual
coral colonies along the continental margin. The majority of coral mounds at the
Irish continental margins occupy the depth rangei50000 m(Kenyonet al. 2003,
White & Dorschel 2010) Giant mounds can beputo 380 m high and several
kilometreslong and aren the northeast Atlanticexclusively found in the Porcupine
Bank, Porcupine Seabight, Rockall Bank and Hatton Bank ébeaslol et al. 2002,

van Weeringet al. 2003, Huvenneet al. 2005, Wheeleet al. 2007) Since cold

water coralsn thenortheastAtlantic appear most abdant onelevatedopography,

flow accelerationhas been considered as an important conditiorttfeir growth

(e.g. Geniret al. 1986). Stronger flow enhances delivery of partidash as larvae

and food.Oceanographic influences atld-water corakites occuat a vast range of
spatial and temporal scales. At the larggsttial scales, pelagic productivity and
oceanic biogeochemical characteristics fundamentally control thel glistr@bution

of cold-water corad (Freiwald et al. 2004, Davies & Guinotte 2011) At
intermediate scalesf 10-100 km a combination of suitable current flow conditions
and supply of nutrients is requiredgostain the local coral populatidfor examfe,

along the Norwegian continental margin, the poleward along margin flow enhances a
downwelling flux of organic material to benthic communit{@siem et al. 2006)
Clusters of carbonate mounds may be found where enhanced current dynamics are
present, sth as the permanent thermoclifdienis et al. 2007, White & Dorschel
2010) or where there is concentration of organic matter and a suitable delivery
method(White et al. 2005, Mieniset al. 2007). Smaller scalghotspots of cold

water coralcommunities may be found where particular favourable dynamics are
present, such as downwelling induced by hydraulic control processes (e.g. &avies

al. 2009), or the critical resonance of internal waves (@ederikseret al. 1992).

Resolving key environmentahdtors forthe distribution of coldvater coralsn the
deeper Atlanticrequires a rare combination of hydrodynamic mibdglidies in-situ
measurements and data on the spatiafibligion and food preferences of corals. In
several locations, daily migting zooplankton has been proposed as major food
sourcefor cold-water coralcommunites while elsewhere food is considered to

mainly consist of suspended particlesa combination of both (Duinevekt al.
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2004, Beckeet al. 2009) Hydrography clearlfhas a different role and importance
for food transport in these cases.

The EUfunded CoralFISHprogramme (http://www.eufp7-coralfish.net) offered

opportunity to conduct ksitu measurements at severahpipal Atlanticcold-water
coral locations such ashe Logachevand Belgica Mound Provinge Within the
framework of the CoralFISH prograne which was focused on interactions
betweendeepseafish, fisheries and colvater corals, longerm observations ere
made on fish abundance using bditameramstalledon benthic landerLCurrent
meters attached to these landers yielded uniquettong data series in and outside
coral reef framework. Likewise, during CoralFISktleo surveys using a remotely
operaed vehicle (ROV), newdata were collected on the distribution of corals in
relation to topography.

Our focus is on a comparative description of oceanographic conditions at three
north-east Atlantic cold-water coral provinces based on a spatially explici
hydrodynamic modéng approach. These areas include tligachev mounds (SE
Rockall Bank), Arc mounds (Western Porcupine Bank) and Belgica mounds
(Northern Porcupine Seabightwhich were repeatedly surveyed as part of
CoralFISH activities.This simulaion studyprovides a spatially explicit picture of
nearbottom flow conditionsOceanographic key parameters are linked to-aeater

coral distribution data (presence and absence locatabia)ned from ROVbased
observations carried out in Apri/May 201lin each areasupplemented by
additionally available survey data. Finally, we discuss the presence and relative
importance of dynamical processes based on established scaling paraameters
implications for a better understanding of the main driverpisbacold-water coral

environments.

4.2. Materials and Methods

Study area
Three study areawere chosenrepresenting different coldater coral carbonate
mound provinces off the West of Irelan&idure 4-1). The Logabev mound

province (61 km x 103 knkigure4-2a) on the Southern margin of tReckall Bank
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IS a belt of giant carbonate mounds with height850 m and widths of several
kilometres, that are predominantly arrangedownslope oriented cluste(&enyon
et al.2003, Mieniset al.2006)

58°N

56°N 1

54°N

52°N 1

50°N

18°W 15°W 12°W 9°W

Figure 4-1: Studyarea and lod#&n of the three model domains used in this study covering
Logachev (Log), Arc (Arc) and Belgica (Bebtold-water coralprovinces. Grey rectangle
indicate the largscale domains (parent grids) and black aegtes represent the local high
resolution model domains (child grids). Major bathymetric features are the Rockall Bank |
Rockall Trough (RT), Porcupine Bank (PB) and Porcupine Seabight (PS).The 200 m, &
1000 m, 2000 m, 3000 m and 4000 m depth contours are shown.

The Arc mound province2@ km x 38 km, Figure 4-2b) on the southwestern
Porcupine Bank is comprised of much smaller, isolated mounds®@f 100 m
height with base lengths seldom exceeding 500 m (Rengstoaf. 2012). The
Belgica mound province (32 km x 56 krigure 4-2c) on the eastern Porcupine
Seabight is comprised of partially buried caienoundsand some nortisouth

trending elongated mound clusters. Mounds are up to 100 m high and may reach
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base lengths up to 2000 (Wheeleret al. 2007) Depressions, up to 50 m deep,
often occur on the steep downslope side of mounds and are thoumghthe result

of strong bottom current§Van Rooij et al. 2003) Video footage has revealed
thriving Lophelia pertusareefs on summits and terraced flanks of the Logachev
mounds(Olu-Le Royet al.2002)and on the summits of the Arc mour(@rehanet

al. 2009). In the Belgica mound provinckving corals can be found only on the
deeper, nortlwestern sidg whereas the eastern mounds are characterized by
asymmetric drift accumulations, sediment clogged dead corals and coral rubble
(Foubertet al.2005) In the northern Belgica province, Whige al. (2007) described

a predominantly crosslope northeastern alignment of mound clusters, consistent
with the orientation of strong bottemtensified diurnal tides.

Thecold-water coraland carbonate mound provexof the southern Rockall Trough
and Porcupine Sea Bight region lie at the eastern margin afottieeastAtlantic
between the two main north Atlantic gyre systems. The depth rangeadfitheater

coral presence spans water masses consisting of tper dpyer Eastern North
Atlantic Water (ENAW), and below 76800 m, Mediterranean Outflow Water
(MOW). MOW does not penetrate further north than the Porcupine Bank, hence its
presence at the Logachev mound province orstlfreastmargin of Rockall Bank

will likely be patchy(New & SmytheWright 2001, Ullgren & White 2010).arge

scale mean flowslong the eastern Atlantic margin are dominated by the poleward
flowing slope currentcentred between 50800 m, spanning the depth of the
permanent thermoclin@Vhite & Dorschel 201Q)and atime-meananti-cyclonic
recirculationaround the Rockall BanHuthnance 1986) A variety of barotropic

and baroclinic tidal period motions are present at the Rockall and Porcupine
continental margingHuthnance 1986)At the Belgica and Logachev mounds, rear
seabed currents are characterised by bettapped baroclinic motions of diurnal
period (Mienis et al. 2007, White & Dorschel 2010whilst along the western and
northern Porcupine Bank margin, sednirnal tides domiate, again with a

significant baroclinic componefDickson & McCave 1986, Mienist al.2007)
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Depth (m) Coral reef

Figure 4-2: Local ROMS model domains and corresponding bathymet(i&SS data)of the
Logachev (a), Arc (b) and Belgica (c) mound provinces. The horizontal resolution of each chi
is approximately 250 nx 250 m ROV-basel video observations of coraresences (PR) ani
absences (ABare indicated in colar.
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Field observations

Video data were acquired during a CoralFISH cruise (CE10014, Getler2010)

from 15" April to 15" May 2010 employing the Irish Mar Institutés 3000 m

rated ROV Holland I. The vehicle was equipped with three Kongsberg low
definition cameras (vertical, pilot and aft) as well dsravard-facing oblique (45to

the seabedongsberg High Definition video camelaghting was providedy two
forward facing HMI(hydrargyrum mediurarc iodide)lights (60° wickflood beam,
4,750 lumens) ah 8 halogen lamps (250W, 120VNavigation data (ROV
positioning, speed, heading and attitude) was provided by an Inertial Navigation
System (PHINS, IXSE) connected to an external uklsaort baseline sensor
(GAPS, IXSEA).RQOV transects were conducted at an altitude betweenh 2.5 m
above seabed and at a constant speed of ~ 0.6 knots 13/s&8). Observations of
living Lophelia pertusaramework wereannotated in intervals of ~ 5 m and geo
referenced. The field of view of the ROV was roughly 2.% 2.5 m depending on
topography and visibility. Individual observations of coral presence and absence
were imported into ArcGIS 9.3 (ESRI) and joined witkiséing Lophelia pertusa
distribution data derived fronpreviousvideo surveys(Olu-Le Roy et al 2002,
Grehanet al. 2009, Guinan & Leahy 2010The dataverematched with the spatial
resolution of the hydrodynamic model by retaining only one observper grid cell

(250 m x 250 m). This record was coded 1, if coral had been observed and 0, if coral
was absentA total of 132 presence and 253 absence points remained. More detailed

information on dataource igyiven inTable4-1.

Longterm time series of temperature and currents from an autonomous benthic
lander deployment were used for medata comparison €& Table 4-2 for lander

location and deployment detailsCurrent velocity and temperaturdata vere
recorded with a NortekE Aanda Gealprgd SBEcoust |
37smp ConductiviyTemperaturé’ressure (CTD) sensor. Both the current meter

and CTD were mounted at 2 m above the seabed fvee-falling bottom lander

(ALBEX, Duineveldet al.2004)desgned by NIOZ. The lander datat used in this

study was obtained from a deployment at Galway Mound (Belgica province)
covering a total period of 324 days from October 2009 toeBdper 2010. An
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additionaldateset from a mooring deployment at a carbonate mound in the Logachev
province over a period of 45 days from August to September pde et al.
2007)was available to compare observed and medeaeatbottom currents (10 m
above the seabed) with catidns higher up in the water column (150 m above the
seabed).

Table 4-1: Coral records(presenceabsence) obtained from ROV video data in the period

March/April 2010 inthe three study areasupplemented bgdditionally available survey dat@he
depth ranges cdampledoresencendabsence locations amedicated

Data source Logachev Ar c Bel gi ca
Gr eleda n2#l0.9 Preséaidce:
Abseh2e:
Greranadll.0 Pres@ice: Pres@&8nce: Pres8dce:
Absef6e: A b sceeni: 4 Abseh0eé:

Guinan & LecéPresence:

Ol-ue Ray2®#10.2 PreséBbce: Presédabce:
TOTAL PreséBce: Pres@Oce: PresdBce
(507101 4 GnQ (6 0147 41@) (7950 3ny
Absef6e: Absef6e: Abseh6e
(6 1108 110) (6 3107 9) (37vD035 m)

Table 4-2: Descriptionof measurements used for model and data comparison (corresponding model
locations and depttere givenin brackets)

Type Deployment Deployment Bottom Latitude Longitude Reference
period depth depth ®) ®)
(m)
Autonomous 22-09-2010to 845(843) 848 51.4511 -11.7541  Lavalayeet
Lander 08-07-2011 (857)  (51.4527) (-11.7515) al. 2010
Mooring 02-08-2000 to 808 (809) 818 55.6067 -15.46L7 White et al.
15-09-2000 (816) (55.6047) (-15.46) (2007)
Mooring 02-08-2000to 668 (673) 818 55.6067 -15.4617  Whiteet al.
15-09-2000 (816) (55.6047) (-15.46) (2007)

Description and configuration of the ocean model

The D splitexplicit, freesurface Regional Ocean Motef System with grid
refinement (ROMSAGRIF) was applied to obtain local solutions of currents,
temperature and salinity in all three areas for the observation peﬁbmaﬁh T

15" April 2010. ROMS solves the hydrostatic primitive equations using orthbgona
curvilinear coordinates on a staggered Arakaw#ri@ in the horizontal and
stretched terrabollowing coordinates (s levels) in the verticghchepetkin &

McWilliams 2005) ROMS incorporates a modglitting algorithm to separate the
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time scales of batropic and baroclinic processes in combination with an efficient
temporal averaging of the barotropic mode with the benefit of avoiding aliasing of
processes unresolved by the baroclinic mode and maintaining all important
conservation properties at theanse time (Shchepetkin & McWilliams 2005)
Additional algorithms include a thirdrder, upstrearbiased advection scheme and a
nonlocal K-Profile Parameterization (KPP) of sgbd scale vertical mixing
processeg¢Durski et al. 2004) Explicit diffusion aml viscosity was not imposed due

to the capability of the horizontal advection scheme to effectively minimize
numerical noise. Improved formulations of the horizontal pressure gradient force are
an integrated component of ROMS to reduce systematic pregsad&nt errors
associated with abrupt topographic changes alengosdinates(Shchepetkin &
McWilliams 2003) Open boundary conditions are composed of mixed radiation and
nudging terms for the baroclinic mode and the Flather condition to facilitate tidal
forcing for the barotropic mode. ROMS has been successfully applied to study a
wide range of processes associated with steep and abrupt topography from internal
tidal dynamcs at isolated topography (eRjobertsor2006) to larger scale shelf and
slope dyamics (e.g. Oteret al 2008).A setup of two structured model grids was
applied for each sutegion consisting of a local highesolution model domain
(child grid) embedded in a coarser resolution model domain (parent ghd).
ROMS version in this gdy makes use of thewWay grid embedding capability using

the AGRIF (Adaptive Grid Refinement in Fortran) Fortran 90 packBgaveret al.

2006) This procedure has two advantages. First, local processes associated with
complex flowtopography interactio and larger scale processes driven byfiéd
dynamics are both represented in the local solution. Secondly, spatially coherent
open boundary conditions are transferred from the parent to the child grid at each
time step. The horizontal model resolutmirthe individual parent grids is set to 750

m. A spatial refinement factor of three was applied to generate the local child grids
with a horizontal resolution of 250 m. This resolution and embedding ratio was
found to be the best balance between topducapealism and affordable
computational cost. Rengstoet al. (2012) showed that a 250 m resolution is the
minimum requirement to retain the major morphological features of individual

mound provinces in Irish waters. The number of vertidavels is 32everywhere
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with increased resolutiong=ad3,2h0edheur f ac:e
underlying bathymetry for the parent grid in all study regions was taken from the
GEBCOO08 data set3Q arc second resolution, GEBCED09). The multibeam

bathymety for the embedded model domains, proedst® hydrographic standards
(GOTECH, 2002), was extracted from the 100 m version of the Irish National
Seabed Survey (INSS) bathymetry (data download:
http:/jetstream.gsi.ie/iwdds/index.htjnland interpolated to each child grid. The

model bathymetry in each localogel domain isshown in Figure4-2. Forcingand
initialisation fields for temperature, salinity, sea surface elevation, wind stress and
surface fluxes were obtained from monthly WOAOQ5 (World Ocean Atlas 2005) and
COADS (Comprehensive Oce#tmosphere Data Set) climatologies respectively.
Climatologies were used to compensate for the lack of observational data and to
provide spatially consistent bounglaconditions to each parent grid. Open boundary
conditions for tidal forcing with 10 constituents {M5, Np, K, K1, Oy, P, Q1, Mp,

M;) were taken from the OSU (Oregon State University) global inverse tidal solution
TPXO7 (Egbert& Erofeeva2002) staihg from the i' January 2010. The total

simulation time was 1 year for all nested model domains.

4.3. Results

Modeldata comparison

Modd output was compared with tinseries of observed currents at two locations in
the Belgica and Logachev provincespectiely (Table4-2). At the location of the
Belgica deployment, the model simulations covered the full period of the observed
data, whereas August 2000 observations were compared with August 2010 model
results at the_.ogachev deploymentiue to the lack of corresponding direct current
measurements in 201(lime series of twdourly instantaneous currents were
extracted from the model at the locations and depths closest to the lander
deployments Table 4-2). Figure 4-3 showsthe 31 day timeseries for each east (u)

and north (v) velocity component and the corresponding scatter Atdtegachev,

the change in flow orientation from predm@antly crossslope currents near the
seabed to mainly alorgjope southwestward currents higher up in the water column

is visible in both observations and modesults Figure4-3g-h).
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Figure 4-3: Time series of observed and modelled currents at two miogations. At Logachev,
the time series covers the period 6f-131%" August 2000 (observed) and 2010 (modelled).
Belgica, observed and modelled time series start at theApfl 2010. Depth and locations ar
shown in Table4-2.

At Belgica, tle model results also well reproduce the observed -stops
orientation of the near seab#dw (Figure 4-3i). The principal variability, both in
the current records and the model results, is at a diurnal peiilocavpronounced
springneap tidal cycle. Observations and model results generahow a good
agreement in magnitude and timing of the observed flow variability, but the model is
occasionallymisrepresenting observed currents in the afloge direction.This
mismatch is most pronounced at the Logachewadeijoth Figure4-3b) and Belgica
nearseabed Kigure 4-3f) locations. The differences can be partly explained by
remainng deficits of the present model resolution to resolve-$icede seabed
characteristics and, as a consequerice full spectrumof observed neaseabed
dynamics. Anothebias might beintroduced by the barotropic tidal forcing at the

model boundaries. &iations from the real situation may result in inaccurate

Rengstorf (2013) PhD Thesis

82



Chapter4: Linking hydrodynamics and coral occurrences

estimates of the barotropic to baroclinic energy conversion along and across the
continental slopesDespite theseaincertainties the good qualitative and, to large
extent, quantitative agreemenbpides reasonable confidence in the model skill to
capture the principle patterns and phenomena associated with topography induced

benthic dynamics dhe different mound locations.
Benthic currents

Modelled tme-mean horizontal currents averaged over fille 31 day simulation
period (18" April i 15" May 2010) in the bottormost model layer are shown for
each coldwater coral province ifrigure4-4. The overall tendency of the tinmeean

flow in the Logachev regn is alongslope to the southwesFifure 4-4a). Strong
currents with maximum speeds of 0.5 thwithout a characteristic preference of
flow direction are present near major coral mound structures at bottomsdepth
ranging from 600F 1200 m.The most prominent pattern is the asymmetric flow
amplification with the strongest currents occurring downslope of the major mound
axis. In the deeper downslope and shallower upslope regions of the southeastern
Rockall Bank curent s are considerably weaker wi
Modelled timemean currents in the Arc province are generally akloge to the
northwest and appear almost unaffected by the presence of the mound structures.
Current speeds are moderatelgwveted in the central Arc mound region (depth range
6007 800 m) compared to its surroundings, but do not exceed 0.2 (Rigure

4-4b). Similar conditions are found in the Belgica region in the reattern
Porapine Seabight Higure 4-4c). The model simulations predict domainde
maximum speeds of up to 0.3 n within a band of timemean alongslope flow
centred at the 700 m isobath in the northern model area wheeszthimulation of
mound structures is less dense. This constitutes aftiiceamplification relative to

the shallower and deeper areas along the reasitern Porcupine Seabight margin.
However, this relative amplification seems rather associated watlprissence of
numerous channels and gullies than with the dynamical feedback of flow interacting
with individual mounds. Locally enhanced nsaabed residuaturrents over
sloping bottom often indicate the presence of resonantly amplified diurnal tidal

currents. The eastern and sowihstern Rockall Bank slopes and the Irish continental
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margin (NE Porcupine Seabight including the northern Belgica province) have been
previously identified as areas of strongly amplified diurnal tidal currents in excess of
10cm s* and an associated tidally rectified mean figtuthnance 1974, Whitet al.

2007) Tidal amplification along the SW Porcupine slopes (including the Arc mound
province) is comparatively wea@Vhite et al. 2007) and associated neaeabed
mean flowscan be expected to be small. This is confirmed by our model results,
although direct measurements of neaabed currents were not available to validate

modedled currents.
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Figure 4-4: 31 daytime-mean currents (arrows) and current spéaloured contours) in the
Logachev (a), Arc (b) and Belgica (mjound povinces. For better visibilitypnly part of the
Logachev model domain is shown.
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Figure 4-5 showsvariability patternsof the time-meannearseabed circulation over
the full simulaion period in each model domain. It expressed by thdleumann

flow stability B as a measure of the flow variabiliifme-averaged vector velocity)
relative to the mean flo\itime-averaged auent speed)B was calculated from daily

averaged model velocities to eliminate the effect of tidal oscillations.
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Figure 4-5: Normalized flow stability of benthic currents in the Logachev (a), Arc (b) &
Belgica (c) mound prowices. The depth contoumterval is 100 m. For claritpnly part of the

Logachev model domain is shown.
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In general,high meanflow stability B is connected to strong mean currents and is
most pronounced along slope regions where mound duatedt aggregations of
individual mound structures are present. In the Logachev region flow stability is
highest at bottom depths between 600 m and 1000 m, where the strongest currents
are associated with the main giant mound corr{ffigure4-5a). In the Arc province

both mound clusters and individual mound structures are less pronounced and
patterns of mean flow variability near individual mound structures cannot be clearly
separated from surrounding are&sg(re 4-5b). However, high current stability is
again mainly associated with bottom depths where the majority of mound structures
arefound (600 mi 900 m). Stable currents in combination with strong residual flow

in the Belgica province occur in the northern regioften pervaded by small cress
slope channels and gullies. Further south, flow conditions are generally more
variable with the exception of individual mound locations, but without a noticeable
impact on the fi-mound larger scale far field flowrigure4-5c). This is consistent

with observations of steady and relatively strong (11 ¢jnpsleward neabottom

(1000 m) residual currents at the neetdisterrn Porcupinee8bight slope associated

with strong diurnal internal tides (Pingree & LeCann 1990). In the same study,
weaker (25 cm §') and less steady nebottom residual currents were observed in
the southern Porcupine Seabight (PingideeCann, 1990).

Oceanograplirc conditions andcoral occurrences

Nearseabed physical attributes (mean current spegd,Unean upward velocity

Wmean Mean temperaturedan mean salinity Sea) were compared at observed
cold-water coral presence and absence locations and 1000wdnaadground points

inside bottom depths between 600 and 1200Figufe 4-6). Random background
pointswereused o gi ve an overview of the davail
each study arealhe analysis regisents conditions for a specific hydrodynamic
situation (April/May 2010), based on 6 hourly averages obtained &@&h day
simulation period. Pronounced discrepancies between physical attributesd-at

water corallocations were found for current speeddaupward velocity. Mean

current speeds at coral presence locations generally exceed mean values in other

areas. The largest differences occur in the Logachev region where mean current
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speeds at coral presence locations can be a factor of two higheypltah values at
alsence and backgrouhatcations Figure4-6).
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Figure 4-6: Box plotsof 31 day mean nedoottom oceanographic attributes current speeg .
upward velocity (Whean, temperature (Jea) and salinity (§eay) at coral presence (PR), absenc
(AB) and background locations (BG). Region acronyms refer to the Logachev (LOG), Arc (.
and Belgica (BEL) provinces.

The secondary circulation ald-water coralpresence locations at the level of
topography is dominatedy timemean downwelling almost everywherg&he
highest mean downward velocities (up to 6 chasindividual locations) can again

be found in the Logachev regioffrigure 4-6). Corresponding values at coral
presence locations in the Arc and Belgica regidmsiot exceed 1.5 cm'sbut are

yet one order of magnitude hightbian vertical velocities at necoral locationsThe

box plots do not show significant differences between @amdlnoncoral locations

with regard to temperatur@he analysis indicatdswer temperatures arghlinities

at Logachev and Belgica coral presence locations when compared to absence and
random background locationghis tendency of lower temperatures and salinities at
coral presence locatiomsaydevelop as a consequence of amedvertical mixing.

It is important to note that the wide spatial scattering of coral presence, absence and
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background locations complicates a statistically robust comparison and leads to the
suggestion that differences in temperature and salinity are fkely caused by

bottom deptkrelated variations of local regimes at individual coral locations.

Dynamical considerations

We now further examine the probability and spatial distribution of physical
processes developing as a consequence of complextdfmgraphy interactions and
with particular relevance for coldater coral development. This analysis is based on

a spatially explicit assessment of important dynamical scaling parameters in the
Logachev province bysing the simulated model fields (s€able 4-3 and Figure

4-7).

Table 4-3: Description of dynamical scaling parametersl major references.

Dynamical scaling  Description Main references
parameter

N sin(U) Resonantly amplified tidal and tidally Huthnancg1981),White &
rectified flowmay bestrongest in areas Dorschel (2010)

where N sin(U) = n

U/ c Dynamic slope parameter representing Cacchioneet al.(2002),St
the angle of semdliurnal tide internal Laurent &Garrett(2002)
wave propagatin c in relation to the Kunze& Smith(2004)

topographic sl ope
be criticatri(Uicah
orsuperc r i ti cal (U/c

Frt Vertical tidal excursion inverderoude Legg & Klymak (2008)
number indicating linear internal wave
regimes (Ft < 3) or nonlinear wave
regimes where internal hydraulic jumps
canoccur (FFO 3) .

U/N Vertical tidal excursion distanceatge Legg & Klymak (2008)
U/N is a second requirement for high
amplitude hydraulic jumps.

Many parts of the European continental margin exhibit an energetic conversion from
barotropic to baroclinic tidal energy modulated by the presence and shape of
topographic irregularities.This tidal energy conwvsion creates two distinct
baroclinic motions, bottorrapped topographic waves and freely propagating

internal tidegBaines 1974)Freely propagating internal tides exist in the frequency

band f < ¥ < N (f = 1local i nerti al frequ
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buoyancy frequency). The predominant barotropic tidal forcing atlamiddes

originates from the main serdiumal M, tide. Internal tide characteristics are

modified by the bottom slope and are defined bystieo p e p a (Cacoldonee r U/ ¢
et al. 2002, Kunze & Smith 2004)it describes the ratio of the topographic slope

| n"Qto the angle of the internalwaveopp agati on b, defi ned as
v A o Q
o OAI >
VU

Internal wave reflection conditions can be separated into three regsubsritical
reflection of the internal tide at gentle topographic slopes and tramsmissvards
shallowwater (U / <c1), supercritical reflection towards deep water at stlepes
(U / >c1) and critical reflectiorwhere highly energetic internal tides and associated
turbulent mixing are generated localfl) / & .1Fjgure 4-7b showsthe spatial

distribution of U/ dn the Logachev area.The buoyancy frequency

5 e (@)
Q4

was calculated from modelled density fields (g = 9.81smis the gravitational
accelerationg) i s t he \deerfsurtaceeamddettonbdensity at each grid
point, dz is thecorresponding difference afater depth at each grid point is a
typical mean densi)yMost ofthe upper southern Rockall Bankdterdepths < 600
m) exhibit gentle subcritical slop&B / <c1) where local internal tide generation is
highly unlikely. Similar conditions are also found in single areas further downslope.
The bulk of the slope associated with the presence of coral mounds show mostly
critical slopegU/ ¢ & 1) wi tb tontibliteesigmficainty to focahirternal
tide generation and tidal dissipati®upercritical slope@J/ ¢ > 1) are conf
steep flanks of larger mound structures within the depth range- GM0 m.
Supercritical slopes of ridge systems hdgen previously found to support the
formation of nodinear transient internal hydraulic jumps, an energetic process by

which tidal flow over isolated topography generates kamplitude vertical mixing
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(Klymak et al. 2008; Legg & Klymak2008). Two dimasionless parameters are of

particular importance in this context, the tidal excursion inverse Froude number

Q)

O =D
Qh (3

(dh/dx is the horizontal bottom depth variaticem)d the tidal excursion distance
Y
o = (4
0

(U is the maximum barotropic current speed over the full sitionlgeriod at each

grid pointto include effects fothe springneap tidal cycle)According to Legg&
Klymak (2008) nonlinear internal jumps occur at maximum offslope flow and
sufficiently steep topography, so that'Fr 3 and the vertical displacement scale
U/N is much larger than the friction&lottom boundary layer. These conditions
require large flow velocities and weak stratificatiéingure 4-7c and d show the
distribution of these scaling parameters in the Logachev region. Both conditions for
large amplitule hydraulic control are satisfied at a number of locations mainly
associated with larger mound structures. However, this number is significantly less

than the predicted number of locations with steep, supercritical sleigesg4-7b).

In contrast to freely propagating internal waves, wave motions are trapped to the
topography, if their period exceeds theo ¢ a | i nerti al period 27/
tidal currents may bessonantly amplified andn associated tidalkectified residual

flow will form under certain conditions of vertical stratification N and bottom slope

U (Huthnance 1981White 2007 White & Dorschel2010). Trappedubinertial tidal

motions if presentwill be located at the seffoor maximum of Ns i n ( U) , i . e.

maximum resonance frequency:
0O0ET ad (5
Accordingly, the response of the local stratification to theltitbrcing determines

the order of amplificatiomnd can be expressad the minimum resonance periaid
the density oscillatio® /Ns i ng(iUn) ( 9 ) & Moithel 2080)T he term sSi n |
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represents the anglef the baroclinic wave motion to the oriembm of the

continental slope,wits i n( 2) = 1 ( waslogepin tdeiLogacbetvareh acr o
(White & Dorschel, 2010)0Rel at i ve maxi ma of N sin(U)
bottom depth range 6001000 m Figure4-7a). Corresponding minimum resonance

periods in the same depth range would reach relative minima smaller than the
principal diurnal forcing period, thus permitting high amplitude resonant
amplification. This agrees well with the presence of thenglgst mean nedoottom

currents in this depth rangeigure4-4a).

4.4. Discussion and conclusions

In this study, we have carried out hydrodynamic model simulations exploring
oceanographic conditions in threerth-eastAtlantic CWC provinces and linkages
between observed CWC occurrences and properties of oceanographic key attributes
in the bottoramost layers. Despite the fact that our model results represent a specific
hydrodynamic situation within a limited period, pi@usly described oceanographic
settings of CWC occurrences in the Belgica and Logachev provinces are largely
confirmed by this study. Coral presence locations can be linked to dynamic
oceanographic regimes consisting of strong tidal and-m@an currentsand a
secondary circulation of mean downwelling in connection with enhanced vertical
mixing. In the Arc province, this relationship is less definite, perhaps as a
consequence of insufficient spatial model resolution to account for thestakr

and les abundant mound features in this particular region.

Flow-topography interaction coversaade spectrum of processesting on different
temporal and spatial scaleand some of them have been identified as potential
mechanisms of food supply towld-wate coralcommunities. It is present consensus
that the development of coldater corals is largely controlled by the presence of
strong currents supporting a continuous or periodic flux of organic material to coral
and other suspension feeding mound comiesiand preventing smothering
through sediment depositigPorschelet al. 2005, White 2007)important processes
from more complex interactions between currents and topogriquhyde trapped

wave dynamics ankbcal tidal amplification
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Figure 4-7: Dynamic scaling parameterga) Tidal amplification parameter N i n ( 0) ,
internal tide sl ope parameter u/ c, ( ¢ @d)
vertical tidal excursion distance U/N (m).
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