This copy of this thesis has been supplied on condition that anyone who consults it is understood to
recognise that its copyright rests with its author and that no quotation from the thesis and no

information derived from it may be published without the author’s prior consent.






The application of ocean front metrics for understanding habitat

selection by marine predators

by

Kylie Lisa Scales

A thesis submitted to Plymouth University

in partial fulfilment for the degree of

DOCTOR OF PHILOSOPHY

School of Science and Technology

Faculty of Marine Science and Engineering

In collaboration with

Plymouth Marine Laboratory

January 2015
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ABSTRACT

Marine predators such as seabirds, cetaceans, turtles, pinnipeds, sharks and large teleost fish
are essential components of healthy, biologically diverse marine ecosystems. However,
intense anthropogenic pressure on the global ocean is causing rapid and widespread change,
and many predator populations are in decline. Conservation solutions are urgently required,
yet only recently have we begun to comprehend how these animals interact with the vastand
dynamic oceans that they inhabit. A better understanding of the mechanisms that underlie
habitat selection at sea is critical to our knowledge of marine ecosystem functioning, and to

ecologically-sensitive marine spatial planning.

The collection of studies presented in this thesis aims to elucidate the influence of biophysical
coupling at oceanographic fronts - physical interfaces at the transitions between water
masses - on habitat selection by marine predators. High-resolution composite front mapping
via Earth Observation remote sensing is used to provide oceanographic context to several
biologging datasets describing the movements and behaviours of animals at sea. A series of
species-habitat models reveal the influence of mesoscale (10s to 100s of kilometres) thermal
and chlorophyll-a fronts on habitat selection by taxonomically diverse species inhabiting
contrasting ocean regions; northern gannets (Morus bassanus; Celtic Sea), basking sharks
(Cetorhinus maximus; north-east Atlantic), loggerhead turtles (Caretta caretta; Canary

Current), and grey-headed albatrosses (Thalassarche chrysostoma; Southern Ocean).

Original aspects of this work include an exploration of quantitative approaches to
understanding habitat selection using remotely-sensed front metrics; and explicit
investigation of how the biophysical properties of fronts and species-specific foraging ecology
interact to influence associations. Main findings indicate that front metrics, particularly
seasonal indices, are useful predictors of habitat preference across taxa. Moreover, frontal
persistence and spatiotemporal predictability appear to mediate the use of front-associated
foraging habitats, both in shelf seas and in the open oceans. These findings have implications
for marine spatial planning and the design of protected area networks, and may prove useful

in the development of tools supporting spatially dynamic ocean management.
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Introduction

Project Rationale

Understanding oceanographic influences on habitat selection by marine predators such as
seabirds, turtles, cetaceans, pinnipeds, sharks and large teleost fish is a major challenge in
marine ecology. A better comprehension of the ways in which these large vertebrate
predators interact with their oceanic environment is fundamental both to our knowledge of
marine ecosystem functioning (Pauly et al. 1998; Heithaus et al. 2008), and for designing
appropriate management measures for populations of conservation concern (Game et al.
2009; Hooker etal 2011; Maxwell et al. 2013). However, insights into habitat preferences can
be difficult to obtain. Marine predators can range over vast distances, complicating
monitoring of their movements and distributions. Moreover, pelagic environments are highly
dynamic, and interactions between predators, prey and physical processes are complex,

variable and problematic to observe.

Recentinnovations in biologging, “the practice of logging and relaying physical and biological
data using animal-attached tags” (see Hooker et al. 2007; Bograd et al. 2010; Shillinger et al.
2012), Earth Observation remote sensing (Palacios et al. 2006; Priede & Miller 2009;
Grantham et al. 2011) and habitat modelling (Aarts et al. 2008; Wakefield, Phillips &
Matthiopoulos 2009; Warton & Aarts 2013) can generate valuable insights into at-sea habitat
use. Biologging facilitates remote observation of the movements and behaviours of known
individuals moving freely through their natural environment. Remote sensing of
environmental variables from satellite Earth Observation (EO) platforms provides data
describing dynamic oceanographic processes over broad spatial scales, in near real-time. In
conjunction with in-situ studies that elucidate fine-scale interactions between predators, prey
and physical processes (e.g. Cox, Scott & Camphuysen 2013; Scott et al. 2013), these
innovations provide powerful means for improving understanding of the mechanisms

underlying habitat selection by marine predators.



A considerable body of evidence documents associations between marine predators and
mesoscale (10s to 100s of kilometres) or sub-mesoscale (~1 kilometre) oceanographic
features such as fronts (Bost et al. 2009; Scales et al. 2014b), eddies (Godg et al. 2012),
regions of stratification (Scott et al. 2010) and tidal flow fields (Jones et al. 2014). The work
presented in this thesis focuses on associations with ocean fronts - physical interfaces
between water bodies of contrasting properties (i.e. temperature, salinity, density, turbidity,
colour; Belkin, Cornillon & Sherman 2009). Biophysical coupling within these features can
enhance prey accessibility for both planktivorous and piscivorous predators, leading to the
propagation of pelagic foraging hotspots (Le Fevre 1986; Franks 1992b; Graham, Pages &

Hamner 2001; Genin et al. 2005; Simpson & Sharples 2012).

Satellite remote sensing algorithms enable automatic and objective detection of the locations,
properties and dynamics of fronts, improving methods for identification of biophysical
hotspots. Fronts can be detected in remotely-sensed imagery as ‘edges’ that delineate
boundaries between contrasting water masses, most usually through the use of the gradient
method or local-regional histogram analysis (Cayula & Cornillon 1992). The gradient method
derives a simple metric describing the 2-dimensional gradient in SST across image pixels,
which can then be processed into composites that show only strong gradients (Belkin &
Gordon 1996). The Canny algorithm (Canny 1986) identifies pixels in which temperature
gradient is greater than a user-defined threshold (Castelao et al. 2006). However, these
methods rely on significant smoothing of the SST field, and produce a continuous output
variable rather than a precise front location. Moreover, smoother thermal transitions may

not be detected (Cayula & Cornillon 1992).

Single-image edge detection (SIED; Cayula & Cornillon 1992) applies histogram analysis on a
series of overlapping windows over a satellite image. Histograms of SST or other detected
properties are bimodal when a front is present. The statistical relevance of each front

determined from the relative shapes of these histograms, and the spatial cohesion of

2



temperature fields is tested before pixels are flagged along the transition marking the front at
the surface. SST gradient is then used to join isolated pixels into coherent frontal structures,
using a contour-following regime (Cayula et al. 1991; Cayula & Cornillon 1992; Ullmann &
Cornillon 2000). SIED is a robust and objective technique for characterising frontal
structures, and its utility has been validated widely (see Kahru, Hikansson & Rud 1995;
Ullmann & Cornillon 2000; Ullman, Cornillon & Shan 2007; Belkin, Cornillon & Sherman

2009).

Extensions of SIED enable visualisation of frontal dynamics over a sequence of images.
Conventional compositing has relied on averaging of cloud-free values (e.g. Vasquez et al.
1994) or identification of clusters of fronts in an image sequence (e.g. Podesta, Browder &
Hoey 1993), but this can mask spatiotemporal dynamics. Composite front mapping
combines all cloud-free values of location, persistence and strength of all fronts detected over
several days into a single synoptic chart (Miller 2009). A clustering algorithm simplifies
multiple edges detected in image sequences into a single line for each frontal system. A set of
quantitative front metrics (i.e. fdens, front density; gdens, frontal gradient density; fdist,
distance to closest front; fside, warm or cold side; ffreq, front frequency) can be derived and
time-matched with biologging datasets to inform habitat modelling, a major advantage of this

technique over alternatives.

Composite front mapping techniques were adopted for this thesis, owing to these advantages
and previous successful application for studying habitat selection by marine predators (e.g.
Priede & Miller 2009). Rather than implementing and comparing the results of alternative
front detection algorithms, this approach allowed for greater effort to be spent on
applications of satellite front maps in modelling marine predator habitat selection. The
studies presented in this thesis seek to integrate front detection and biologging techniques; to

investigate the utility of remotely-sensed front metrics as environmental proxies in species-



habitat modelling, and, more broadly, to generate further insight into the ecological

significance of fronts for marine predators.

Aims
The major aims of this thesis are:

— to explore methods for the integrated use of animal tracking and remotely-sensed
oceanographic data in quantitative investigations of habitat selection by marine
predators.

— to elucidate associations between a range of marine predators and mesoscale fronts
using remotely-sensed front metrics, and assess the utility of these metrics for this
purpose.

— toconsider implications for marine conservation planning and anthropogenic threat

management.

Thesis Structure

This thesis is comprised of a series of chapters, each written as a stand-alone research paper.
Each chapter can be considered in isolation, but the thesis is structured so as to present a
coherent package of work focused on the ecological significance of ocean fronts across taxa.
All appropriate copyright permissions regarding the inclusion of published works as chapters

in this thesis have been obtained from respective publishers.

The literature review presented in chapter one provides as an introduction to the subject,
synthesising current understanding of associations between marine predators and fronts
from a global perspective. Taxon-specific investigations presented in chapters three to six
have each been developed explicitly to advance understanding of the physical drivers of
habitat selection by the focal species, based upon an assessment of the current literature in

each taxon-specific sub-field.



Each of these taxon-specific chapters has been prepared in collaboration with data-providing
partners at external research institutes, increasing the scope of this work through enabling
the inclusion of a diverse set of model species tracked using different biologging technologies
in contrasting ocean domains. Short summaries below highlight the main features and novel
aspects of each chapter. Combined, these studies make a considerable original contribution to
current understanding of oceanographic influences on habitat selection by marine predators,
particularly with respect to the significance of mesoscale (10s to 100s of kilometres) frontal

systems.

Chapter one presents a review of documented associations between marine predators and
fronts, synthesising several decades of scientific literature to discuss the cross-taxa ecological
importance of these oceanographic features. The first section highlights notable examples of
associations documented in different oceanographic domains, ranging from ocean-basin scale
to sub-mesoscale features, and from shelf seas to the open oceans. The influence of taxon-
specific aspects of foraging ecology are discussed. The chapter then explores the key common
biophysical characteristics of fronts that are known to attract foraging predators. Both of

these themes are further explored in subsequent chapters.

The second part of this review discusses the potential role of frontal zones, here defined as
regions of frequent mesoscale frontal activity, as priority at-sea conservation areas for marine
predators. First, the role of frontal zones as regions of overlap between potentially critical
habitats and spatially-explicit anthropogenic threatis considered. Second, recommendations
are made regarding the role of EO remote sensing for identifying, monitoring and managing

priority conservation areas, with specific reference to spatially dynamic ocean management.

This chapter was published as a review article in Journal of Applied Ecology in September

2014 as:



Scales, K.L., Miller, P.I., Hawkes, L.A., Ingram, S.N., Sims, D.W. and Votier, S.C. (2014) On the
Front Line: frontal zones as priority at-sea conservation areas for mobile marine vertebrates.

Journal of Applied Ecology 51(6), 1575 - 1583. doi: 10.1111/1365-2664.12330

Chapter two presents the results of an investigation into the physical drivers of foraging
habitat selection in a piscivorous marine predator, the northern gannet Morus bassanus. High-
resolution GPS tracking was used to obtain detailed information on the movements of chick-
rearing adults from a breeding colony in the Celtic Sea. Front metrics derived from
composite front maps identified thermal and chlorophyll-a fronts occurring over two
spatiotemporal scales, (i) mesoscale fronts contemporaneous to birds as they overflew the
seascape and (ii) broad-scale regions of frequent front manifestation over the breeding
season, termed persistent frontal zones. Main findings indicate that birds preferentially target
foraging effort within these spatially predictable, persistent frontal zones - a novel result
which suggests thatlearning and memory strongly influence foraging decisions in this species.
This chapter is progressive in its methodological approach, and provides proof-of-concept
that remotely-sensed front metrics are a useful tool for modelling habitat preference of

piscivorous marine predators.

This chapter was published in Journal of the Royal Society Interface in August 2014 as:
Scales, K.L., Miller, P.I, Embling, C.B., Ingram, S.N., Pirotta, E. and Votier, S.C. (2014) Mesoscale
fronts as foraging habitats: composite front mapping reveals oceanographic drivers of habitat
use for a pelagic seabird. Journal of the Royal Society Interface 11, 20140679.

doi: 10.1098/rsif.2014.0679

Chapter three investigates associations between the planktivorous basking shark Cetorhinus
maximus and thermal and chl-a fronts in the northeast Atlantic. Sharks were tracked over
timescales of weeks to months during the regional surface sightings seasons (May -

November) of 2001 and 2002, using fin-mounted Pop-up Satellite Archival Tags (PSATSs).
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Space use of tracked sharks (n=7) was compared to correlated random walk simulations
(n=7000; 1000 per tracked individual), using Generalised Linear Mixed Modelling (GLMM)
with iterative sub-sampling to account for serial autocorrelation. This analysis makes a
substantial methodological contribution to the field - associations between basking sharks
and tidal-mixing fronts had been previously observed in the region (Sims & Quayle 1998), but
their significance never quantified. This work reveals associations between basking sharks
and contemporaneous fronts, and also documents preferences for persistent frontal zones.
Novel aspects of this chapter include explicit investigation of the influence of temporal
persistence and cross-frontal gradient magnitude on associations between basking sharks and
thermal fronts, confirming that sharks are more likely to be found in association with strong,

persistent fronts than more ephemeral features.

This chapter was published in Functional Ecology in March 2015 as:
Scales, K.L*,, Miller, P.L.*, Ingram, S.N., Southall, E.J., and Sims, D.W. (*Joint First Authors)
Basking sharks and oceanographic fronts: quantifying associations in the north-east Atlantic.

Functional Ecology, In Press. doi: 10.1111/1365-2435.12423

Chapter four focuses on habitat preferences of loggerhead turtles Caretta caretta inhabiting
the Canary Current Large Marine Ecosystem (LME), a major eastern boundary upwelling
system off north-western Africa. Adult females (n=12) were tracked from a population
nesting at Boa Vista, Cape Verde, using Argos-Platform Terminal Transmitter (PTT)
technology, between 2004 and 2009. Previous work using this tracking dataset has
discovered a foraging dichotomy within this population, challenging the accepted view that
adult loggerheads forage exclusively in the neritic zone (<500m depth) and identifying a
significant number of individuals that maintain an oceanic foraging strategy into adulthood
(Hawkes et al. 2006). As epipelagic (near-surface) foragers, oceanic loggerheads represent an
interesting model organism for investigation of the influence of surface fronts on foraging

habitat selection in marine turtles. This chapter investigates the physical drivers of habitat
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selection in a novel oceanographic context for this species, and explores methods for robust
enumeration of environmental influences on animal movements observed using Argos-PTT
technologies.

This chapter was published in Marine Ecology Progress Series in January 2015 as:

Scales, K.L., Miller, P.I, Varo-Cruz, N., Hodgson, D.]., Hawkes, L.A. and Godley, B.J. (2014)
Oceanic loggerhead turtles associate with oceanographic fronts: evidence from the Canary
Current Large Marine Ecosystem. Marine Ecology Progress Series 519, 195-207.

doi: 10.3354/meps11075

Chapter five presents results of an ensemble ecological niche model (EENM) investigating
foraging habitat selection by the grey-headed albatross Thalassarche chrysostoma. This
approach combines outputs of multiple modelling algorithms into an EENM to identify
suitable habitats based on combinations of environmental parameters. Adult birds (n=55)
were tracked from the breeding colony at Bird Island, South Georgia during the brood-guard
stage of the chick-rearing period, using a combination of GPS and geolocation-immersion
loggers to record at-sea behaviours. High-resolution sea surface temperature (SST),
chlorophyll-g, front frequency and depth data were used to identify oceanographic conditions
characterising the locations of foraging events. These presences were statistically compared
to sets of pseudo-absences sampled at random from within the region accessible to foraging
birds. Model results were then projected to identify potentially suitable foraging conditions
within this accessible range. This chapter explicitly investigates the importance of the
Antarctic Polar Frontal Zone (APFZ) to this population, and explores key considerations for

the use of EENM in characterising preferred foraging habitats of highly mobile species.

Chapter six is a general discussion of key themes running throughout this thesis. The first
section synthesises findings of other chapters, summarising main conclusions and
recommendations. The second section examines methodological approaches to linking

animal movements with environmental conditions in dynamic marine systems. The final
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section of this chapter then discusses wider implications of research presented in this thesis,
and how techniques might support the development of conservation and management

strategies for marine predator populations.

Summary of collaborator contributions

Chapter] On the Front Line: frontal zones as priority at-sea conservation areas for mobile
marine vertebrates
Kylie L. SCALES, Peter I. MILLER, Lucy A. HAWKES, Simon N. INGRAM,

David W. SIMS & Stephen C. VOTIER
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of Dr. P.I. Miller (Plymouth Marine Laboratory), Dr. S.N. Ingram (University of Plymouth) and
Prof. D.W. Sims (Marine Biological Association/University of Southampton). Each of these
authors provided comments on manuscript drafts. Additional comments and suggestions
were provided by Dr. S.C. Votier (University of Exeter) and Dr. L.A. Hawkes (University of
Exeter). Dr. S.C. Votier made the most substantial input to the final draft (disucssions, plus
several sets of comments), and so is listed as last author on the published paper. This chapter

was published as a review article in the Journal of Applied Ecology in September 2014.

Chapter Il Mesoscale fronts as foraging habitats: composite front mapping reveals
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ChapterI

On the Front Line: frontal zones as priority at-sea conservation areas for

mobile marine vertebrates

This chapter has been published as:

Scales, K.L., Miller, P.I., Hawkes, L.A., Ingram, S.N., Sims, D.W. and Votier, S.C. (2014) On the
Front Line: frontal zones as priority at-sea conservation areas for mobile marine vertebrates.
Journal of Applied Ecology 51(6), 1575 - 1583. doi: 10.1111/1365-2664.12330

This article is reproduced in this thesis under a special license from the copyright holder.
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ABSTRACT

Identifying priority areas for marine vertebrate conservation is complex because species of
conservation concern are highly mobile, inhabit dynamic habitats and are difficult to monitor.
Many marine vertebrates are known to associate with oceanographic fronts - physical
interfaces at the transition between water masses - for foraging and migration, making them
important candidate sites for conservation. Here, we review associations between marine
vertebrates and fronts and how they vary with scale, regional oceanography, and foraging
ecology. Accessibility, spatiotemporal predictability, and relative productivity of front-
associated foraging habitats are key aspects of their ecological importance. Predictable meso-
scale (10s-100s km) regions of persistent frontal activity (frontal zones) are particularly
significant. Frontal zones are also hotspots of overlap between critical habitat and spatially
explicit anthropogenic threats, such as the concentration of fisheries activity. As such, they
represent tractable conservation units, in which to target measures for threat mitigation.
Front mapping via Earth Observation (EO) remote sensing facilitates identification and
monitoring of these hotspots of vulnerability. Seasonal or climatological products can locate
biophysical hotspots, while near real-time front mapping augments the suite of tools
supporting spatially dynamic ocean management. These insights are useful for marine spatial
planning and marine biodiversity conservation, both within Exclusive Economic Zones and in

the open oceans.
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1.1 Introduction

Accommodating the conservation needs of large marine vertebrates such as seabirds, turtles,
cetaceans, pinnipeds, sharks, and teleosts (e.g. tunas, billfish, sunfish) is a major challenge in
marine management. These apex predators fulfil critical roles in ecosystem functioning
(Heithaus et al. 2008), but are currently afforded only cursory or inadequate protection,
particularly in the open oceans (Game et al. 2009). The combined effects of anthropogenic
stressors (e.g. habitat degradation, overexploitation, fisheries bycatch and climate variability)
are negatively impacting marine vertebrate populations (Halpern et al. 2008; Maxwell et al.
2013; Lewison etal. 2014), and in some cases resulting in dramatic declines (e.g. rockfishes,
Ralston 2002; seabirds, Croxall et al. 2012). However, effective conservation is problematic.
Large marine vertebrates are highly mobile, ranging great distances over the course of their
lives. For example, many migrate across entire ocean basins (e.g. leatherback turtle,
Dermochelys coriacea, Shillinger et al. 2008; Arctic tern, Sterna paradisea, Egevangetal. 2010;
humpback whale, Megaptera novaeangliae, Robbins et al. 2011), epitomising the problems of
conserving a moving target (Singh & Milner-Gulland 2011). Furthermore, the formation and
propagation of pelagic foraging habitats is a function of complex oceanographic dynamics (see
Hazen et al. 2013a), so habitat in the marine context does not always refer to fixed
geographical space, but preferentially-used areas that may shift. Understanding how
oceanographic processes influence marine vertebrate distributions is, therefore, crucial for

effective conservation (Hooker et al. 2011).

Oceanographic conditions drive spatial structuring of predator abundance and diversity
across the oceans. At a global scale, marine biodiversity is regulated by sea surface
temperature, with diversity maxima occurring at mid-latitudes (Worm et al. 2005; Tittensor
etal. 2010). Atan ocean-basin scale, diversity is highest in productive zones associated with
major water-mass transitions, currents, upwellings, and bathymetric features (Chavez &
Messié 2009). Within these productive regions, meso- (10s - 100s km) and sub-mesoscale

(~1km) oceanographic dynamics lead to the formation of ecologically significant features
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such as fronts and eddies (see Godg et al. 2012). Here, we focus on fronts - physical interfaces
between water bodies that manifest as steep gradients in temperature, salinity, density,
turbidity or colour (Belkin, Cornillon & Sherman 2009) - as important habitats for mobile

marine vertebrates

Bio-physical coupling at fronts can lead to the formation of pelagic foraging hotspots. Mixing
and nutrient retention enhance primary productivity (Traganza, Redalije & Garwood 1987;
Franks 1992a) while plankton and small nekton may become entrained in convergent surface
flow (Le Fevre 1986; Franks 1992b; Genin et al. 2005). Convergences aggregate zooplankton
advected from surrounding water masses, driving bottom-up processes across multiple
trophiclevels up to apex predators (Graham, Pages & Hamner 2001; Bakun 2006). However,
the productivity and degree of bio-aggregation along fronts varies according to physical
characteristics such as spatiotemporal variability, gradient magnitude, type of front and
properties of the surrounding water masses (Le Fevre 1986). Therefore a holistic
understanding of how biophysical mechanisms interact to influence the degree of bio-

aggregation at fronts, and their subsequent attractiveness to top predators, remains elusive.

A taxonomically diverse array of marine vertebrates have been shown to associate with
fronts, and the scale, nature and significance of these associations to vary according to
regional oceanography and taxon-specific life history characteristics. Ecologically significant
features can range from ocean-basin scale, persistent frontal zones to fine-scale, ephemeral
features in shelf seas (Le Fevre 1986; Belkin, Cornillon & Sherman 2009). Here, we review
current understanding of associations between high trophic-level marine vertebrates and
fronts, selecting key examples from contrasting oceanographic regions, and highlighting
important biophysical characteristics of ecologically-significant frontal zones. We discuss
implications for management and conservation, including overlap with anthropogenic threat,
and highlight the potential role of front mapping via EO Remote Sensing to inform threat
mitigation.
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1.2 Ecological Importance of Frontal Zones

The mechanisms linking physical processes, prey dynamics and top predator foraging are
complex and scale-dependent (Fauchald 2009). Understanding these mechanisms is crucial
to understanding what makes front-associated foraging opportunities attractive to high
trophic-level consumers. Use of frontal zones is mediated bottom-up by the spatial scale,
persistence and biophysical properties of fronts, and top-down by aspects of foraging ecology,
including life history mode (true pelagics vs. central-place foragers), physiological constraints
(e.g.thermal range, diving capability), trophiclevel (planktivores vs piscivores), foraging guild
(near-surface vs. sub-surface), foraging plasticity, ontogenetic stage, and whether foraging is
opportunistic or mediated by learning and memory (Vilchis, Ballance & Fiedler 2006). Here,
we review current literature documenting associations between marine vertebrates and
fronts occurring over a range of scales, discussing key examples from contrasting

oceanographic regions.

OCEAN-BASIN SCALE (1000s kms)

Ocean-basin scale regions of intense mesoscale dynamics, such as those associated with the
major water mass transitions discussed below, are ecologically significant features in the
largely oligotrophic open oceans (Belkin, Cornillon & Sherman 2009). These regions are

important foraging and migration habitats for pelagic marine vertebrates (Tittensor et al

2010).

North Pacific Transition Zone (NPTZ) This highly dynamic region delineates the boundary
between warm, oligotrophic subtropical gyres and cold, productive subarctic gyres, and is a
marine biodiversity hotspot of global significance (Sydeman et al. 2006). Numerous marine
vertebrates with contrasting life histories preferentially use areas of the NPTZ, including
elephant seals Mirounga angustirostris, salmon shark Lamna ditropis and blue shark Prionace
glauca, bluefin Thunnus thynnus and albacore tunas Thunnus alalunga, Laysan Phoebastria
immutabilis and black-footed albatrosses P. nigripes, and loggerhead Caretta caretta and olive
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ridley turtles Lepidochelys olivacea (Polovina et al. 2004; Kappes etal. 2010; Block et al. 2011;

Robinson et al. 2012).

The NPTZ encompasses the Transition Zone Chlorophyll Front (TZCF), a surface convergence
that extends over 8000km (Polovina et al. 2001). While the wider NPTZ is predictable at
broad scales, the position of the TZCF is strongly influenced by climate (Kappes et al. 2010),
leading to spatial variability in foraging associations. Some near-surface foragers, such as
loggerhead turtles, can track the southward movement of the TZCF in winter (Howell et al.
2010). Other taxa constrained to a central place, such as albatrosses breeding on the
Hawaiian Islands, have experienced reproductive failure as a result of spatial deviation
(Kappes et al. 2010). In contrast, elephant seals, which forage along the sub-surface thermal
boundary between gyres (Robinson et al. 2012), remain unaffected by the movement of

surface features.

Equatorial Front (EF) Manifesting between the Equatorial upwelling to the South and
warmer tropical waters to the North, the EF is a prominent feature of the tropical Eastern
Pacific, characterised by steep gradients in temperature, salinity and nutrients (see Ballance,
Pitman & Fiedler 2006). Planktivorous seabirds associate strongly with the semi-permanent
EF, which entrains zooplankton in surface layers (Spear, Ballance & Ainley 2001). However,
seabird densities observed were found to be closely coupled with climate-driven variability in
frontal intensity, defined as the tightening of SST contours over a latitudinal section (front
width; Spear, Balance & Ainley 2001). A significantinteraction between season and phase of
the El Nifio Southern Oscillation (ENSO) was shown to influence planktivorous seabird

densities, with greater numbers encountered during Autumn in the La Nifia phase of ENSO.

Southern Ocean frontal zones The major frontal zones of the Southern Ocean determine the
distributions of pelagic prey species in the region (Rodhouse & Boyle 2010). A range of
marine predators utilise the southern boundary of the Antarctic Circumpolar Current (ACC),
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the subtropical front and the Subantarctic front (see Bost et al. 2009; Santora & Veit 2013).
Penguins, albatrosses and seals travel from distant breeding colonies to forage along the
subtropical and Polar fronts (Xavier et al. 2003; Bailleul et al. 2007; Scheffer, Bost & Trathan
2012). Although distant from land, Southern Ocean frontal zones provide suitable foraging
conditions for both near-surface and deep-diving foragers, but are accessible only to those

species with the capacity to navigate across oceanic seascapes.

MESOSCALE (10s - 100s kms) TO SUB-MESOSCALE (~1km)

Mesoscale and sub-mesoscale processes drive front formation within large-scale transition
zones and in regions associated with currents, upwellings and bathymetric features, and
appear to be of particular ecological importance. For example, hotspots of predatory fish
diversity (tuna, billfish) are associated with mesoscale fronts within warm waters (~25°C)

across all the major ocean basins (Worm et al. 2005).

Major currents Bio-aggregating thermal, colour and density fronts frequently form along the
boundaries of major current systems (Fig. 1.1). Seabirds and neonate sea turtles associate
strongly with fronts and eddies formed along the Gulf Stream (Haney 1986a; Witherington
2002; Thorne & Read 2013), and the Kuroshio current (Polovina et al. 2006). The peripheries
of frontal eddies formed along these currents are also of ecological significance (Haney 1986b;

Bailleul, Cotté & Guinet 2010; Godg et al. 2012).

Upwelling fronts Major Eastern boundary upwellings (e.g. Canary Current, Benguela Current,
California Current, Humboldt Current) are hotspots of marine biodiversity (Chavez & Messié
2009) characterised by intense surface frontal activity. Mesoscale thermal and colour fronts
mark the interface between cool, nutrient-rich upwelled water and warmer oligotrophic
waters further offshore. Bio-aggregation in upwelling-driven frontal structures attracts
foragers from diverse foraging guilds (see Nur etal. 2011; Sabarros et al. 2013). For example,
strong associations have been documented between cetaceans (Tynan et al. 2005), seabirds
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(Ainley et al. 2009) and upwelling fronts in the California Current. Similarly, coastal
upwelling creates a persistent multiple trophic-level hotspot off Baja California, within which
bio-aggregating thermal fronts are utilised by sub-surface predators such as blue whales
Balaenoptera musculus, green Chelonia mydas and loggerhead turtles (Etnoyer et al. 2006;

Wingfield et al. 2011).

Strong convergent fronts also manifest at the peripheries of upwelling shadows, where water
upwelled offshore meets coastal water masses sheltered by coastline irregularities (Chavez &
Messié 2009). Large upwelling shadows in the Southern California Bight (Fiedler & Bernard
1987; Hunt Jr & Schneider 1987) and off Southern Peru (Acha et al. 2004) are known
hotspots. However, upwelling intensity is often seasonal, varying under climatic and
oceanographic influence, affecting the predictability of foraging opportunities in these regions

(Thompson et al. 2012).

Shelf edge frontal zones Shelf-edge systems - at the transitions between the abyssal oceans
and shelf seas - are zones of intense mixing, resulting in the manifestation of strong
thermohaline fronts. Nutrient enrichment in shelf-edge fronts enhances primary production,
attracting grazers such as copepodes, fish larvae and planktivorous fish, and their predators
(Le Fevre 1986). For example, the Celtic Sea shelf-edge is an important over-wintering
habitat for basking sharks Cetorhinus maximus (Sims et al. 2003). Both surface-feeding and
diving seabirds aggregate along shelf-edge fronts (Skov & Durinck 1998). Downwelling shelf
slopes, such as those found at the Mid Atlantic Bight (Ryan, Yoder & Cornillon 1999) and at
the margins of the Bering Sea (Springer, McRoy & Flint 1996), are important seabird foraging
areas. Shelf-edge fronts can also be significant habitat features for cetaceans, including deep-
diving species that prey on squid and fish (Baumgartner 1997; Waring et al. 2001), rorquals

(Azzellino et al. 2008) and some delphinids (Davis et al. 1998).
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Mid-ocean bathymetrically-induced frontal zones Mid-ocean bathymetric features generate
persistent fronts that can produce predictable foraging grounds. For example, the interaction
of the North Atlantic Current with the Mid-Atlantic Ridge around the Charlie-Gibbs Fracture
Zone (CGFZ) generates intense mesoscale frontal activity (Miller, Read & Dale 2013),
attracting surface and near-surface foraging seabirds (Egevang et al. 2010; Frederiksen et al.
2012; Edwards et al. 2013). Piscivorous dolphins and whales also feed on mesopelagic fish

and squid in this area (Dokszeter et al. 2008; Skov et al. 2008).
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Figure 1.1 Front mapping via EO Remote Sensing. Example imagery: seasonal front frequency
map, N. Atlantic (percent time a front detected in each 1km pixel during spring, March-May).
Regions of frequent mesoscale frontal activity along the North Atlantic Current are
highlighted, including that associated with the Charlie Gibbs Fracture Zone. Useful as part of
a suite of tools for locating priority conservation areas through identifying potential
biophysical hotspots of significance to marine vertebrates, and their dynamics through time.
Derived from merged microwave and infrared SST data, 2006-2011. Reproduced, with
permission, from Miller et al. (2013).
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Shelf-sea tidal mixing fronts Tidal mixing fronts manifest in shelf seas between well-mixed
and stratified waters (Pingree & Griffiths 1978). Nutrient retention and enhanced vertical
mixing enhance seasonal phytoplankton production (Pingree 1975; Franks 1992a), attracting
both pelagic and neritic foragers. For example, basking sharks forage for zooplankton at
small-scale tidal fronts in UK waters (Sims & Quayle 1998), with sightings clustered around
slicks indicative of convergent flow. Likewise, planktivorous ocean sunfish Mola mola are
frequently encountered near fronts (Sims & Southall 2002). Similarly strong associations
have been observed between rorquals and tidal fronts in the Gulf of St. Lawrence (Doniol-
Valcroze et al. 2007). On the European Continental Shelf, piscivorous cetaceans use both
seasonally persistent, mesoscale tidal mixing fronts (Goold 1998; Weir & O’Brien 2000) and
finer-scale fronts that manifest in tidal inlets (Pirotta et al. 2013). In addition, numerous
seabirds forage around mid-shelf fronts (Haney & McGillivary 1985; Hamer et al. 2009; Dean
etal. 2013), sometimes in Multi-Species Foraging Associations (MSFAs; Camphuysen, Scott &
Wanless 2006). Surface and near-surface foraging birds are frequently observed near
convergent fronts (Durazo, Harrison & Hill 1998; Hunt Jr et al. 1999), whereas sub-surface
foragers tend to associate with strong, vertically-structured fronts (Decker & Hunt Jr 1996;

Begg & Reid 1997).

Tidal-topographic fronts In neritic waters, tidal-topographic interactions generate fine scale
yet strongly bio-aggregating fronts (Le Fevre 1986). For example, ‘island wake’ effects lead to
the development of surface convergences and eddies (Wolanski & Hamner 1988). Marine
mammals (Johnston & Read 2007) and surface-foraging seabirds (Schneider 1990) associate
with island wake fronts. Similarly, offshore banks can initiate front development, increasing
prey accessibility in surface layers (Stevick et al. 2008). Tidal-topographic fronts over banks
can cause the formation of sub-surface chlorophyll maxima (Franks 1992a), which are
significant foraging areas for some diving predators (Scott et al. 2010). Tidal-topographic
fronts are highly predictable, and may be especially important for central-place marine
vertebrates. However, at very fine scales (<1km), other sub-surface physical processes may
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mediate predator foraging over bank systems (Scott et al. 2010; Cox, Scott & Camphuysen

2013).

Estuarine plume and tidal intrusion fronts Estuarine plume fronts are formed by
interactions between tidal processes and river outflow. Entrainment of zooplankton (Govoni
& Grimes 1992) attracts forage fish (Kaltenberg, Emmett & Benoit-Bird 2010), making plume
fronts significant nearshore foraging features. Large aggregations of piscivorous seabirds
have been documented around estuarine plume fronts (Skov & Prins 2001; Zamon, Phillips &

Guy 2013).

KEY BIOPHYSICAL CHARACTERISTICS OF ECOLOGICALLY-SIGNIFICANT FRONTAL ZONES
Currentunderstanding indicates that accessibility, spatio-temporal predictability and relative
productivity are central to the ecological importance of frontal zones (Hunt Jr et al. 1999;
Weimerskirch 2007). These insights are useful in predicting which taxa are likely to
aggregate at frontal zones in different oceanographic regions, enhancing understanding of
pelagic ecosystem function and identifying important at-sea habitats. For example, itis clear
that large-scale frontal zones in the open oceans are often highly productive and persistent,
and so predictable, yet only really accessible to oceanic species and far-ranging central-place
foragers (Bost et al. 2009; Tittensor et al. 2010). Predictable, productive mesoscale frontal
zones associated with bathymetric features, currents and major upwellings attract marine
vertebrates from diverse foraging guilds in contrasting oceanographic regions (Chavez &
Messié 2009; Block et al. 2011). Persistent shelf-sea tidal mixing and tidal-topographic fronts
create predictable foraging opportunities, accessible to coastal species such as colonial
seabirds and some cetaceans. Recent work in the Celtic Sea highlights temporal persistence
as a key component of frontal zones used as foraging features for a piscivorous seabird (Scales

et al. 2014a), presumably as persistence enhances both productivity and predictability.
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The literature documenting associations between marine vertebrates and fronts has yielded
valuable insights, yet many questions remain. For example, despite the implicit assumption
that fronts generate suitable foraging conditions, the mechanisms linking physical processes
and prey dynamics are not well understood (but see Cox, Scott & Camphuysen 2013). In
many cases, it remains unclear how habitat utilisation changes through the annual cycle,
through ontogenetic development and life cycle stages (i.e. breeding, migration; but see e.g.
Votieretal 2011). In addition, little is known about the ways in which many species perceive
and respond to environmental cues (but see Nevitt & Bonadonna 2005; Tew Kai et al. 2009;
Votier et al. 2013; Tremblay et al. 2014). Moreover, it is important to determine whether
fronts are significant foraging features at the population level. This has notyetbeen achieved,
to our knowledge, but is possible through estimation of the proportion of a population using a
frontal zone, or the spatial range over which animals are attracted. Future work should

address these questions, improving capacity to locate ecologically-significant features.

1.3 Frontal Zones as Priority Conservation Areas

HOTSPOTS OF ANTHROPOGENIC THREAT

Frontal zones appear to be hotspots of overlap between potentially critical at-sea habitats and
spatially-explicit anthropogenic threat (e.g. fisheries), particularly in the coastal zone
(Halpern et al. 2008). The major fisheries threats to marine vertebrates are bycatch (Gilman
et al. 2008; Anderson et al. 2011; Zydelis, Small & French 2013; Lewison et al. 2014) and
competition for resources (e.g. Bertrand et al. 2012). Comprehensive data are difficult to
obtain, but industrialised fisheries, particularly pelagic long-lining fleets, target persistent
frontal zones (Podest3, Browder & Hoey 1993; Hartog et al. 2011), generating significant risk
of conflict with other apex consumers. Spatial overlap is particularly pronounced within the
coastal zone, along shelf breaks and in upwelling regions (Halpern et al. 2008; Lewison et al.
2014), especially those around Africa and South America (Zeeberg, Corten & de Graaf 2006;
Pichegru et al. 2009). Within these regions, frontal zones are logical areas in which to focus

measures for mitigation of fisheries threat. In addition, convergent fronts can concentrate
25



Chapter I

pollutants and floating debris such as oil and plastics, potentially increasing exposure of
marine vertebrates aggregating to forage (Bourne & Clark 1984; Gonzalez Carman et al

2014).

On the continental shelf, the expansion of marine renewable energy installations (MREI) has
the potential for direct and indirect effects on marine vertebrates (Inger et al. 2009; Grecian et
al. 2010; Scott et al. 2014). MREIs that rely on tidal flow are likely to be concentrated in the
vicinity of hydrographically-dynamic tidal mixing fronts (Miller & Christodoulou 2014),
altering habitat dynamics and displacing foraging effort. These impacts may be particularly
pronounced for coastal central-place foragers (Scott et al. 2014). While more research is
needed to determine if MREIs have population-level effects, marine spatial planning can be

improved by identification of vulnerability hotspots.

FRONT MAPPING TO IDENTIFY PRIORITY CONSERVATION AREAS

Technological innovations in remote sensing, biologging, autonomous marine vehicles and
vessel monitoring hold promise for identification of priority conservation areas (Palacios et al.
2006; Grantham et al. 2011; Miller & Christodoulou 2014) and spatially dynamic, near real-
time threat management (Hobday et al. 2014). Front mapping via EO Remote Sensing (Fig.
1.1; Miller 2009) enables high-resolution, automated detection of frontal zones anywhere in
the global ocean. Seasonal/climatological products are potentially useful for marine spatial
planning, identifying priority areas for threat mitigation both on-shelf (Miller & Christodoulou
2014) and in Areas Beyond National Jurisdiction (ABNJ; the ‘high seas’). Moreover, near real-
time front mapping augments the suite of tools with potential to inform spatially-dynamic
ocean management (Hobday et al. 2014), enabling identification and monitoring of critical

ephemeral habitats (Fig. 1.2).

Remotely-sensed oceanographic data have been used to inform spatially-dynamic fisheries
management in several cases. For example, historical and near real-time SST imagery,
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coupled with satellite telemetry and spatially-explicit fisheries data, has been successfully
used to reduce bycatch of loggerhead turtles along the TZCF north of Hawaii (Howell et al.
2008). The Australian fisheries authority has used a comparable approach using in-situ
sensors to regulate exploitation of southern bluefin tuna (Thunnus maccoyii; Hobday &
Hartmann 2006). Although there are few examples of such innovatively managed fisheries
(Dunn, Boustany & Halpin 2011), similar methods are applicable to other species of
conservation concern (Hobday & Hartmann 2006) and may be critical in mitigating future

marine biodiversity loss.

Marine Protected Areas (MPAs) can regulate overlap between spatially-explicit threats and
critical at-sea habitats. MPAs are most tractable on-shelf, within Exclusive Economic Zones
(EEZ), where anthropogenic threats to marine vertebrate populations, such as fisheries
pressure, MREI development, noise and habitat degradation, are also concentrated (Maxwell
et al. 2013). Spatially predictable biophysical hotspots, such as those associated with
persistent tidal mixing, tidal-topographic, and upwelling shadow fronts, are logical candidates
for within-EEZ MPAs and easily identifiable. Indeed, hotspots associated with quasi-
stationary frontal zones have been explicitly included in MPA design in the UK (Miller &

Christodoulou 2014) and the Mediterranean (Panigada et al. 2008).

In the open oceans beyond EEZs, persistent frontal zones, such as that associated with the
Charlie Gibbs Fracture Zone in the North Atlantic (Fig. 1.1), are also amenable to site-based
management. However, effective conservation of pelagic biodiversity in ABN] rests not only
upon the identification of vulnerability hotspots, but also the capacity to track how these
hotspots shift with changing oceanographic conditions (Hooker et al. 2011; Fig. 1.2; Lascelles
et al. 2012). Spatially-dynamic ocean management (Hobday et al. 2014) may be more
effective in managing threats to marine vertebrate populations in some highly dynamic
regions, and for increasing adaptability as pelagic ecosystems undergo changes related to
climate variability. High-resolution front frequency maps, both near real-time and
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seasonal/climatological (e.g. Fig. 1.1), coupled with real-time monitoring of anthropogenic
activity and marine vertebrate habitat use (Fig. 1.2), present managers with data of value for

more effective management of pelagic ecosystems.

Frontal zones Marine vertebrate Spatially-explicit
space use anthropogenic threat

Describe Remote In-situ Sightings || Tracking & || Autonomous Vessel Marine
Sensing || Measurement AtSea || Biologging || Marine Vehicles Monitoring Spatial

Systems Planning

Identify Biophysical Threat
Hotspots Hotspots
Predict Predict
Overlaps
Plan [ Dynamic protected areas ]
Manage [ Real-time management J

Figure 1.2 Frontal zones as priority conservation areas for marine vertebrates. Understanding
of associations between marine vertebrates and fronts can be enhanced using data
describing i) the oceanographic environment, obtainable from remote sensing or in-situ
measurement and ii) marine vertebrate space use, through at-sea sightings,
tracking/biologging and autonomous marine vehicles. Insights can be fed forward into
predictive habitat models, which can be used together with spatially-explicit information
describing anthropogenic threat to predict and monitor regions of overlap.

1.4 Conclusions

Associations between marine vertebrates and oceanographic fronts vary spatially, temporally
and between taxa, influenced by both the biophysical properties of fronts and taxon-specific
foraging ecology (Hunt]Jr et al. 1999). Despite this variability, there now exists a considerable
body of evidence indicating that persistent mesoscale frontal zones are ecologically significant
across the oceans (e.g. Polovina et al. 2001; Bost et al. 2009). As areas of existing and
potential overlap between critical habitats and anthropogenic threat, persistent frontal zones
represent tractable conservation areas, in which to focus threat mitigation measures.

Continued integration between remote sensing science, spatial ecology, oceanography and
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fisheries management has potential to improve marine biodiversity conservation by i)
bridging the gaps in our understanding of the oceanographic drivers of marine vertebrate
space use and ii) feeding into systematic conservation planning through mapping and real-
time monitoring of threat hotspots (Grantham et al. 2011; Hobday et al. 2014). Such
integration is vital if we are to balance the competing demands of anthropogenic activities and

biodiversity conservation in the vast and dynamic oceans.
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Mesoscale fronts as foraging habitats: composite front mapping reveals

oceanographic drivers of habitat use for a pelagic seabird
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ABSTRACT

The oceanographic drivers of marine vertebrate habitat use are poorly understood yet
fundamental to our knowledge of marine ecosystem functioning. Here we use composite front
mapping and high-resolution GPS tracking to determine the significance of mesoscale
oceanographic fronts as physical drivers of foraging habitat selection in northern gannets
Morus bassanus. We tracked 66 breeding gannets from a Celtic Sea colony over two years and
used residence time (RT) to identify area-restricted search (ARS) behaviour. Composite front
maps identified thermal and chlorophyll-a mesoscale fronts at two different temporal scales -
(a) contemporaneous fronts and (b) seasonally persistent frontal zones. Using Generalised
Additive Models (GAM), with Generalised Estimating Equations (GEE-GAM) to account for
serial autocorrelation in tracking data, we found that gannets do not adjust their behaviour in
response to contemporaneous fronts. However, ARS was more likely to occur within spatially
predictable, seasonally persistent frontal zones (GAM). Our results provide proof-of-concept
that composite front mapping is a useful tool for studying the influence of oceanographic
features on animal movements. Moreover, we highlight that frontal persistence is a crucial

element of the formation of pelagic foraging hotspots for mobile marine vertebrates.
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2.1 Introduction

Marine predators, such as seabirds, cetaceans, pinnipeds, turtles and sharks, must locate
sparsely-distributed prey in vast, heterogeneous and dynamic oceans. Although these diverse
taxa differ greatly in foraging ecology, shared scale-dependent foraging strategies have
evolved, presumably in response to the patchy, hierarchical distribution of pelagic prey
(Weimerskirch, Gault & Cherel 2005; Sims et al. 2006; Fauchald 2009). These strategies
enable predators to locate broad-scale foraging grounds and then adjust the scale of search
effortto find prey aggregations nested within (Pinaud & Weimerskirch 2007; Fauchald 2009).
Prey distributions are somewhat predictable at large- and meso-scales (10 s to 100s of
kilometres; Weimerskirch 2007), but less so at sub-mesoscales (approx. 1 kilometre;
Weimerskirch, Gault & Cherel 2005; Fauchald & Tveraa 2006), which may explain why
foraging-site fidelity at broad and meso-scales is common among marine vertebrates (e.g.
seabirds, turtles, seals; Bradshaw et al. 2004b; Hays et al. 2006; Broderick et al. 2007;

Weimerskirch 2007; Patrick et al. 2014).

Oceanographic processes operating over a range of spatial and temporal scales regulate
pelagic prey availability, and predictability, driving patterns of habitat utilisation for highly
mobile marine predators. For instance, a taxonomically diverse range of marine vertebrates
are known to associate with meso- (10s-100s kms) and sub-mesoscale (~1km) oceanographic
features such as fronts and eddies (Polovina et al. 2001; Sims et al. 2003; Doniol-Valcroze et
al. 2007; Weimerskirch 2007; Bostetal. 2009; Tew Kai et al. 2009; Godg et al. 2012; Sabarros
etal 2013). Fronts are transitions between water masses, which manifest at the surface as
horizontal gradients in temperature, salinity, density, turbidity or colour (Le Fevre 1986;
Belkin, Cornillon & Sherman 2009). Nutrient retention within fronts can significantly enhance
primary production (Le Fevre 1986; Franks 1992a) and bio-physical coupling leads to
aggregation and proliferation of zooplankton (Franks 1992b; Genin et al. 2005). These
conditions are suitable for pelagic fish, which in turn are prey for higher predators, and hence,

fronts may be foraging hotspots (Yoder et al. 1994; Genin et al. 2005). Despite the assumed
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significance of fronts as foraging locations, we still have a poor grasp of their ecological value
for higher trophiclevel predators. Fronts occur throughout the oceans, yet differ considerably
in strength, persistence, size and spatial variability (Belkin, Cornillon & Sherman 2009). This
variability, as well as temporal and spatial lags in bio-aggregative effects (Owen 1981; Le
Fevre 1986; Genin et al. 2005), influences the suitability of fronts for foraging, particularly for
piscivores. Persistent fronts are assumed to present more predictable foraging opportunities
than small-scale, ephemeral and/or superficial features (Sabatés & Masé6 1990; Gregory Lough
& Manning 2001), but direct tests of the significance of frontal predictability for predator

foraging are lacking.

Recent methodological developments can address this discrepancy. Bio-logging technology
and associated analytical techniques have enabled remote monitoring of individual animal
distribution and behaviour, enriching our insight into habitat use by marine predators
(Godley et al. 2008). However, a key constraint is the lack of data describing oceanographic
processes and pelagic prey distributions at matching spatio-temporal scales. Although in-situ
studies have yielded valuable insights into the fine-scale mechanisms underlying animal-
oceanography interactions (e.g. Scott et al. 2010; Embling et al. 2012; Pirotta et al. 2013), this
eulerian approach cannot provide information on behaviour throughout a foraging bout,
limiting our understanding of broader-scale oceanographicinfluence. Remotely-sensed data
can supplement bio-logging, identifying physical conditions that drive habitat selection in
virtual real-time. Sea surface temperature (SST) and chlorophyll-a (chl-a) imagery are most
widely used (Polovina et al. 2001; Block et al. 2011), but it is questionable whether these
metrics are appropriate for defining foraging habitat, particularly for piscivores (Grémillet et
al. 2008). Indeed, the use of chl-a imagery in shallow shelf seas could be misleading, as sub-
surface chlorophyll maxima in stratified areas can present more attractive foraging
opportunities than mixed waters with elevated surface chl-a (Scott et al. 2010). In contrast,
sub-surface processes occurring along thermal fronts are known to increase prey accessibility

for diving predators. Convergent flow fields and fine-scale downwelling aggregate plankton
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in the shallow thermocline (Franks 1992b; Genin et al. 2005), attracting higher trophic level
consumers, including foraging seabirds (Durazo, Harrison & Hill 1998; Simpson & Sharples
2012). Front mapping is able to detect the surface profile of these important sub- and near-
surface biophysical processes and is, therefore, a potentially powerful tool for identifying

pelagic foraging hotspots.

Composite front mapping (Miller 2009) is a step forward in automated front detection via
remote sensing, addressing the limitations of precursor methods. To date, the majority of
studies including a measure of frontal activity have either identified fronts manually or used
single-image edge detection (SIED; Cayula & Cornillon 1992) on single-day (e.g. Graham et al
2012) or temporally averaged (e.g. Sabarros et al. 2013) images. However, limitations of
these methods reduce their utility. For example, using single-day imagery can result in
sacrifice of tracking data owing to cloud cover. Furthermore, temporally averaged imagery
masks spatiotemporal dynamics of fronts, which can be highly variable in shelf seas, giving
only an estimated average position of a wandering feature. Using SST/chl-a gradients itis not
possible to recognise contiguous curvilinear frontal features and, when using temporally
averaged images, can result in erroneous frontal locations. Composite front mapping
addresses these limitations, enabling objective, automatic front detection over a sequence of
images, removing cloud influence and allowing for the visualisation of frontal dynamics. In
addition, high-resolution front metrics, such as the distance to the closest front or density of
detected fronts, can be derived. These metrics facilitate objective quantification of the
strength of predator-frontal associations and exploration of the effects of spatial scale,

persistence, and magnitude of cross-frontal gradient, not always possible previously.

Here we use composite front mapping and high-resolution GPS tracking to investigate
oceanographic drivers of habitat use in a piscivorous marine predator, the northern gannet
Morus bassanus (hereafter, ‘gannet’). Gannets are large, medium-ranging marine predators,

which feed on a wide-variety of piscivorous prey (Martin 1989; Hamer et al. 2007; Votier et al.
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2013; Patrick et al. 2014). Foraging plasticity in gannets has been linked to oceanographic
variability over a range of scales (Garthe et al. 2007; Hamer et al. 2007; Hamer et al. 2009;
Garthe, Montevecchi & Davoren 2011). We here assess the influence of mesoscale frontal
activity on gannet foraging behaviour, and evaluate the utility of composite front mapping for
elucidating oceanographic controls of habitat selection. Moreover, we explicitly assess the
importance of frontal persistence by investigating gannets’ behavioural responses to both

contemporaneous and seasonally persistent thermal and chlorophyll fronts.

2.2 Methods

Device deployment

Chick-rearing gannets (n=66) were tracked from a large breeding colony (~40,000 breeding
pairs) on Grassholm, Wales, UK (51° 43’ N, 05° 28’ W) over two breeding seasons (n=17, Jul
2010; n=49, Jun-Jul 2011; Fig. 2.1). All birds were equipped with 30g GPS loggers (i-gotU;
MobileAction Technology; http://www.i-gotu.com), TESA-taped to feathers on the centre of
the back. Previous studies indicate these devices have no deleterious effects on foraging
gannets (Patrick et al. 2014). All birds were caught during changeover at the nest, to minimise
time chicks spent alone and to ensure foraging trips began immediately following release.
Handling time did not exceed 15 minutes. Devices were programmed to record location fixes

at one- or two- minute intervals, and recovered after at least one complete foraging trip.

Behavioural classification

Area-Restricted Search (ARS) behaviour is characterised by low flight speed and frequent
turning (Pinaud 2008) and can thus be distinguished from direct and fast transit to and from
the colony. Previous work has revealed that ARS is triggered by the detection and pursuit of
prey in gannets (Hamer et al. 2009). The pelagic prey field is patchy and hierarchically
organised, with dense prey patches nested within broader-scale aggregation zones, and
resultantly ARS is often observed at multiple nested scales (Fauchald, Erikstad & Skarsfjord

2000; Fauchald & Tveraa 2003; Fauchald & Tveraa 2006; Pinaud & Weimerskirch 2007).
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Figure 2.1 GPS tracking. All foraging trips of birds GPS-tracked during 2010 (a, n=17) and 2011
breeding seasons (b, n=49). Grassholm colony shown as grey star.

We used an approach based on residence time (RT; Barraquand & Benhamou 2008) to
identify ARS bouts in all foraging tracks (adehabitatLT R package; Calenge 2006). To avoid
artificial inflation of residence times, we excluded trackinglocations recorded during hours of
darkness and all locations within a radius of 1km of the colony (because gannets do not forage
here butdo frequently rest on the water). We then interpolated each daylight movementbout
to 60 second intervals and calculated RT at each of these locations, using three radii (1km,
5km, 10km; 2 hours allowed outside circle before re-entering) to detect the scale at which
birds performed ARS. These radii were chosen to cover the range of ARS observed previously
in gannets (e.g. Hamer et al. 2009; average scale of search 9.1 + 1.9km, with nested finer-scale
search at 1.5 + 0.8km). We used RT at each interpolated location to distinguish ARS from
transit using an approach based on Lavielle segmentation (Barraquand & Benhamou 2008),
using both the mean and variance of each series with an ‘Lmin’ value of 3 (minimum number
of observations in each segment) and a ‘Kmax’ value of 10 (maximum number of segments in
movement burst; Supp. Fig. 2.1). We classified segments as periods of ARS or transit using a
custom-written R function that identifies each segment as either above or below a threshold
of residence time (seconds), with thresholds specified as mean values across all trips at each

radius, resulting in a binary response variable (i.e. ARS or transit) for each radius (Supp. Fig.
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2.2). We then used these multi-radii ARS classifications in subsequent analysis, investigating
levels of scale-dependence in the influence of fronts on habitat selection at meso- (10s - 100s

kms) and submeso- scales (~1km).

Composite front mapping

Thermal composite front maps were created for the area enclosing accessible habitat (see
Wakefield et al. 2009 ; Fig. 2.2), using a radius of whole-dataset maximum displacement from
colony (432km). Firstly, raw (level 0) Advanced Very High Resolution Radiometer (AVHRR)
infrared data were converted to an index of Sea-Surface Temperature (SST; level 2). SST data
were then mapped on to the United Kingdom Continental Shelf (UKCS) region in Mercator
projection, with a spatial resolution of ~1.1km/pixel. Thermal fronts were detected in each
scene using SIED. Thresholds used for SIED front definition are often selected arbitrarily, and
yet are central to findings. We therefore actively varied the threshold for thermal front
definition, enabling us to objectively assess the effects on model predictions. To investigate
the influence of the magnitude of cross-frontal temperature gradient, we created separate
thermal composite sets using 0.4°C and 1.0°C thresholds. All fronts detected over 7-day
windows were included in composite front maps, rolling by one day and covering the entire
tracking duration. We also produced composite chlorophyll-a (hereafter; chl-a) front maps
from MODIS data using a similar protocol. However we only used a single front detection
threshold for chl-a owing to the log-space scale of chl-a imagery (0.06 log mg chl-a m3).
Resultant composite maps (Fig. 2.2) quantify frontal activity using arbitrary units (fcomp;
Miller 2009), which are a combination of thermal gradient, persistence (ratio of front

observations to cloud-free views) and proximity of neighbouring fronts.
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Figure 2.2 Composite front mapping. Preparation of thermal composite front maps, and front
metrics rasters, from Advanced Very High Resolution Radiometer (AVHRR) sea surface
temperature (SST) images. Several satellite passes per day are mapped to the study area
(e.g. a,b). Single-Image Edge Detection (SIED) detects fronts in each of these swaths, using a
given threshold for front definition, here 0.4°C (c,d). Composite front maps are created from
all fronts detected in imagery over a 7-day period (e; Miller, 2009), and spatially smoothed
to generate a frontal density (fdens) metric (f) or simplified to generate a distance to closest
front (fdist) metric (g).

Composites were used to create a suite of metrics quantifying frontal activity designed for use
with tracking data (Fig. 2.2). We simplified the composite maps to determine contiguous
contours through the strongest front observations, using a novel clustering algorithm (Miller,
unpubl. data) which firstinvolves smoothing the front map with a Gaussian filter of five pixels
width. From these we generated smoothed rasters describing distance to the closest frontand
frontal density, for use with tracking data. Frontal distance (fdist) describes distance from
any point to the closest simplified front (Fig. 2.3). Frontal density (fdens) quantifies the
relative strength of detected fronts, using fcomp units (gradient x persistence x proximity).
This metric is derived using spatial smoothing of each composite front map to yield a
continuous distribution of frontal activity (Fig. 2.3). We selected a smoothing parameter
based on the level of detail in resultant products, choosing a value that did not oversmooth
small-scale, ephemeral fronts. Thermal and chl-a front metrics were extracted for each
location along each track using custom software. In addition, we extracted surface chl-a (mg
m-3; 7-day composite) for each location, as an indicator of levels of primary production in

relation to frontal propagation.
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Seasonal thermal front climatologies were also generated for each year (Jun-Aug; 2010-11), at
1.2km/pixel resolution. These frequent front (ffreq) maps (Fig. 2.4) identify seasonally
persistent frontal zones by highlighting regions in which strong, persistent or frequently-
occurring fronts manifest. We used a custom algorithm that estimates the percentage time in
which a ‘strong’ front (here, Feomp=0.015) is detected within each grid cell over a specified time
period (Miller & Christodoulou 2014). This F.mp unit combines strength, persistence and
proximity to other fronts (Miller 2009), and this threshold is used to exclude numerous weak
and variable fronts that could confuse the seasonal frequency. Seasonal chl-a (median)
composites were created at the same temporal and spatial resolution, to highlight areas of

enhanced productivity in relation to persistent frontal zones.

Modelling responses to contemporaneous thermal and chlorophyll-a fronts

First, we tested the influence of contemporaneous thermal and chl-a fronts on the probability
of observing ARS in gannets. Metrics describing frontal density (fdens), distance to closest
simplified front (fdist), and chl-a concentration were extracted from rolling 7-day composites
centred at the time of animal presence (Fig. 2.3). To account for the fact that gannet foraging
range is influenced by intra-specific interactions and travelling costs (Wakefield et al. 2013),
we also included distance to the colony of each GPS fix as a proportion of maximum
displacement as a covariate in our models (Wakefield, Phillips & Matthiopoulos 2009). All
explanatory covariates were standardised before inclusion by subtracting the mean and
dividing by the standard deviation (Zuur 2012). We checked for multi-colinearity using
Generalised Variance Inflation Factors (GVIF) and pairwise plots. Owing to observed
colinearity, the fdens and fdist metrics were investigated using separate models for both

thermal and chl-a fronts.

To account for strong intra-individual temporal autocorrelation, we used Generalised

Estimating Equations (GEE; Liang & Zeger 1986), with each daylight movement bout as the
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blocking variable (see also Pirotta et al. 2011; Pirotta et al. 2013; Scott et al. 2013). We
constructed GEE-GAMs with a binomial error structure and logistic (‘logit’) link function
(‘'geepack’ and 'splines' R packages; Hgjsgaard, Halekoh & Yan 2006). Quasi-likelihood under
the model independence criterion (QIC; Pan 2004) was used to select between a working

independence correlation structure and an autoregressive, AR1, correlation structure.

An approximated version of the QIC (QICu; Pan 2004) was used to select the most
parsimonious set of explanatory variables from a priori candidate models. In order to
ascertain the most appropriate form of each explanatory covariate, we compared the QICu of
models with each term in its linear form, and as a B-spline with 4 degrees of freedom and a
knot positioned at the mean. QICu can be over-conservative (Hardin & Hilbe 2003), so we

used repeated Wald'’s tests to determine significance of retained explanatory covariates.

Goodness-of-fit of final models was evaluated using a confusion matrix comparing binary
predictions to observed incidence of ARS in the original dataset. The probability cut-off above
which a prediction was classified as an ARS point was selected using a Receiver Operating
Characteristic (ROC) curve (Zweig & Campbell 1993). We computed the area under the ROC
curve (AUC) as a further measure of model performance (closer to 1, better performance;
Zweig & Campbell 1993). To obtain response curves, we predicted from the final model for
each of the explanatory terms, holding all other terms constant. Terms retained by QICu
model selection but found to be non-significant under more stringent Wald'’s tests were not

removed from the model (Pirotta et al. 2011), and only significant relationships were plotted.

Modelling responses to seasonally persistent thermal and chlorophyll-a frontal zones

Second, we tested the influence of seasonally persistent thermal and chl-a frontal zones (Fig.
2.4) on gannet foraging habitat preference. As no intra-individual temporal autocorrelation
existed in this time-aggregated dataset, we used a binomial Generalised Additive Model

(GAM) with a logistic (‘logit’) link function to model presence/absence of ARS against front

42



Chapter Il

frequency for the 2011 breeding season (‘'mgcv' R package; Wood 2006). To achieve this, we
created a grid at a matching spatial resolution to the seasonal frequent front maps (1.2km;
'raster’' R package; Hijmans & van Etten 2012), and then determined presence/absence of ARS
in each cell across all tracks. We were unable to do the same for 2010 because of low sample
size. Environmental covariates were standardised before inclusion as explanatory terms, and
multi-colinearity was checked using GVIF and pairwise plots. Co-linearity between the
seasonal frequent front and chl-a metrics prevented simultaneous inclusion in the same
model, so the terms were applied separately. An index of habitat accessibility, derived using
the distance of each grid cell to the colony as a proportion of whole-dataset maximum
displacement, was also included to control for greater accessibility of fronts close to the

colony than in fringes of the foraging range (Wakefield, Phillips & Matthiopoulos 2009).

In order to ascertain the best form for each explanatory covariate, we fitted separate models
with both linear and smoothed forms of each term, visualised the shape of smoothers and
determined the effect of the inclusion of each form on Akaike Information Criteria (AIC).
Smoothers were only included in final models where deemed biologically reasonable. For
example, although the smoothed forms of the front frequency metrics (mfreq; cfreq) were
associated with lower AIC, linear forms were preferred following visualisation of the
smoother, as a conservative approach to prevent over-fitting. Forwards and backwards step-
wise model selection using AIC identified the final model, which was then checked for

overdispersion. Model residuals were checked for spatial autocorrelation (Zuur 2012).

2.3 Results

Gannet foraging trips

For the 66 birds tracked over the two breeding seasons, mean number of foraging trips was
3.8 + 2.8 (range 1-12), with an average duration of 24.8 + 22.7 hours (range 2 - 168 hours).
The majority (76%) involved one or more nights spent away from the colony (mode 1; range
0-7). Maximum foraging range per trip ranged between 22.2 and 432.0 km from the colony,

with an average of 178.3 + 87.2 km. All foraging trips included at least one ARS zone.
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Responses to contemporaneous thermal and chlorophyll-a fronts

We found no evidence that gannet ARS was associated with contemporaneous thermal or
chlorophyll-a fronts, even when varying the threshold used for thermal front definition and
the radius used to define ARS through the residence time analysis. Although QICu model
selection retained contemporaneous front metrics in some model runs (Supp. Table 2.1), post-
hoc repeated Wald’s tests confirmed that only distance to colony explained a significant

proportion of deviance in each of these model runs (Supp. Fig. 2.3).

Model validation confirmed goodness of fit of final models. True positive rates of model
predictions, obtained from confusion matrices, are given in Supplementary Table 2.1. ROC
curves confirmed models performed acceptably well. High levels of temporal autocorrelation
(within-block correlation, e.g. thermal 0.4°C threshold, 5km RT radius fdens = 0.97 + 0.04)
justified the use of GEEs. QIC comparison confirmed an AR1 autoregressive correlation

structure as best fit for the data for all models.

Use of seasonally persistent frontal zones

Seasonal thermal front frequency (mfreq; Fig. 2.4a) was retained by model selection (x2; =
322.5,p <0.001; Fig. 2.4c; Table 2.2), with the probability of ARS twice as likely at high front
frequency compared with low (Fig. 2.4c). A smoothed relationship with habitat accessibility
was also retained (HabAccess, df = 8, p < 0.001; Supp. Fig. 2.4; Supp. Table 2.2). The model
explained 33% of deviance and was not over-dispersed (dispersion statistic = 0.83).
Colinearity between thermal front frequency (Fig. 2.4a) and seasonal average surface chl-a
concentration also confirms that persistent frontal zones are areas of increased primary

productivity.
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thermal

50°N

Chl-a

Figure 2.3 Contemporaneous front metrics time-matched to gannet foraging trip. Distance to
closest thermal front (fdist; 0.4°C threshold, a), thermal front density (fdens; 0.4°C
threshold, b), distance to closest chl-a front (c) and chl-a front density (d) shown for one
complete foraging trip (23 July 2011). Points designated as ARS by residence time analysis
(5km radius) shown as white track sections, and commuting flight as black track sections.
Colony location shown as black star.
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The seasonal front frequency index for chlorophyll-a fronts (cfreq; Fig. 2.4b) was also
significantin explaining the spatial distribution of ARS over the breeding season (%21 =3108,p
<0.001; Fig. 2.4d; Supp. Table 2.2), alongside smoothed habitat accessibility (p < 0.001; Supp.
Fig. 2.4; Supp. Table 2.2). The model explained 32% of deviance and was not over-dispersed

(dispersion statistic = 0.88).
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Figure 2.4 Modelling the effects of persistent frontal zones (thermal, chl-a) on the spatial
distribution of gannet area-restricted search behaviour. Seasonally persistent (Jun-Aug
2011) thermal frontal zones (a) and chl-a frontal zones (b), identified using frequent front
(mfreq; cfreq) metrics. Model predictions for effects of seasonal thermal front frequency (c;
model 4.1) and seasonal chl-a front frequency (d; model 4.2). Gannets are more likely to
perform ARS behaviours within regions of frequent frontal activity.
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2.4 Discussion

Combining composite front mapping with high-resolution GPS tracking, this work has
revealed that gannets are more likely to perform ARS within persistent mesoscale frontal
zones than in other regions of accessible habitat. This is of particular significance since it not
only shows that mesoscale fronts influence habitat selection, but also that remote sensing
methods are able to identify features relevant to piscivorous marine vertebrates. Moreover,
this work also illustrates that temporal scale is crucial - gannets do not tend to forage at
ephemeral contemporaneous fronts, instead relying on spatially predictable, seasonally

persistent zones of frequent frontal activity.

Mesoscale fronts and top predator foraging

Predictability of foraging grounds is known to strongly influence seabird habitat selection,
and may partially explain our observed differences in front use (Weimerskirch 2007). Many
marine predators, including seabirds, are known to repeatedly return to the same foraging
areas (Hamer etal 2007; Weimerskirch 2007; Pettex et al. 2010; Patrick et al. 2014), which is
generally attributed to the presence of oceanographic features that are predictable in time
and space. In the Celtic Sea, these predictable foraging areas are associated with persistent
mesoscale thermal and chl-a frontal zones. The ultimate mechanisms by which these features
are located are not known, although a combination of memory effects, local enhancementand
colonies acting as information centres strongly influence observed foraging distributions in
this species (Wakefield et al. 2013). Proximate environmental factors enabling front detection
include visual cues associated with the accumulation of foam and detritus (Le Fevre 1986;
Franks 1992b); flow patterns, including surface convergence (Franks 1992b) and cross-
frontal jets (Simpson & Sharples 2012), or olfactory cues such as dimethyl sulphide (DMS;
Nevitt & Bonadonna 2005). Persistent fronts probably produce a stronger surface signal than

ephemeral features, increasing detectability.
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Alongside greater spatial predictability and detectability, persistent mesoscale frontal zones
also present more attractive foraging opportunities than ephemeral fronts. The bio-
aggregative effects of fronts vary with temporal persistence, spatial scale, temperature
gradient, strength of convergent flow and the properties of surrounding water masses,
influencing their attractiveness as top predator foraging habitat. Ephemeral, weak or
spatially-variable features may not propagate for sufficient time for biological enhancement to
attract mid-trophiclevel consumers such as pelagic fish. In contrast, persistent frontal zones
are associated with sustained primary productivity, and therefore more likely to attract the

pelagic fish preyed upon by seabirds and other large marine vertebrates.

In contrast to our findings, the closely-related Cape gannet Morus capensis is known to initiate
ARS-type behaviours at contemporaneous chl-a fronts in the Benguela (Sabarros et al. 2013).
The reasons for these differences are not clear, but are likely to be related to differences in
regional oceanography. Small-scale, superficial and ephemeral thermal fronts develop
frequently in the Celtic Sea through tidal effects and cycles of stratification and mixing (Pirotta
etal 2013), but are not always associated with chl-a enrichment (Scott et al. 2010; Votier et
al. 2010). In contrast, the Benguela is a major upwelling zone, in which upwelling filaments,
eddies and strong vertically-structured fronts manifest. ~Although varying in seasonal
intensity and position, upwelling fronts in the Benguela are less spatiotemporally variable
than tidal fronts in the Celtic Sea over time scales of days to weeks, and so may be more
predictable foraging habitats for seabirds using learning and memory effects to locate prey
(Weimerskirch 2007). Inaddition, Cape gannets prey upon the mega-abundant sardines and
anchovies in the Benguela (Sabarros et al. 2013). These fish are zooplanktivorous, and
therefore more closely tied to oceanographic drivers, than the piscivorous fish (e.g. mackerel
Scomber scombrus, garfish Belone belone) targeted by northern gannets in the Celtic Sea
(Votier et al. 2013). Differences in the biophysical nature of fronts encountered by
prospecting birds within these two contrasting oceanographic regions elicit different

responses from these two closely-related species. These differences highlight the need for a
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comprehensive understanding of regional oceanography when investigating the drivers of

habitat selection for mobile marine vertebrates.

Gannets in the Celtic Sea forage extensively at fishing vessels (Votier et al. 2010; Votier et al.
2013; Bodey et al. 2014), so fisheries activity could also influence the association between
fronts and gannets reported here. Nevertheless, we believe that gannets are using persistent
frontal zones as natural foraging sites for the following reasons. First, gannets switch between
natural foraging and scavenging both within and among trips (Votier et al. 2013) and must
therefore rely upon both natural foraging and scavenging. Second, analysis of a subset of ten
gannets in 2011 equipped with bird-borne cameras enabled us to determine frontal activity in
the presence and absence of fishing vessels. This revealed little difference between vessel-
associated ARS instances, those associated with natural foraging and conditions experienced
during transit (see Supp. Fig. 2.5). Third, the majority of trawlers that gannets follow in the
Celtic Sea target demersal fish (Votier et al. 2013), and would presumably not benefit from

fishing in frontal regions.

Composite front mapping for identifying marine predator foraging habitats

We have used multi-threshold objective front detection to produce composite thermal and
chl-a front maps at 1km resolution, enabling us to quantify the influence of fronts on foraging
habitat selection in gannets. Using this technique has negated sacrifice of tracking data as a
result of cloud cover. Furthermore, using both temporally-matched 7-day front composites
and seasonal front indices has revealed the importance of considering frontal persistence.
However, composite front mapping does have limitations with implications for defining
marine predator foraging habitats. In common with all remotely-sensed products, only the
surface signature of complex three-dimensional oceanographic processes is visible.
Resolution of imagery is also limited by sensor technology, restricting our ability to detect
sub-mesoscale near-shore tidal fronts, potentially significant features in shallow shelf-seas

(Mendes et al. 2002). Furthermore, using 7-day composites could mask real-time, fine-scale

49



Chapter 11

responses to environmental cues. Recent in-situ studies of fine-scale oceanographic influence
on seabird foraging have identified tidal state, thermal stratification index, and sub-surface
processes such as tidal shear at the thermocline, as significant influences on foraging
decisions (Pirotta et al. 2011; Cox, Scott & Camphuysen 2013). These fine-scale processes
cannotbe detected using contemporary remote sensing techniques. However, remote sensing
can provide oceanographic context for the movements of known individuals over broader
spatial and temporal scales, generating insights of direct relevance to predictive habitat

modelling (Oppel et al. 2012) and marine spatial planning (Miller & Christodoulou 2014).

2.5 Conclusions

We here present proof of concept that objective front detection and composite front mapping
(Miller 2009) can enhance the value of predator tracking data for habitat utilisation studies,
and can improve understanding of mechanistic links between oceanographic processes and
marine vertebrate foraging ecology. Novel front metrics used here provide capacity for
quantification of the strength of predator-frontal relationships without neglecting the
significance of frontal strength, persistence and scale. We have found that persistent frontal
zones are preferred foraging habitats of a piscivorous top predator inhabiting a shallow shelf
sea, but thatresponses to contemporaneous thermal and chl-a fronts vary. Persistent frontal
zones are likely to represent predictably profitable foraging grounds for predators that use
learning and memory effects to locate prey. In contrast, ephemeral, superficial fronts may not
present attractive foraging opportunities owing to the spatial and temporal lags inherent in
bio-aggregation. Furthermore, persistent fronts are more likely to generate environmental
cues discernible to overflying gannets, and so more likely to become sites of local
enhancement for these network foragers. These findings provide direct evidence that the
temporal persistence of mesoscale fronts fundamentally regulates their value as foraging

habitats for marine predators.
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Although considerable advances have been made in our understanding of the oceanographic
drivers of marine vertebrate habitat use in recent years, questions remain regarding the
strength and nature of predator-frontal associations. Our methods have considerable scope
for further application, providing opportunity for environmental contextualisation of habitat
use, across foraging guild, trophic level and oceanographic region. Composite front mapping
allows us to objectively detect thermal and chl-a fronts anywhere in the global ocean at high
resolution, which could help in locating critical at-sea habitats for mobile marine vertebrates,
many of which are of immediate conservation concern (Myers & Worm 2003; Croxall et al.
2012). Furthermore, continuous near-real time global satellite monitoring of environmental
conditions, together with animal tracking and biologging, provides capacity for investigation

of responses to global change.
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Supp. Figure 2.1 Behavioural classification: identifying ARS using residence time. Example of
ARS designation procedure using Lavielle segmentation. Each interpolated track section (a)
underwent a two-stage Lavielle segmentation process, the first of which identifies the number
of different segments in the series (b) and then relates these segments to locations (c,d). (d)
Commuting flight shown in grey, ARS points (here, 5km RT radius) shown in black. Sub-
sampled dataset (locations every 5 mins) plotted for clarity. Colony location as grey star.
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Supp. Figure 2.2 Behavioural classification: identifying ARS using residence time at radii of
1km, 5km and 10km. Example of ARS designation using different radii for residence time
analysis. Commuting flight shown in grey, ARS points identified at each radius shown in black.
Sub-sampled dataset (locations every 5 mins) plotted for clarity. Colony location as grey star.
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Supp. Figure 2.3 Modelling the effects of contemporaneous thermal fronts on gannet area-
restricted search behaviour, using GEE-GAMs. Contemporaneous front GEE-GAM results
(model 1.1.2), showing predicted influence of proportional distance to colony. All other
explanatory terms, including thermal and chlorophyll front metrics, were not statistically
significant, so are not shown here. The higher probability of ARS further from the colony
represents the tendency for ARS zones to take place at the distal point of foraging points.
Confidence Intervals represented by dashed lines, here close to the main effect line, owing to
small standard error on this coefficient estimate in model output.
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Supp. Figure 2.4 Modelling the effects of persistent frontal zones (thermal, chl-a) on the
spatial distribution of gannet area-restricted search behaviour. Habitat Accessibility
index fitted to binomial GAM investigating the influence of persistent frontal zones on gannet
ARS behaviour (models 4.1, 4.2) as a control for availability of fronts as a function of distance
from colony.
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Supp. Figure 2.5 Fisheries interactions. Frontal activity, and Chl-a concentration, associated
with ARS zones in the vicinity of fisheries vessels, with ARS zones classified as natural
foraging and with commuting flight. No significant differences are evident for any of these
metrics. From subset of GPS-tracked gannets also equipped with miniaturised cameras in

2011 (n=10).
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Supp. Table 2.1 Modelling the effects of contemporaneous thermal fronts on gannet area-restricted

search behaviour, using GEE-GAMs - parameter estimates, standard errors and Wald statistics
for terms retained by QICu model selection for each model run, where pdistCol is proportional
distance from colony, fdens is standardised frontal density, fdist is distance from the closest
front, and chl-a is standardised surface chlorophyll concentration. f denotes the use of splines.
fdens and fdist metrics applied in separate model runs, indicated by bold line, owing to
colinearity between metrics.

Parameter co-efficient std. error Wald statistic  p-value

Thermal frontal density (fdens; 0.4°C threshold)

Model 1.1.1: 1km RT radius QICu (arl) = 30128
Intercept -1.76 0.17

pdistCol 5.64 0.80 49.3 <0.001
chl-a -0.000006 0.009 0.0 1
Model 1.1.2: 5km RT radius QICu (arl) = 29362
Intercept -0.99 0.15

pdistCol 5.89 0.84 48.9 <0.001
True positive prediction rate: 68%

Model 1.1.3: 10km RT radius QICu (arl) = 29055
Intercept -0.99 0.15

pdistCol 5.89 0.84 48.9 <0.001

Distance to closest thermal front (fdist; 0.4°C threshold)

Model 1.2.1: 1km RT radius QICu (ar1) = 29887
Intercept -1.78 0.18

pdistCol 5.72 0.82 49.3 <0.001
fdist -0.0121 0.036 0.1 0.74
chl-a -0.00003 0.009 0.0 1
Model 1.2.2: 5km RT radius QICu (ar1) = 27893
Intercept -1.50 0.18

pdistCol 6.67 0.93 51.1 <0.001
True positive prediction rate: 68%

Model 1.2.3: 10km RT radius QICu (arl) = 28890
Intercept -0.99 0.15

pdistCol 5.89 0.84 48.9 <0.001
fdist 0.02 0.04 0.2 0.66
Thermal frontal density (fdens; 1.0°C threshold)

Model 2.1.1: 1km RT radius QICu (arl) = 29887
Intercept -1.76 0.17

pdistCol 5.64 0.8 49.3 <0.001
chl-a -0.000006 0.008 0.0 1
Model 2.1.2: 5km RT radius QICu (ar1) = 27893
Intercept -1.50 0.18

pdistCol 6.67 0.93 51.1 <0.001
True positive prediction rate: 68%

Model 2.1.3: 10km RT radius QICu (arl) = 29055
Intercept -0.99 0.15

pdistCol 5.89 0.84 48.9 <0.001
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Distance to closest thermal front (fdist; 1.0°C threshold)

Model 2.2.1: 1km RT radius

QICu (arl) = 28963

Intercept -1.89 0.19

pdistCol 6.17 0.89 49.3 <0.001
fdist -0.13 0.08 3.0 0.081
Model 2.2.2: 5km RT radius QICu (arl) = 27643
Intercept -1.53 0.19

pdistCol 6.77 0.97 51.1 <0.001
fdist -0.03 0.05 0.3 0.58
True positive prediction rate: 69%

Model 2.2.3: 10km RT radius QICu (arl) = 28764
Intercept -1.02 0.16

pdistCol 6.00 0.88 48.9 <0.001
fdist -0.04 0.06 0.6 0.42

Chl-a frontal density (cdens; 0.06 log mg chl m3 threshold)

Model 3.1.1: 1km RT radius

QICu (arl) = 29437

Intercept -1.82 0.18

pdistCol 5.82 0.84 49.3 <0.001
Cdens 0.01 0.02 0.4 0.53
Model 3.1.2: 5km RT radius QICu (ar1) =30555
Intercept -1.31 0.17

pdistCol 6.03 0.87 51.1 <0.001
Cdens -0.03 0.02 1.9 0.17
True positive prediction rate: 69%

Model 3.1.3: 10km RT radius QICu (ar1) =29577
Intercept -0.93 0.15

pdistCol 5.71 0.83 48.9 <0.001
Cdens -0.03 0.02 3.8 0.051

Distance to closest chl-a front (cdist; 0.06 log mg chl m-3 threshold)

Model 3.2.1: 1km RT radius

QICu (arl) = 30004

Intercept -1.77 0.17

pdistCol 5.63 0.81 49.3 <0.001
Cdist 0.01 0.06 0.1 0.82
Model 3.2.2: 5km RT radius QICu (arl) = 27422
Intercept -1.47 0.18

pdistCol 6.47 0.94 51.1 <0.001
Cdist 0.08 0.05 2.9 0.09
True positive prediction rate: 62%

Model 3.2.3: 10km RT radius QICu (arl) = 28279
Intercept -0.99 0.15

pdistCol 5.88 0.83 48.9 <0.001
Cdist 0.04 0.04 0.7 0.39
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Supp. Table 2.2 Modelling the effects of persistent frontal zones (thermal, chl-a) on gannet
area-restricted search behaviour. Model selection for binomial GAM for presence/absence
of ARS at whole dataset level (2011 breeding season) against seasonal environmental
covariates. Akaike Information Criteria (AIC) and percentage of deviance explained for each
term in both linear and smoothed forms, and effects of term additions, where: HabAccess is
habitat accessibility index; mfreq is standardised seasonal thermal front frequency (0.4°C
threshold; Jun-Aug 2011); chl-a is standardised seasonal average surface chl-a concentration,
and cfreq is standardised seasonal chl-a front frequency. f() denotes the smoothed form of
each variable. Separate model selection runs for thermal front frequency and chl-a front
frequency separated by dotted line. Most parsimonious models, as identified by AIC,
highlighted in bold.

Explanatory term(s) AIC deviance linear p-value df of
explained coefficient smooths

Model 4.1; Thermal frontal zones

Intercept only (null) 76103 0% - - -

pdistCol 51910 32% -10.20 <0.001 -

f (pdistCol) 51602 32% - <0.001 7.957

mfreq 73448 4% 0.42 <0.001 -

f (mfreq) 72256 5% - <0.001 7.786

chl-a 71273 6% -3.53 <0.001 -

f (chl-a) 67883 11% - <0.001 8.975

f (pdistCol) - <0.001 7.961
+ mfreq 51209 33% 0.19 <0.001 -

Model 4.2; Chl-a frontal zones

Intercept only (null) 202740 0% - - -

pdistCol 141331 30% -10.3359 <0.001 -

f (pdistCol) 140627 31% - <0.001 8.39

cfreq 195489 4% 0.45367 <0.001 -

f (cfreq) 190632 6% - <0.001 8.96

f (pdistCol) - <0.001 8.44
+ cfreq 137664 32% 0.33143 <0.001 -
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Chapter III

Basking sharks and oceanographic fronts: quantifying associations in the

north-east Atlantic

This chapter has been published as:

Scales, K.L*,, Miller, P.L.*, Ingram, S.N., Southall, E.J., and Sims, D.W. (*Joint First Authors)
Basking sharks and oceanographic fronts: quantifying associations in the north-east Atlantic.
Functional Ecology, In Press. doi: 10.1111/1365-2435.12423

This article is reproduced in this thesis under a special license from the copyright holder.
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ABSTRACT

Understanding the mechanisms linking oceanographic processes and marine vertebrate space
use is critical to our knowledge of marine ecosystem functioning, and for effective
management of populations of conservation concern. The basking shark Cetorhinus maximus
has been observed in association with oceanographic fronts - physical interfaces at the
transitions between water masses - exploiting foraging opportunities resulting from
zooplankton aggregation. However, the scale, significance and variability of these
associations have not previously been established. Here, we quantify the influence of thermal
and chlorophyll-a fronts on basking shark habitat use in the northeast Atlantic. We use
animal-mounted archival tracking with composite front mapping via Earth Observation (EO)
remote sensing to provide an oceanographic context to individual shark movements. We
investigate levels of association with fronts occurring over two spatio-temporal scales, (i)
broad-scale, seasonally persistent frontal zones and (ii) contemporaneous thermal and chl-a
fronts. Using random walk simulations and logistic regression within an iterative generalised
linear mixed modelling (GLMM) framework, we find that seasonal front frequency is a
significant predictor of shark presence. Oceanographic metrics time-matched to shark tracks
indicate that sharks show a preference for productive regions, and associate with
contemporaneous thermal and chl-a fronts more frequently than could be expected at
random. Moreover, we highlight the importance of front persistence and cross-frontal
temperature step, which appear to interact to affect the degree of prey aggregation along
thermal fronts in this shelf-sea system. Our findings confirm that surface frontal activity is a
predictor of basking shark presence in the northeast Atlantic, both over seasonal timescales
and in near real-time. These insights have clear implications for understanding the preferred
habitats of basking sharks in the context of anthropogenic threat management and marine

spatial planning in the region.
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31 Introduction

Understanding the ways in which large marine vertebrates optimise foraging efficiency in
heterogeneous and dynamic pelagic environments has become a central issue in marine
ecology. These animals are often highly mobile, moving over immense spatial scales in order
to find suitable habitats in which to forage and reproduce. Moreover, zooplanktivorous
megavertebrates such as the basking shark Cetorhinus maximus, whale shark Rhincodon typus,
leatherback turtle Dermochelys coriacea and manta ray Manta birostris exist on an energetic
‘knife-edge’, and so must maximise prey encounter rates in patchy pelagic prey seascapes in

order to survive (Sims 1999; Stevens 2007; Sims 2008; Fossette et al. 2010).

Underlying movement patterns that enhance foraging optimality, such as behaviours
approximating theoretically optimal Lévy walks, have been identified in a variety of marine
taxa (Visnawathan et al. 1996; Sims et al. 2008; Humphries et al. 2012) and linked to
oceanographic context (Hays et al. 2006; Humphries et al. 2010) and prey fields (Sims et al.
2012). Biophysical habitat characteristics, including primary productivity and convergent
front propagation, have been shown to influence behavioural switches between Lévy
behaviour and Brownian movements in several species, including the basking shark
(Humphries et al. 2010). Such behavioural switches indicate the concentration of area-
restricted search (ARS), a proxy for foraging effort, in productive waters (Humphries et al.
2012). Broad-scale movements have also been linked to climatic influence over thermal
resources, and finer-scale habitat use closely coupled with prey availability (Cotton et al.
2005; Siders et al. 2013; Curtis et al. 2014), indicating that bottom-up forcing and the
propagation of oceanographic features that aggregate prey are likely to mediate foraging

behaviour over a continuum of spatial scales.

A diverse range of large marine vertebrates have been shown to associate with mesoscale
(10s-100s km) and submesoscale (~ 1km) oceanographic features such as fronts, eddies and

seamounts as foraging habitats, in contrasting ocean domains (Morato et al. 2010; Godg et al.
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2012; Scales et al. 2014b). Here, we focus on mesoscale fronts — physical interfaces at the
transitions between water masses that differ in temperature, salinity, density, turbidity or
productivity (Belkin, Cornillon & Sherman 2009) - as features of potential significance to the

basking shark in seasonally-stratified shelf seas in the northeast Atlantic.

Understanding the role of oceanographic processes as drivers of marine vertebrate habitat
utilisation is fundamental to our knowledge of pelagic ecosystem functioning, and pivotal in
identifying important habitats for species of conservation concern. Basking shark populations
in the northeast Atlantic are still recovering from the effects of historical overexploitation
(Southall et al. 2006), and the species is currently classified as vulnerable globally and
endangered in the northeast Atlantic by the IUCN Red List of Threatened Species (Fowler
2005). A better understanding of the drivers of habitat utilisation is valuable for continued
management of these enigmatic marine vertebrates, and indeed for marine vertebrates more
generally. An ability to predict the locations of important habitats has relevance for the
design of Marine Protected Area (MPA) networks and marine spatial planning (Miller &
Christodoulou 2014; Paxton, Scott-Hayward & Rexstad 2014; Scales et al. 2014b), and could

inform projections of habitat shifts occurring in the wake of future climate change.

Seasonal basking shark aggregations occur in coastal regions of Great Britain and Ireland from

May - October each year, when they can be observed surface-feeding on dense zooplankton

patches (Sims, Fox & Merrett 1997; Sims & Merrett 1997). Although sharks are generally present

in shelf and shelf-edge waters year-round in this region (Sims et al. 2003), they also spend

protracted periods in the open ocean and are rarely sighted at the surface at other times of year.

Distinct seasonal sightings ‘hotspots’ are apparent off the southwest of England, the Isle of Man,

western Scotland and in Irish waters (Berrow & Heardman 1994; Southall et al. 2005; Leeney et

al. 2012; Witt et al. 2012). Associations between basking sharks and mesoscale thermal fronts

have been observed repeatedly in the region, with sharks using front-associated habitat for both

foraging (Sims & Quayle 1998; Priede & Miller 2009) and social interaction (Sims et al. 2000).
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Bio-physical coupling along fronts is known to lead to the proliferation and aggregation of
zooplankton (Le Fevre 1986; Franks 1992b; Genin et al. 2005), creating potentially profitable
foraging opportunities for higher trophic level organisms (Belkin et al. 2014; Scales et al. 2014b).
Tidally-mediated thermal fronts in seasonally-stratified shelf seas can be highly productive
(Pingree 1975; Pingree & Griffiths 1978), and are known to be features around which the basking
shark exploits foraging opportunities resulting from aggregation of its preferred Calanus prey

(Sims, Fox & Merrett 1997; Sims & Merrett 1997; Sims & Quayle 1998).

Although broad-scale climatic drivers of basking shark abundance in the region (e.g. North
Atlantic Oscillation, NAO; Cotton et al. 2005), and the finer-scale influence of prey dynamics
on habitat selection (Continuous Plankton Recorder, CPR; Sims et al. 2006) have been
investigated in some detail, associations between sharks and frontal activity have been
described (Sims et al. 2003; Sims et al. 2006; Sims et al. 2008) but not yet adequately
quantified. A recent study in the north-western Atlantic linked the movements of sharks
tracked using biotelemetry over timescales of days to weeks with remotely-sensed
oceanographic data, finding significant associations with sharp surface gradients in
temperature and productivity in Cape Cod Bay during late summer (Curtis et al. 2014). These
findings provided valuable insight into preferred oceanographic conditions, and the study
represented a methodological forward step in quantitative investigation of habitat selection.
However, the spatial resolution (0.05° pixel size) and temporal averaging (monthly
composites) of remotely-sensed imagery, and the use of the gradient method to identify
fronts, restricted the authors’ ability to define mesoscale features accurately. Moreover, the
latter study used non-parametric testing to compare oceanographic conditions encountered
by tracked sharks to those encountered by 250 random walk simulations. This approach to
investigating habitat preference is limited in its ability to quantify the influence of mesoscale

oceanographic conditions.
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Here, we use shark-attached satellite-linked archival tracking to investigate movements of
individual sharks through their natural environment over timescales of weeks to months,
alongside high-resolution composite front mapping (~1km pixel size; 7-day composites;
Miller 2009) to characterise oceanographic conditions encountered. We test the hypothesis
that surface frontal activity is a predictor of habitat preference for these planktivorous marine
megavertebrates, and use a robust statistical modelling procedure to quantify associations
occurring over two spatio-temporal scales: (i) seasonal associations with regions of frequent
frontal activity, and (ii) near real-time associations with contemporaneous thermal and
chlorophyll-a (chl-a) fronts. We aim to clarify factors affecting the degree of association
between sharks and fronts through explicitly investigating the influence of cross-frontal
temperature change and front persistence. In this way, we highlight the key biophysical
characteristics of fronts that attract basking sharks, improving understanding of the foraging
ecology of the species and building capacity for identification of potentially important

habitats.

3.2 Materials And Methods

Satellite-linked archival tracking

Satellite-linked pop-up archival transmitting (PAT) tags (Wildlife Computers, Redmond, USA)
were deployed on foraging sharks (n=21) off northwest Scotland and southwest England
between May and August in 2001 and 2002. A detailed description of tag deployment and
tracking data preparation protocols can be found in Sims et al. (2006). Briefly, PAT tags were
attached to basking sharks by approaching them from behind in a small vessel and, using a
modified speargun harpoon, tags were placed at the base of the first dorsal fin and held in
position by a small stainless steel T-bar dart with a monofilament tether connected to the tag
(Sims et al. 2003; 2006). Tagging was conducted under licences from the UK Home Office,
English Nature and Scottish Natural Heritage. Shark locations during the period of tag
attachment were derived using light-based geolocation (GLS), corrected for sea-surface

temperature (SST), with a calculated error radius of 75.5 + 54.5km (Sims et al. 2006). In
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order to account for this spatial uncertainty in further analyses, we resampled possible
locations (n=10 per GLS-derived location) from within the mean radius of error (Fig. 3.1).
Resampled possible ‘presence’ positions falling on land were discarded and replaced. We also
resampled presence positions (n=10) in the initial (vessel dGPS, error radius <5m) and final
(Argos pop-up location, error radius <1km) locations per track, for equal weighting of all
presence positions. Locations derived from this combined dataset were treated as near-

surface presence positions for statistical analysis.

I T e
}10 20 4o 60'km

Figure 3.1 Derivation of presence/pseudo-absence dataset from tracking data. (a) Example of
resampling of possible presence locations from within calculated error radius of each
geolocation-derived tracking location. (b) Example random walks (10 shown from n=1000),
used to derive pseudo-absences for each shark. Geolocation-derived track as bold line.

Random Walk Simulations

The use of presence-only, serially autocorrelated tracking data to infer habitat preference has
inherent complications (Aarts et al. 2008; Warton & Aarts 2013). In order to account for
regions of habitat accessible to, but not actively utilised by, tracked sharks, we used a
randomisation procedure (cf. Heithaus et al. 2006; Sims et al. 2006) to generate correlated
random walk simulations (n=1000 per shark, total=7000; adehabitatLT package for R;
Calenge 2006). Simulated tracks were generated per shark such that total number of
locations equalled the original track length, and step lengths and turning angles were derived
from distributions in each original track. Simulations were permitted to approach, but not

cross, land, were time-matched to original tracks, and were constrained within a region
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defined by the bounding box surrounding all locations obtained across all individuals (Fig. 3.1;
45°to 61° N, -15° to 6° W; hereafter ‘study area’). This study area includes the UK and Irish
continental shelf region, and the shelf break system (Fig. 3.2). Locations derived from this

simulated dataset were treated as pseudo-absences for statistical analysis.

Environmental data

Composite front maps (7-day, rolling by 1 day; Miller 2009) were prepared for the study area
using SST data obtained via the Advanced Very-High Resolution Radiometer (AVHRR) sensor
and ocean colour data obtained via the Sea-Viewing Wide Field-of-View Sensor (SeaWIFS;
Local Area Coverage, LAC), mapped to the study area at 1.1km resolution using a Mercator

projection.

Seasonal front frequency maps quantifying the percentage time in which a front was detected
in each pixel of the study area, as a ratio of positive detections to the number of cloud-free
observations, were generated for each tracking year (Miller & Christodoulou 2014). As >95%
of all tracking locations were obtained during the main UK basking shark sightings season
(May - Oct), we used 7-day composite front maps from this period of each year (2001, 2002)
to generate the front frequency datasets (thermal front detection threshold = 0.4°C; chl-a
min. front detection threshold = 0.06 mg m-3). We also generated seasonal front frequency
maps for the preceding year, to assess the influence of the previous year’s conditions on

habitat selection (Fig. 3.2).
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Figure 3.2 Associations with broad-scale, seasonally persistent frontal zones. (a),(b) Shark
tracking locations obtained from satellite-linked pop-up archival tags, with different icons
identifying individual sharks overlaid over bathymetry contours of the study area, derived
from the General Bathymetric Chart of the Oceans (GEBCO, 30 arc-second resolution). (c),(d)
Seasonal thermal front frequency for the main UK basking shark sightings season (May - Oct)
of each year at 1.1km resolution (0.4°C front detection threshold). (e),(f) Seasonal
chlorophyll-a front frequency for the same period of each year (0.06 mg m= min. front
detection threshold).

Contemporaneous front metrics (front distance fdist, front gradient density gdens, front
persistence pfront) were generated from composite front maps and time-matched to shark
tracks (7-day, rolling by 1 day). Front distance (fdist) quantifies the distance from any
location in the study area to the closest simplified front, using a custom simplification
algorithm (Miller, P.L; unpubl. data). Front gradient density (gdens) is the result of applying a
Gaussian smoothing filter (sigma = 5 pixels) to a map of the mean gradient magnitude values.
It is designed to provide a local neighbourhood average of frontal gradient, avoiding the
discrete nature of individual detected front contours. Front persistence (pfront) is the

fraction of cloud-free observations of a pixel for which a front is detected. Again, a Gaussian
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filter (sigma = 5 pixels) is applied, to provide a local neighbourhood average of frontal

persistence.

Thresholds for front detection (Single-Image Edge Detection, SIED; Cayula & Cornillon 1992)
are often chosen arbitrarily, yet the magnitude of cross-frontal temperature change is likely to
influence associations between marine vertebrates and fronts (Etnoyer et al. 2006). We
therefore systematically varied the SIED threshold used in preparation of thermal composite
front maps, from 0.2°C (minimum detectable owing to SST scaling in original imagery) to
1.0°C, generating a set of time-matched front metrics at each threshold. Values were obtained
for each of these metrics, plus SST and chl-a with no front detection, for each location of the
full dataset (presence, resampled presence, pseudo-absence), and used as predictor variables

in subsequent statistical modelling.

Statistical analysis

We carried out a use-availability analysis over two spatiotemporal scales: (i) seasonal
associations with zones of frequent frontal activity, and (ii) near real-time associations with
contemporaneous mesoscale thermal and chl-a fronts. We used logistic regression within a
Generalised Linear Mixed Modelling framework (GLMM, Ime4 package for R; Bates et al.
2014) to obtain estimates of the influence of each of the predictor variables on the probability
of observing a presence (individual as random effect; binary presence/pseudo-absence
response; binomial errors with logistic link function). Owing to serial autocorrelation in both
tracking data and simulated tracks, which violates the assumption of independence essential
to the use of GLMM, we used a non-parametric bootstrapping regime to iteratively resample
both the presence and pseudo-absence datasets for each model fit. A total of 1000 presence
and 1000 pseudo-absence locations, weighted as per the proportion of the complete tracking
dataset contributed by each individual, were sub-sampled from each individual dataset for
each iteration. Resultant presence/pseudo-absence datasets were then used to fit models

over 1000 iterations.
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We repeated this procedure using (i) seasonal front frequency metrics (thermal, chl-a) for
both the season in which the sharks were tracked, and the preceding year, and (ii) 7-day
contemporaneous front metrics (thermal, chl-g; distance to closest front fdist, frontal gradient
density gdens, frontal persistence pfront), together with time-matched SST and chl-a values.
All 7-day contemporaneous front metrics and SST were standardised across the entire
presence/pseudo-absence dataset prior to the modelling procedure, by subtracting the mean
and dividing by standard deviation (Zuur, Hilbe & Ileno 2013). This enables comparability of
effect sizes between variables that are scaled differently in their original form. The
distribution of chl-a was highly skewed, with a large predominance of small values. We
therefore removed all spurious outlying values (>20 mg m-3) and transformed the resulting
dataset using a logio transformation to generate an explanatory variable with a distribution

approaching normal.

Owing to colinearity between predictor variables, which was detected using pairwise plots
and Generalised Variance Inflation Factors (GVIF; Zuur, Hilbe & leno 2013), each variable was
fitted via Maximum Likelihood estimation as a standalone explanatory term in separate model
runs (1000 iterations per term). Parameter distributions generated by each set of model
iterations were used to obtain the mean and standard deviation of model intercepts,
regression coefficients and standard errors of fitted terms, deviance explained, and Chi-
square statistic and p-value from a likelihood ratio test against a null model with no fixed
effects (with Restricted Maximum Likelihood; Supp. Table 3.1). Confidence intervals (Cls;
95%) were also calculated for each of the parameter distributions. Mean values and Cls of
regression coefficients were plotted and used to assess the influence of each term on the
probability of shark presence (CIs overlapping zero indicates non-significant term). To assess
the influence of thermal gradient magnitude on the strength of associations with fronts, we
repeated this modelling procedure for each set of time-matched metrics derived using

different front detection thresholds (0.2°C, 0.4°C, 0.6°C, 0.8°C, 1.0°C).
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3.3 Results

Satellite-linked archival tracking

Of the 21 basking sharks tagged sufficient data to reconstruct tracks were received from 7
individuals (body length range 2.5 - 7.0m), which were tracked for a cumulative total of 964
days, ranging from 72 - 213 days per individual. A total of 186 light-level geolocations were
obtained (0.2 + 0.05 per day) during this period. Associated dive data indicated that all sharks

spent a significant proportion of this time foraging at the sea surface (Sims et al. 2006).

Seasonal front frequency

Basking shark tracking locations were clustered within broad-scale regions of high seasonal
front frequency, in both SST and chl-a fields (Fig. 3.2). Logistic regression reveals that the
probability of shark presence was higher in regions of frequent or persistent frontal activity
(frontal zones) during the basking shark surface sightings season (May - Oct) over two years
(Fig. 3.3; Supp. Table 3.1). Thermal front frequency had a stronger influence over the
probability of observing a presence than chl-a front frequency, although both contributed
significant explanatory power to models (Fig. 3.3c; Supp. Table 3.1). The proportion of
deviance explained was also found to be higher for thermal front frequency than for chl-a

(thermal = 8.25 * 2.32; chl-a = 1.65 + 1.06).
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Seasonal front frequency in the preceding year also had an influence on the probability of
observing a presence (Fig. 3.3; Supp. Table 3.1). Model intercepts and regression coefficients
were similar when modelling the influence of front frequency from the same year and from
the preceding year on shark presence (Supp. Table 3.1). Inter-annual variability in front
frequency was low in both thermal and chl-a fields between 2000 and 2002 (Fig. 3.2, Table
3.1). We also observed a high degree of spatial correlation between the thermal and chl-a
seasonal front frequency metrics in each year (mean = 0.523 + 0.04; 2000 = 0.476; 2001 =

0.561; 2002 = 0.533).
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Figure 3.3 Modelling the influence of seasonal front frequency on probability of shark
presence. Mean regression coefficients for the influence of (a) thermal front frequency and
(b) chl-a front frequency on probability of observing a shark presence vs. pseudo-absence
derived from random walk simulations. (c) Distibution of each regression coefficient,
obtained from 1000 model iterations, as mean with 95% ClIs.
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Time-matched front metrics

Shark presence was significantly more likely to be associated with contemporaneous thermal
and chl-a fronts than pseudo-absences derived from random walk simulations (Fig. 3.4; Supp.
Tables 3.2 - 3.3). Distance to closest chl-a front (fdist) and all 7-day thermal front metrics
(distance to closest simplified front, fdist; frontal gradient density, gdens; front persistence,
pfront; 0.4°C front detection threshold) were significant predictors of shark presence. Shark
presence was more likely to be observed in closer proximity to thermal and chl-a fronts, at
higher thermal gradient densities and in association with persistent thermal fronts than
pseudo-absences. Indeed, some individuals appeared to spend days to weeks tracking the

surface profile of strong thermal fronts, presumably foraging on aggregated prey.

Overall, 7-day chl-a front metrics held less explanatory power than thermal metrics; while
distance to closest simplified chl-a front fdist explained a significant proportion of deviance,
gdens and pfront had a less pronounced effect on the probability of shark presence (Fig. 3.5;
Supp. Table 3.3). In addition, confidence intervals of the distribution of regression coefficients
from bootstrapping approached zero for chl-a gdens and overlapped zero for chl-a pfront (Fig.
3.5). We can surmise that shark presence positions are more likely to be observed in closer
proximity to chl-a fronts than pseudo-absences, but that chl-a gdens and pfront metrics have a
lesser influence on probability of shark presence, presumably as a result of the ephemeral
nature of chl-a blooms at fronts, and the spatial smoothing involved in preparation of these
metrics. These results indicate that time-matched thermal front metrics are more useful

predictors of shark presence than comparable chl-a metrics in this case.
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Figure 3.4 Modelling the influence of contemporaneous fronts on probability of shark presence.
(a - f) Mean effects of time-matched oceanographic metrics (chl-a, distance to closest simplified
thermal or chl-a front fdist, frontal gradient density gdens, frontal persistence pfront, and sea surface
temperature, SST) over 1000 model iterations.

Varying the thermal front detection threshold had a considerable effect on the magnitude of
the logistic regression coefficient for the thermal fdist metric (Fig. 3.6; Supp. Table 3.2). Effect
size and proportion of deviance explained increased with a higher detection threshold. Shark

presences were more likely to be associated with stronger thermal fronts (1.0°C cross-frontal
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temperature difference or “step”) than weaker features (0.2°C difference), although all
detection thresholds resulted in significant predictors (Fig.3.6; Supp. Table 3.2). In contrast,
altering the detection threshold had little influence over the effect sizes of the gdens and
pfront metrics (Supp. Table 3.2), most likely as a result of the inclusion of the cross-frontal
gradient in the gdens metric, and the tendency of fronts with a stronger cross-frontal gradient

to persist through time (Bakun 2006).

Comparison with standard SST and chlorophyll-a fields

Chlorophyll-a concentration was found to have a significant effect on the probability of shark
presence, with logio transformed chl-a concentration explaining the highest proportion of
deviance across model iterations (Fig. 3.5b; Supp. Table 3.3). Chl-a had a strongly positive
effect as a predictor of shark presence, indicating that foraging habitat selection is tightly
coupled with primary productivity. SST was also found to be a significant predictor, although
this variable explained a considerably lower proportion of deviance than chl-a and time-
matched front metrics, having a weak negative effect on the probability of shark presence

(Fig. 3.5; Supp. Table 3.3).
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Figure 3.5 Modelling the influence of contemporaneous fronts on the probability of shark

presence. (a) Parameter distributions for regression coefficients, obtained from 1000 model
iterations. Mean regression coefficient with 95% ClIs. Significant terms in black, non-significant
ingrey. Coefficient forlogio chl-a not shown owing to different scaling to standardised metrics.
(b) Percentage of deviance explained by each of the time-matched oceanographic metrics.
Mean value with 95% ClIs, from 1000 model iterations.
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Figure 3.6 Effect of varying thermal front detection threshold on magnitude of effect size for

distance to closest simplified thermal front (fdist). Parameter distributions (mean + 95%
ClIs) for regression coefficient obtained from 1000 model iterations per threshold.
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3.4 Discussion

Our combined use of animal-attached satellite-linked archival tracking and composite front
mapping (Miller 2009) provides novel insight into the influence of regional oceanography on
habitat selection in this wide-ranging marine megavertebrate. This study builds upon prior
observations of associations between the planktivorous basking shark and oceanographic
fronts in coastal regions of the northeast Atlantic obtained from in situ work (Sims & Quayle
1998; Sims et al. 2000; Priede & Miller 2009), but is novel in that we provide a robust
quantification of the influence of thermal and chl-a fronts on habitat selection for sharks
tracked over timescales of weeks to months. Our analysis reveals associations between
tracked sharks and seasonally persistent frontal zones, and a more proximate influence of

contemporaneous mesoscale thermal and chl-a fronts on habitat selection.

Associations with seasonally persistent frontal zones

Seasonal front frequency, i.e. the number of times a front was detected in any one pixel
(1.1km x 1.1km) of the study area over the main UK basking shark surface sightings season
(May - Oct), was found to be a significant predictor of shark presence for both thermal and
chl-a frontal activity. Presence locations of tracked sharks were more likely to be found in
association with seasonally persistent frontal zones than in other regions of the study area,
although thermal front frequency was found to have a stronger effect than chl-a, perhaps
owing to the propensity of thermal fronts to manifest in similar locations more frequently

than chl-a fronts over the season (cf. Kahru et al. 2012).

Furthermore, seasonal front frequency metrics from the preceding year were significant
predictors of shark presence. Low inter-annual variability in the spatial extent of these
persistent frontal zones over the study period (2000-2002) suggests that sharks may return
to spatiotemporally predictable foraging grounds in which they have previously experienced
profitable prey encounter rates. Although we only have tracking data from seven different

individuals tagged over two successive years, and none spanning two years, and so cannot

77



Chapter 111

determine whether the same sharks could be returning to forage in previously profitable
regions, we can surmise that predictability of foraging hotspots is likely to be high over
seasonal timescales. Basking sharks, like many pelagic marine vertebrates, may optimise
foraging efficiency through orientation to the same broad-scale regions to search for suitable
foraging areas, then using random searches (Sims et al. 2008; Humphries et al. 2010) and
more proximate clues to locate prey aggregations nested within (Cotton et al. 2005; Sims et al.
2006; Siders et al. 2013). Many marine vertebrates exhibit broad-scale foraging site fidelity
over seasonal, annual or inter-annual timescales (e.g. seals, Bradshaw et al. 2004b; sharks,
Pade etal 2009; Queiroz et al. 2012; whales, Irvine et al. 2014; seabirds, Patrick et al. 2014),
indicating that spatio-temporal predictability of prey encounter rates influences habitat

selection across taxa (e.g. seabirds, marine mammals; Weimerskirch 2007; Bost et al. 2009).

Spatial correlation between the locations of thermal and chl-a frontal zones with which sharks
associate was also found to be high within the study area, over the three years’ of remotely-
sensed data analysed for this study. The locations of thermal and chl-a fronts often coincide
(Belkin, Cornillon & Sherman 2009), since chl-a fronts frequently manifest where convergent
processes occurring around thermal discontinuities aggregate nutrients and plankton in
productive regions with high background chl-a concentrations, such as at the peripheries of
plankton blooms (Le Fevre 1986; Kahru et al. 2012). Although these mechanisms are notyet
well understood, objective detection of regions of frequent frontal activity in both thermal and
chl-a fields, such as that presented here, could aid in identification of biophysical hotspots.
Persistent thermal and chl-a frontal zones in the Celtic Sea, identified using the same front
frequency indices, have been found to be significant foraging features for breeding northern
gannets Morus bassanus (hereafter, 'gannet’; Scales et al. 2014a). When considered together,
these results suggest that persistent mesoscale frontal zones in UK shelf seas may have
significant cross-taxa ecological importance, providing spatio-temporally predictable foraging

opportunities for both planktivorous and piscivorous marine vertebrates.
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Associations with contemporaneous thermal and chlorophyll-a fronts

Basking sharks were found to associate strongly with productive regions of the study area,
indicating that the propagation of surface foraging opportunities is tightly coupled with
bottom-up oceanographic forcing. Our analysis also reveals that over timescales of weeks to
months, sharks associated with thermal and chl-a fronts within these productive areas. Time-
matched front metrics were significant predictors of shark presence at the surface, with
tracked shark locations more likely to be found in close proximity to thermal and chl-a fronts,
at higher thermal gradient densities and in association with more persistent thermal fronts
than pseudo-absences derived from random walk simulations. These findings are in
concordance with those of another recent study conducted in the western North Atlantic
(Curtis et al. 2014), and with our a priori assumption that foraging behaviour of these
zooplanktivores is closely linked to low trophic-level enhancement. Comparable associations
with thermal fronts in pelagic waters have been documented in other sharks and large
teleosts, including the blue shark Prionace glauca (Queiroz et al. 2012), ocean sunfish Mola
mola (Sims & Southall 2002), bluefin Thunnus thynnus (Schick, Goldstein & Lutcavage 2004),
albacore Thunnus alalunga and skipjack Katsuwonus pelamis tunas (Fiedler & Bernard 1987)
and swordfish Xiphias gladius (Podesta, Browder & Hoey 1993; Seki et al. 2002) in differing
oceanographic regions, suggesting that thermal fronts could have multi-taxon ecological

importance for pelagic predators.

Furthermore, shark presence was more likely to be associated with lower sea surface
temperatures, indicating that fine-scale upwelling and vertical mixing, which transports
nutrients to the surface and so enhances primary productivity, are likely to play a role in the
propagation of profitable foraging opportunities. Upwelling fronts are sites of strong
biophysical coupling, along which nutrient retention and vertical mixing increase primary
productivity and attract grazers such as the calanoid prey of basking sharks (Smith et al

1986; Franks 1992a; Sims & Quayle 1998; Shanks et al. 2000).
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Through systematically varying the threshold used for detection of thermal fronts, our
analysis has revealed that cross-frontal temperature difference is likely to be an important
influence on foraging decisions. Regression coefficients and proportion of deviance explained
across the model iterations per threshold indicate that stronger (1.0°C cross-frontal step)
fronts have more influence over the probability of shark presence than thermal fronts with a
weaker cross-frontal temperature step. The effect of the gradient density gdens metric also
indicates that sharks are more likely to associate with stronger fronts. While part of this
effect may be related to the spatial element of this study, in that stronger fronts are less
numerous and so less likely to be encountered by random walk simulations, this nevertheless
indicates that tracked sharks were found in closer proximity to these strong fronts than could
be expected by chance. These findings highlight the importance of the choice of front
detection threshold in studies investigating species-habitat relationships. The influence of
relative sizes of fronts detected has not been explicitly considered here owing to

methodological considerations, but may be an interesting subject for future research.

The magnitude of cross-frontal temperature difference is likely linked to persistence and the
degree of bio-aggregation occurring at a front, owing to the spatial and temporal lags inherent
in bio-physical coupling mechanisms (Le Fevre 1986). Stronger fronts are more likely to
persist through time, and also potentially more likely to attract foraging sharks. The
mechanisms through which basking sharks detect and respond to environmental clues
associated with biophysical coupling at fronts are not yet well understood, but frontal
propagation and frontogenesis are likely to induce the development of discernible
environmental clues (e.g. surface and sub-surface flow patterns, tidal slicks and streams,
accumulation of biota; Franks 1992b). These cues are likely to be more pronounced in the

vicinity of stronger, more persistent fronts.

Modelling the influence of contemporaneous fronts on habitat selection has revealed that
spatio-temporal persistence of thermal fronts may be an important aspect of their

80



Chapter 111

attractiveness as surface-foraging hotspots. Thermal fronts in shelf seas around Great Britain
and Ireland form primarily as a result of interaction between tidal processes, seasonal
stratification and bathymetric influence (Pingree & Griffiths 1978; Simpson & Sharples 2012).
As aresult, fronts range from ephemeral, only manifesting at certain stages of the tidal cycle,
to quasi-stationary and seasonally persistent (Belkin, Cornillon & Sherman 2009; Simpson &
Sharples 2012). Persistent fronts are more likely to be sites of bio-aggregation (Bakun 2006),
and hence more likely to attract foraging marine vertebrates, than ephemeral features. Whilst
gannets in the Celtic Sea appear to target foraging effort within seasonally persistent frontal
zones, responses to contemporaneous fronts are highly variable (Scales et al. 2014a). We
here provide evidence that basking sharks may associate with contemporaneous fronts more
actively than these piscivorous birds, and while persistence evidently has an influence, sharks
may also associate with more ephemeral features. We can surmise that aggregation of the
sharks’ preferred zooplankton prey does not involve the same spatial and temporal lags that
would be required for bio-aggregation to propagate through the food chain from plankton to
pelagic fish populations and, in turn, to their predators. This work highlights the importance
of persistence, and spatio-temporal predictability, of fronts when considering their value as

habitats for marine predators.

Technical Limitations

While this study enhances understanding of associations between basking sharks and fronts
in the northeast Atlantic, it is not of course without limitations. Using archival tracking
technologies based on light-level geolocation has intrinsic limitations, owing to the low level
of spatial accuracy of location estimates. However, we have propagated this uncertainty
through modelling by repeatedly resampling potential presence locations from within an
experimentally-derived radius of error around each geolocation estimate, and randomly
resampling from this presence dataset before fitting each model iteration. The future use of
more accurate tracking technologies, such as fast-acquisition GPS systems (e.g. Fastloc™-GPS;

Wildtrack Telemetry Systems Ltd., Leeds, UK) will enable finer-scale investigations into the
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drivers of habitat preference in this species and other pelagic marine vertebrates (e.g. Sims et
al. 2009). The use of GPS-based tracking with composite front mapping or similar techniques

would be a logical follow-up to the results presented here.

Moreover, our study has been restricted to analysis of movements of only a few individuals
(n=7) over a few months within a year of their life cycle, so we are hesitant to extrapolate
findings to the population level. Many aspects of the life cycle of the basking shark remain
unknown, including the size of the population using shelf seas of the northeast Atlantic, and
longer range migratory behaviour (Sims 2008). We cannot ascertain whether fronts are
significant habitat features for basking sharks throughout the annual cycle or throughout
their range. In the northwest Atlantic tracked basking sharks move from higher latitudes in
summer to equatorial regions in winter (Skomal et al. 2009), but in the northeast Atlantic
other tracking work has revealed that the shelf-break system, a region of frequent and intense
surface frontal activity, may represent an important over-wintering habitat (Sims et al. 2003).
Results presented here indicate that sharks also associate with thermal and chl-a fronts
manifesting in coastal waters of the British Isles in summer, when sharks frequently feed at
the surface and occasionally dive to the sea bottom (Sims et al. 2005), and so are at their most
vulnerable to deleterious anthropogenic interactions (e.g. fisheries bycatch; development of
Marine Renewable Energy Installations (MREI); impacts of maritime leisure). Composite
front mapping is useful in identifying key habitats and potential regions of overlap with
anthropogenic pressures within the Exclusive Economic Zones (EEZ) of stakeholder nations,
and so could be of value in marine spatial planning and the formulation of management
initiatives for species of conservation concern (Miller & Christodoulou 2014; Scales et al.

2014b).

Although oceanographic front metrics derived from composite front mapping have proven
useful in this context, the technique has some constraints that must be taken into account.

Along with all marine remote sensing applications, only the surface profile of complex three-
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dimensional oceanographic processes can be detected. However, surface frontal activity can
be a useful indicator of sub-surface biophysical processes that influence prey availability (Le
Fevre 1986; Genin et al. 2005). Moreover, this study focuses on basking sharks that spend
long periods surface-feeding, which may be more closely associated with surface frontal
activity than other deep-diving marine vertebrates (e.g. northern elephant seal Mirounga
angustirostris; Robinson et al. 2012). In addition, the spatial resolution of SST and chl-a
imagery used to derive the frontindices is limited by the satellite-based sensors. Here, we use
Local Area Coverage (LAC) to obtain 1.1km resolution products, but we cannot detect finer-
scale oceanographic influence on shark movements. The issue of spatial resolution has an
impact on the algorithm’s ability to detect fine-scale tidal mixing fronts occurring near to the
coastline, which have been identified as potentially significant features for marine vertebrates
utilising the nearshore coastal zone (e.g. Jones et al. 2014). However, front metrics used here
are appropriate for oceanographic contextualisation of animal movements occurring across
pelagic seascapes over timescales of days-weeks-months, complementing the recent

proliferation of data obtained through biologging.

3.5 Conclusions

In summary, we present evidence that basking sharks strongly associate with thermal and
chl-a frontal activity in shelf seas of the northeast Atlantic. We provide a robust
methodological approach to quantification of the influence of fronts on habitat selection by
wide-ranging marine vertebrates. This analysis reveals that seasonal front frequency is a
useful predictor of shark presence. Moreover, we highlight the tendency of sharks to
associate with contemporaneous thermal and chl-a fronts, and the significant influence of
cross-frontal temperature change and spatio-temporal persistence on the strength of
associations. These findings have implications for management and conservation (Miller &
Christodoulou 2014; Scales et al. 2014b), particularly in regard to the current marine spatial

planning agenda in the northeast Atlantic.
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Supplementary Figures and Tables

Supp. Table 3.1 Modelling the influence of seasonal front frequency on the probability of observing
shark presence vs. pseudo-absence derived from random walk simulations (n=1000 per shark).
Parameter distributions obtained from 1000 model iterations, summarised as mean # standard
deviation, with range. The magnitude of regression coefficients here reflect the scaling of the
predictor variable, which is presented as percentage time in which a front is detected in any pixel
over the study area over the specified season of each tracking year (May - Oct, 2001-02).

Predictor Intercept Regression Standard Deviance p-values
coefficient error explained <0.05
(%)
Thermal front -0.85+0.14 0.07 £0.01 0.01+0.00 8.25+2.32 100%
frequency (-1.37--0.48) (0.04-0.12) (0.01-0.02) (2.83-16.22)
(Tfreq)
Chl-a front -0.44 £ 0.16 0.03+0.01 0.01+0.00 1.65 +1.06 78%
frequency (-1.03--0.01) (0.00 - 0.08) (0.01-0.01) (0.00 - 6.58)
(Cfreq)
Thermal front -0.77 £ 0.14 0.07 £0.01 0.01+0.00 7.05+2.11 100%
frequency (-1.28--0.34) (0.03-0.13) (0.01-0.02) (1.54 - 14.66)
(Tfreq),
preceding year
Chl-a front -0.41+0.15 0.03+0.01 0.01+0.00 1.48 £ 1.00 73%
frequency (-0.90 - 0.09) (-0.01-0.07) (0.01-0.01) (0.01 - 6.09)
(Cfreq),
preceding year
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Supp. Table 3.2 Modelling the influence of contemporaneous mesoscale thermal fronts on habitat
selection. Influence of time-matched metrics on the probability of observing shark presence vs.
pseudo-absence derived from random walk simulations (n=1000 per shark) using different thermal

front detection thresholds.

Front detection Intercept Regression Standard Deviance p-values < 0.05
threshold (°C) coefficient error explained
(%)
Thermal fdist
0.2 0.03 +£0.02 -0.34 £ 0.06 0.06 £ 0.00 1.47 £ 0.45 100%
(-0.01-0.08) (-0.52--0.11) (0.05-0.07) (0.17 - 2.93)
0.4 -0.07 £ 0.02 -0.44 £ 0.06 0.06 £ 0.00 2.48 £0.58 100%
(-0.12--0.01) (-0.62 --0.28) (0.05-0.06) (1.05 - 4.48)
0.6 -0.07 £ 0.03 -0.64 + 0.06 0.07 £ 0.00 4.21+0.75 100%
(-0.16 - 0.01) (-0.82 - -0.45) (0.06 - 0.08) (2.02 - 6.68)
0.8 -0.13 £ 0.04 -0.82 +0.08 0.08 £ 0.00 6.20 £1.01 100%
(-0.26 - 0.00) (-1.09 - -0.57) (0.07 - 0.09) (3.67 -9.99)
1.0 -0.29 £ 0.05 -1.02 £ 0.08 0.09 £ 0.00 8.53+1.13 100%
(-0.44 - -0.16) (-1.28--0.78) (0.08-0.10)  (5.25+12.06)
Thermal gdens
0.2 -0.04 £ 0.02 0.29 £ 0.05 0.04 £ 0.00 2.05+0.50 100%
(-0.10 - 0.00) (0.17 - 0.44) (0.04 - 0.05) (0.79 - 3.93)
0.4 -0.07 £0.01 0.31+0.05 0.04 £ 0.00 2.44 £ 0.56 100%
(-0.11--0.03) (0.17 - 0.48) (0.03-0.05) (0.83 - 4.50)
0.6 -0.06 £ 0.01 0.26 + 0.04 0.04 £ 0.00 2.09£0.51 100%
(-0.11 --0.02) (0.14 - 0.42) (0.03-0.05) (0.73 - 3.78)
0.8 -0.05 £ 0.01 0.24 £ 0.04 0.04 £ 0.00 191 +0.48 100%
(-0.11 --0.02) (0.13-0.46) (0.03-0.06) (0.60 - 4.13)
1.0 -0.05 £ 0.01 0.24 +0.05 0.04 +0.01 1.88 £ 0.47 100%
(-0.10 - -0.01) (0.13-0.43) (0.03-0.07) (0.62 - 3.58)
Thermal pfront
0.2 0.01+0.01 0.10 £ 0.04 0.04 £ 0.00 0.21+0.17 57%
(-0.01 - 0.04) (-0.04 - 0.28) (0.04 - 0.05) (0.00 - 1.41)
0.4 -0.04 £ 0.01 0.28 + 0.04 0.04 £ 0.00 1.61 +0.47 100%
(-0.08 --0.01) (0.15-0.44) (0.04 - 0.05) (0.48 - 3.55)
0.6 -0.04 £ 0.01 0.24 £ 0.04 0.04 £ 0.00 1.45 £ 0.44 100%
(-0.07 - -0.01) (0.11-0.38) (0.04 - 0.05) (0.36 - 3.06)
0.8 -0.05 £ 0.01 0.24 +0.05 0.04 £ 0.00 1.60 £ 0.47 100%
(-0.08 --0.01) (0.12-0.42) (0.03-0.06) (0.42 - 3.45)
1.0 -0.04 £ 0.01 0.24 +0.05 0.04 +0.01 1.61 +0.47 100%
(-0.08 --0.01) (0.11-0.47) (0.03-0.07) (0.46 - 3.30)
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Supp. Table 3.3 Modelling the influence of contemporaneous mesoscale chlorophyll-a (chl-a)
fronts, sea surface temperature (SST) and surface chl-a concentration on habitat selection.
Influence of time-matched metrics quantifying distance to closest simplified chl-a front fdist, chl-a
gradient density gdens, temporal persistence of chl-a fronts pfront, SST and chl-a on the probability of
observing shark presence vs. pseudo-absence derived from random walk simulations (n=1000 per
shark). Significant relationships in black, non-significant in grey (Confidence Intervals of regression

coefficients overlap zero, and low proportion of p-values below 0.05 threshold, low proportion of
deviance explained).

Predictor Intercept Regression Standard Deviance p-values < 0.05
coefficient error explained
(%)
chl-a -0.10 £ 0.02 -0.55 £ 0.07 0.07 £ 0.00 3.01+0.62 100%
fdist (-0.16 --0.05)  (-0.76 --0.38) (0.06 - 0.08) (1.48 - 5.06)
chl-a 0.00 +0.01 0.11 +0.04 0.04 +0.00 0.28+0.18 75%
gdens (-0.02 - 0.02) (-0.01 - 0.25) (0.04 - 0.05) (0.00-1.10)
chl-a 0.01+0.01 0.04 +0.05 0.05+0.00 0.05+0.00 10%
pfront (-0.01-0.02) (-0.09 - 0.20) (-0.09 - 0.20) (0.04 - 0.05)
SST -0.03£0.01 -0.27 £ 0.06 0.05 +0.00 1.0+ 0.36 100%
(-0.07 -0.01) (-0.47 - -0.09) (0.05 - 0.06) (0.12 - 2.30)
logio chl-a 0.63 +0.05 2.6+0.19 0.18 +0.01 10.6 +1.21 100%
(0.47 - 0.87) (2.00 - 3.42) (0.16 - 0.20) (6.99 - 15.19)
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Oceanic loggerhead turtles Caretta caretta associate with oceanographic
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ABSTRACT

Oceanographic fronts are physical interfaces between water masses that differ in properties
such as temperature, salinity, turbidity and chlorophyll-a enrichment. Bio-physical coupling
along fronts can lead to the development of pelagic biodiversity hotspots. A diverse range of
marine vertebrates have been shown to associate with fronts, using them as foraging and
migration habitats. Elucidation of the ecological significance of fronts generates a better
understanding of marine ecosystem functioning, conferring opportunities to improve
management of anthropogenic activities in the oceans. This study presents novel insight into
the oceanographic drivers of habitat use in a population of marine turtles characterised by an
oceanic-neritic foraging dichotomy. Using satellite tracking data from adult female
loggerhead turtles nesting at Cape Verde (n=12), we test the hypothesis that oceanic-foraging
loggerheads associate with mesocale (10s -100s km) thermal fronts. We use high-resolution
(1km) composite front mapping to characterise frontal activity in the Canary Current Large
Marine Ecosystem (LME) over two temporal scales - i) seasonal front frequency and ii) 7-day
front metrics. Our use-availability analysis indicates that oceanic loggerheads show a
preference for the highly productive upwelling region between Cape Verde and mainland
Africa, an area of intense frontal activity. Within the upwelling region, turtles appear to forage
epipelagically around mesoscale thermal fronts, exploiting profitable foraging opportunities

resulting from physical aggregation of prey.
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4.1 Introduction

Anthropogenic impacts on the marine environment are now evident in every major ocean
basin and marine ecosystem type (Halpern et al. 2008). These impacts are consequent not
only for continued use of marine ecosystem goods and services by humans, but also for
management and conservation of marine biodiversity (Maxwell et al. 2013). Understanding
the oceanographic drivers of marine vertebrate habitat use is essential to our knowledge of
marine ecosystem functioning, and in locating critical habitats for species of conservation

concern.

Oceanographic fronts are potentially significant habitat features, often associated with pelagic
biodiversity hotspots (Le Fevre 1986; Belkin, Cornillon & Sherman 2009). Fronts are physical
interfaces at the transitions between water masses, manifesting as surface features
delineating abrupt changes in physical properties (i.e. temperature, salinity, colour). Fronts
occur throughout the oceans, range from metres to thousands of kilometres in length and can
be ephemeral or persistent (Belkin, Cornillon & Sherman 2009). Along some features,
nutrient retention can enhance primary productivity (Traganza, Redalije & Garwood 1987;
Franks 1992a). Zooplankton and small nekton may also become entrained and aggregated
together by convergent flow fields (Franks 1992b; Graham, Pages & Hamner 2001; Genin et al.
2005). Together, this can provide rich foraging opportunities for higher marine vertebrates,

from pelagic fish to apex predators.

Evidence suggests that a taxonomically diverse range of marine predators, including seabirds
and pinnipeds, predatory fish, cetaceans, elasmobranchs and several species of sea turtle
associate with fronts to some degree during their lifecycle (see Polovina et al. 2004; Mansfield
& Putman 2013; Scales et al. 2014b & references therein). However, the nature, strength and
variability of these associations remains unclear in many cases. Alongside taxon-specific

aspects of foraging ecology, regional oceanographic character is likely to strongly influence
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the attractiveness of fronts as foraging features. Spatial scale, gradient magnitude and
temporal persistence of fronts vary both within and between oceanographic regions,
influencing the linkages between predators, prey, and physical processes. Foraging
opportunities associated with bio-aggregation along fronts may be more profitable under
certain oceanographic conditions, or exploitation of these opportunities may vary between
populations or individuals (Scales et al. 2014b). More work is therefore needed to elucidate
the influence of mesoscale oceanographic dynamics on habitat preference in different marine

vertebrate populations.

Loggerhead turtles have been shown to migrate along the North Pacific Transition Zone
(Polovina et al. 2000; Polovina et al. 2004; Kobayashi et al. 2008), forage around coastal
upwelling fronts off Baja California (Etnoyer et al. 2006), and raft amongst floating Sargassum
at fronts as neonates (Witherington 2002; Mansfield et al. 2014). However, loggerheads are
circumglobally distributed, migratory predators that exhibit a high degree of foraging
plasticity (Hatase et al. 2002; Hawkes et al. 2006; Frick et al. 2009; Hatase, Omuta &
Tsukamoto 2013; Varo-Cruz et al. 2013), so questions remain regarding the generality of
these findings across populations. Adult loggerheads in the classic life history model forage
benthically in coastal waters of temperate and sub-tropical nations (Schroeder, Foley &
Bagley 2003), yet oceanic foraging strategies have now been observed in populations in the
Atlantic (Hawkes et al. 2006; Mansfield et al. 2009; Reich et al. 2010; Varo-Cruz et al. 2013),
Pacific (Hatase et al. 2002), Indian ocean (Luschi et al. 2003), the Mediterranean (Casale et al.
2008) and Arabian seas (Rees et al. 2010). Oceanic loggerheads are thought to feed in the
epipelagic zone (i.e. near the surface), preying opportunistically on planktonic and neustonic
organisms, such as jellies, fish, crustaceans and their eggs and larvae (Frick et al. 2009;
McClellan et al. 2010; Todd Jones & Seminoff 2013), organisms that are easily entrained along

bio-aggregating fronts.
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Here, we use high-resolution (1km) composite front mapping (Miller 2009) to provide a
remotely-sensed oceanographic context to the movements of post-nesting female loggerheads
tracked by satellite from Cape Verde, a population in which the oceanic foraging strategy

seems to dominate (Hawkes et al. 2006; Eder et al. 2012; Varo-Cruz et al. 2013). Composite
front mapping allows us to objectively locate thermal and chlorophyll-a fronts over ocean-
basin scales, remove any obscuring influence of cloud and visualise spatiotemporal dynamics.
High-level metrics describing frontal activity (distance to closest front, front density) can be
time-matched to tracking data, and used as part of a suite of remotely-sensed products to
contextualise animal movements. Using metrics describing oceanographic conditions over
two temporal scales (seasonal, 7-day) in a multi-scale use-availability analytical framework,
we aim to quantify associations between oceanic loggerheads and thermal fronts in a novel

oceanographic region.

4.2 Materials And Methods

Tracking Data

A total of 24 adult females were equipped with Argos-PTT satellite tracking devices over three
successive nesting seasons (n=10, 2004; n=3,2005; n=11, 2006) at Boa Vista, Cape Verde (Lat.
16.1, Lon. -22.8; Hawkes et al. 2006 and L.A. Hawkes unpubl. data), using previously tested
attachment methods (Godley et al. 2002). Transmitters used were Sirtrack Kiwisat model 101
(n=16), Telonics model ST-14 (n=2) and dive-recording Sea Mammal Research Unit (SMRU)
9000x Satellite Relay Data Loggers (SRDLs; n=6). As tags were attached to adult turtles only
(Curved Carapace Length, CCL > 70cm), we assume that additional drag effects were minimal,
following Todd Jones et al. (2013). Argos data were filtered to include only location classes
(LC) A, B, 0,1, 2 and 3, using the Satellite Tracking and Analysis Tool (Coyne & Godley 2005),
excluding LC Z owing to low accuracy (Witt et al. 2010). All inter-nesting locations were
removed. Unrealistic locations were also excluded (swimming speed > 5 km h-1; positions on
land). Only those turtles that exhibited an oceanic foraging strategy (n=12; Supp. Table 4.1;

98% locations >500m depth; Hawkes et al. 2006) were included in further analyses.
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Track Interpolation using State-Space Modelling (SSM)

The majority (60%) of filtered Argos locations were of low accuracy (Location Classes A and
B) and were irregular, with long data gaps (mean uplink frequency: one location per 11.2 hrs;
Fig. 4.1). We thus excluded large gaps (>14 days), which reduced mean uplink frequency to
one location per 8.1 hours, but variability remained high (range <1 to 332.5 hours between
uplinks). Consequently, we interpolated between locations using a first differences correlated
random walk SSM (DCRW; Jonsen, Flemming & Myers 2005) in R (R Core Development Team
2012) and Just Another Gibbs Sampler (JAGS) 3.2.0 (www.mcmc-jags.sourceforge.net). Model
parameters were estimated for each track using two parallel Markov Chain Monte Carlo
(MCMC) chains. We used 10,000 iterations after a burn-in phase of 30,000, and a thinning
rate of every 10th sample. A time-step of 12 hours was used to generate two ‘most likely’
locations for each day of the tracking period from the posterior means of resultant

distributions (Fig. 4.1).

BROAD-SCALE USE-AVAILABILITY ANALYSIS

High-use habitat over seasonal timescales was identified using kernel utilisation distributions
(KUD) on interpolated tracks over a 1km resolution grid. Data were split into seasons
(Winter: Dec - Feb; Spring: Mar - May; Summer: Jun - Aug; Autumn: Sep - Nov) across the
entire tracking period and aggregated (adehabitatHR library for R; Calenge 2006). Low
sample size prohibited further separation into seasons of each year. The KUD smoothing

parameter was selected using the reference bandwidth (Kie 2013).
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Figure 4.1 State-space modelling (SSM) for track interpolation. Study area shown in (a), with
bathymetric contours highlighted (GEBCO; 30 arc-second resolution) and smaller inset area
encompassing individual track highlighted with bold black polygon (turtle 68558a). (b) Filtered
Argos locations shown with error radius (from Witt et al,, 2010) as open circles. (c) Interpolated,
regularly-spaced locations generated by the SSM (2 locations day1).

Seasonal Environmental Data

Thermal composite front maps were created at 1km resolution using NASA Multi-sensor
Ultra-high Resolution Sea-Surface Temperature data (MUR SST). Daily SST imagery was
mapped to the study area in geographic projection, and thermal fronts were detected in each
scene using Single-Image Edge Detection (SIED; Cayula & Cornillon 1992; front detection
threshold = 0.4°C). All fronts detected over 7-day windows were incorporated into composite
front maps, rolling by one day and covering the entire tracking duration (July 2004 - Oct.
2009; Fig. 4.2). Using these 7-day composite front maps, seasonal thermal front climatologies
were generated for the area enclosed by a radius described by the maximum displacement

from origin (Lat: 0°N to 30°N; Long: 10°W to 40°W) for each season (Winter, Dec-Feb; Spring,
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Mar-May; Summer, Jun-Aug; Autumn, Sep-Nov; Fig. 4.3) over the entire tracking duration
(2004-09). Resultant frequent front maps track each pixel through successive composites,
quantifying the percentage time in which a front is detected and thereby highlighting regions
in which fronts persist or manifest frequently (Miller & Christodoulou 2014). Sea Surface
Temperature (SST; median) and chlorophyll-a (chl-a; median) imagery was processed from
MODIS data at 4km resolution and mapped to the same region over matching seasonal
timescales. General Bathymetric Chart of the Oceans (GEBCO_08 grid;
http://www.gebco.net/) depth data were also obtained, at 30 arc-second resolution, and

mapped to the study area (‘raster’ library for R; Hijmans & van Etten 2012).

MESOSCALE USE-AVAILABILITY ANALYSIS

Random Walk Simulations

Estimating habitat preference using presence-only, spatio-temporally autocorrelated
telemetry data can be complex (Aarts et al. 2008). In order to generate a null model with
which to test the habitat preference by loggerhead turtles, we used a randomisation
procedure (cf. Heithaus et al. 2006) to generate pseudo-absence points for use within a
regression-based statistical framework (Warton & Aarts 2013). One thousand correlated
random walk (CRW) simulations were generated per individual and were time-matched to
original tracks using step lengths, turning angles and total track length from each track
(adehabitatLT library for R; Calenge 2006). To reflect spatial bias in presence data, random
walk simulations had a fixed start at the nesting beach and were constrained within a habitat

availability radius defined by the overall maximum displacement distance.

Temporally-matched Environmental Data

Thermal composite front maps (7-day, rolling by 1 day) were processed to generate a suite of
time-matched rasters describing frontal activity (Fig. 4.2). Frontal density (fdens) quantifies
the relative number and strength of all fronts detected over the study area, as a single metric

that comprises both strength and persistence. fdensis prepared directly from composite front
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maps (Miller 2009), spatially smoothed to generate a continuous distribution quantifying
relative frontal activity over the study area. The frontal distance (fdist) metric quantifies the
distance from any location to the closest simplified front, using a custom simplification
algorithm (Miller, P.I; unpubl. data). Front metrics, SST and chl-a were extracted from

temporally-matched rasters for each location along each track, both real and simulated.

2rw 15'w

Figure 4.2 Composite front mapping protocol. (a) Example daily NASA MUR SST product, (b) single-
image edge detection, where edges are shown in grey (0.4°C threshold). (c) All fronts detected in 7
daily images combined to create 7-day composite front maps (Miller 2009), rolling by one day to
cover entire tracking duration. (d) Composites simplified to a single line for each frontal feature
(red = warm side, blue = cold side; width = relative strength), and (e) a continuous distance to
closest front raster created from this simplified map (fdist). (f) Continuous frontal density (fdens)
raster, created by spatial smoothing of the composite front map in (c).

Statistical Analysis

First, we compared the proportion of time spent in proximity to mesoscale thermal fronts for
real and simulated tracks (the null model). We derived the proportion of each track spent
within four distance bins (2km, 5km, 7km, 10km) of the closest front, and compared the
distributions. Distance bins were chosen to account for deviation between a front’s surface
manifestation and its sub-surface profile, advection of aggregated material, sub-mesoscale

meanders undetectable at this spatial resolution, and potential measurement error.
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A regression-based approach was then used to quantify the influence of oceanographic
covariates on the probability of turtle presence. As tracking locations are serially
autocorrelated, violating the assumption of independence held central to generalised linear
modelling, we used a non-parametric bootstrap regression to repeatedly sub-sample the real
(presence) and simulated (pseudo-absence) tracking datasets. Each sub-sampling iteration
selected a total of 1000 presence and 1000 pseudo-absence points from the master dataset,
weighted per the proportion of presences for each turtle. Presence/absence was then used as
abinary response variable in binomial generalised linear mixed models (GLMM; Ime4 package
for R; Bates et al. 2014), with individual as a random effect, over 1000 bootstrap iterations.
All environmental covariates were standardised before inclusion in models, by subtracting the
mean and dividing by standard deviation (Zuur, Hilbe & Ieno 2013), enabling comparability of

coefficient estimates.

Firstly, each environmental covariate was fitted as a standalone term in separate models, over
1000 iterations per term, to assess the effect of each on the probability of turtle presence.
Parameter distributions drawn from model iterations were used to obtain mean values and
standard deviations for model intercepts, regression coefficients and standard errors of fitted
terms, percentage deviance explained, Chi-square statistic and p-value from alikelihood ratio
test of each model iteration against a null model fitted with no fixed effects (Table 4.1). Next,
multiple regression including all oceanographic covariates (fdist, fdens, chl-a, SST; all
standardised) was used to determine relative contributions to the probability of turtle
presence. Generalised Variance Inflation Factors (Zuur, Hilbe & Ieno 2013) confirmed that
colinearity between oceanographic covariates was not prohibitively high for inclusion in the
same model. We again used a non-parametric bootstrap, using a binomial GLMM with turtle
ID as a random effect and removing each term from the maximal model in turn over 1000
iterations per term. We obtained estimates for regression coefficients, change in AIC and

deviance explained on removal, and Chi-square statistic and p-value from a Chi-square test
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against the maximal model, to quantify the relative importance of each term to the model

(Table 4.1).

Dive Behaviour

Two individuals were equipped with dive-logging devices, recording the location, depth and
duration of dives (Supp. Table 4.1). We mapped dive locations, separated them into day/night
using location-specific civil twilight times and then extracted temporally-matched
environmental data (‘maptools’ library for R; Bivand & Lewin-Koh 2013). To test whether
dive behaviour differed in association with mesoscale fronts, a negative binomial Generalised
Additive Mixed Model (GAMM) was fitted, with maximum dive depth (m) as response and a
smoother applied to the fdist (distance to closest front) metric, with individual as a random
effect. The theta parameter was estimated by performance iteration, and scale parameter and

model dispersion statistic were used for model validation (Zuur, Hilbe & Ieno 2013).

4.3 Results

Broad-scale, seasonal habitat associations

At broad scales, high-use habitat of oceanic loggerheads was strongly associated with the
upwelling region off the coast of Northwest Africa, characterised by intense frontal activity
and elevated chlorophyll-a concentrations (Fig. 4.3). Thermal front frequency was higher
within regions of habitat used by tracked animals than the background level of frontal activity

observed within the study area (Fig. 4.4).
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Figure 4.3 Broad-scale, seasonal habitat associations. (a-d) Seasonal kernel utilisation
distributions (KUD) for oceanic-foraging turtles only (n=12), identifying high-use habitat over
the whole tracking duration, binned by season. KUD contours highlighted, with 95% contour as
perimeter line. (e-h) Seasonally-averaged SST (2006 data) and (i-I) chlorophyll-a concentrations
(2006 data). (m-p) Thermal front climatologies highlight areas of frequent, intense frontal
activity over the tracking duration (2004-09).
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Figure 4.4 Broad-scale, seasonal habitat associations of oceanic-foraging loggerheads in Canary
Current LME. Distribution of front frequency (%) from habitat used, as defined by 95% KUD
contours (solid line), against background level of front frequency (%) in all accessible habitat, as

defined by radius of maximum displacement from nesting location (dashed line).

Mesoscale habitat associations

Oceanic-foraging loggerhead turtles associated with mesoscale oceanographic fronts within

the upwelling region significantly more than would be expected under a scenario of random

habitat use.

The proportion of each track occurring within a spatial buffer (2km, 5km, 7km, 10km) of the

closest detected frontis, on average, higher for tracked turtles (2km, 0.10 + 0.04; 5km, 0.25 +
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0.07; 7km, 0.33 = 0.07; 10km, 0.47 * 0.10) than for random walk simulations (2km, 0.07 *
0.03; 5km, 0.19 + 0.05; 7km, 0.26 + 0.07; 10km, 0.39 + 0.09), with four of twelve turtles
associating with fronts significantly more frequently than random walks (Fig. 4.5; 5%

significance level).
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Figure 4.5 Use of mesoscale thermal fronts by oceanic-foraging loggerheads. Proportion of each
track (n=12) within 2km (a), 5km (b), 7km (c) and 10km (d) of closest front (grey bars).
Proportion of simulated tracks (n=12000) within each distance threshold shown as grey curve.
Upper 5% of distribution marked by dashed line.

Presence/absence predictions from logistic regression suggests that front metrics (fdens,
fdist) are significant predictors of turtle presence, both as standalone terms and in multiple
regression. Presence points were more likely to occur closer to fronts and at higher frontal
density than pseudo-absences derived from random walks (Fig. 4.6, Table 4.1). Confidence
Intervals (CIs) of distributions of regression coefficient magnitude obtained from 1000 model
iterations do not overlap zero for fdens, fdist or SST, indicating that these terms have

significant explanatory power (Fig. 4.6€).
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Further, fdens and fdist were found to be significant terms using likelihood ratio tests, with p-
values indicating significance in all 1000 single-term model iterations. In contrast, SST and
chl-a were weaker predictors of turtle presence. Confidence Intervals of regression
coefficients for chl-a overlap zero, and a lower proportion of significant p-values were
generated. In addition, fdens, fdist and SST made a more significant difference to the AIC of
the multiple-regression model upon removal than chl-a. These results indicate that the 7-day
front metrics fdens and fdist have better explanatory power in predicting turtle presence than

the more-commonly used SST and chl-a metrics.

Dive data

The distribution of dive depth maxima clearly shows a predominance of shallow dives, with a
median max. depth of 14.5m (Fig. 4.7a). Dives were marginally deeper during daylight than
darkness hours (Fig. 4.7b). Moreover, dives during daylight hours tended to be shallower

when closer to fronts (Fig. 4.7c).
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Figure 4.6 Modelling the influence of mesoscale fronts on habitat selection. Effect of (a) frontal density,
(b) distance to closest front, (c) SST and (d) surface chl-a concentration on probability of turtle
presence (all covariates standardised). (e) Parameter distributions for regression coefficients from
binomial GLMM (individual as random effect; 1000 iterations) shown for influence of frontal density
(fdens), distance to closest front (fdist), SST and chl-a concentration. Mean value indicated by filled
circle, 95% confidence intervals (Cls) shown as horizontal lines. Outputs from modelling of single terms
in black, multiple regression in grey. Mean regression coefficients plotted on response scale (logistic
link function; a-d). Confidence intervals for fdens, fdist and SST do not overlap zero, indicating
significance explanatory power as predictors of turtle presence.
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Table 4.1 Modelling the influence of mesoscale fronts on habitat selection. Model parameters (mean #*
sd, range; binomial GLMM; 1000 iterations) for the influence of frontal density (fdens), distance to
closest front (fdist), sea surface temperature (SST) and chl-a concentration (chl-a) on probability of
observing a presence (locations sampled from filtered Argos dataset) or absence (pseudo-absences
sampled from random walk locations). All environmental covariates standardised before inclusion,
for comparability of coefficient sizes. Regression coefficients reported on untransformed scale.

a. Single terms: presence (0/1) ~ metric + (1 | ID)

Environmental Intercept Regression Standard error Deviance p-values <

covariate coefficient explained 0.05

(standardised) (%) (%)

fdens -0.050 £ 0.01 0.29 £ 0.05 0.04 +0.003 1.9+0.53 100
(-0.08 --0.03) (0.14 - 0.48) (0.034 - 0.054) (0.62-13.8)

fdist -0.07 £ 0.01 -0.40 £ 0.06 0.6 £ 0.002 1.9+0.51 100
(-0.12--0.03)  (-0.61--0.23) (0.05-0.07) (0.65-4.30)

SST -0.005 £ 0.003 0.08 + 0.04 0.04 + 0.0004 0.16 +0.13 51
(-0.02 - 0.003) (-0.02-0.22) (0.041-0.044) (0.00-0.92)

chl-a 0.02 £ 0.04 0.29+0.18 0.1 +£0.03 0.64 +0.53 75
(-0.1-0.14) (-0.05-1.14) (0.02-0.18) (0.00 - 3.48)

b. Multiple regression: presence (0/1) ~ fdens + fdist + chl-a + SST + (1 | ID)
Intercept =-0.05 + 0.05 (-0.19 - 0.08)

AIC: 1531 £ 33.5 (1430 - 1645)

Total deviance explained (%) =4.2 £+ 1.0 (1.3 -7.5)

Environmental Regression AAIC A deviance Chi-sq p-values <
covariate coefficient on removal explained statistic 0.05
(standardised) on removal (%) (df=1) (%)
fdens 0.19 £ 0.06 +11.0+7.1 0.82 + 0.45 13.0+7.1 93
(0.01-0.38) (-1.9-36.6) (0.00 - 2.40) (0.07 - 38.6)
fdist -0.28 £ 0.08 +11.4+6.8 0.84 +0.43 13.4+6.38 95
(-0.52-0.02) (-1.9-40.3) (0.01 -2.64) (0.09 - 42.3)
SST 0.22 £0.68 +11.2+76 0.83+0.51 132+ 7.6 93
(-0.01-0.47) (-1.9-51.4) (0.00-3.37) (0.05-53.4)
chl-a 0.29+£0.21 +6.6+8.1 0.54 +0.51 8.6 +8.1 64
(-0.06-1.18) (-2.0-52.5) (0.00 - 3.53) (0.0 - 54.5)
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Figure 4.7 Dive behaviour of oceanic turtles. (a) Distribution of maximum dive depths (metres),
with median shown by dashed line, indicates epipelagic foraging. (b) Diel cycle of dive depths,
with deeper dives during daylight hours. Points represent individual dives, aggregated by
hour of day. Solid line shows predictions of generalised additive model of diel cycle in dive
depths (c) Modelling the influence of mesoscale fronts on dive behaviour suggests that, during
daylight hours, dives are shallower in proximity to fronts. Points represent individual dives.
Solid line shows model predictions, with 95% confidence intervals as dashed lines.

4.4 Discussion

Oceanic-foraging loggerheads inhabiting the Canary Current LME appear to associate strongly
with the highly productive upwelling region off Northwest Africa between return migrations
to nesting grounds at Cape Verde. At an ocean-basin scale and over seasonal timespans, high-
use habitat overlaps with a region of intense frontal activity associated with this major
Eastern boundary upwelling. Within the upwelling region, meso- and sub-mesoscale
oceanographic dynamics influence prey availability. Oceanographic features, such as
filaments, jets, eddies and internal waves, drive spatial structuring and front formation as

cool, dense water is forced to the warmer surface (Chavez & Messié 2009). Filaments, tongue-
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shaped extensions of coastally upwelled water, extend hundreds of kilometres offshore,
transporting nutrients and entrained plankton to pelagic waters (Rodriguez, Hernandez-Le6én
& Barton 1999). Strong, persistent thermal fronts around filaments and eddies concentrate
these nutrients and low trophic-level biota, increasing prey accessibility for higher-level

consumers and their predators (Hernandez-Leén et al. 2002).

Our use-availability analysis provides objective evidence that mesoscale oceanographic
processes influence habitat selection by loggerhead turtles within this upwelling region.
Tracked turtles spent more time in association with mesoscale thermal fronts than expected
at random. Loggerheads are thought to be opportunistic foragers, feeding while travelling
(Fricketal 2009; Todd Jones & Seminoff 2013), so presumably use front-associated foraging

opportunities as they encounter them.

While it is difficult to distinguish foraging dives from transit using dive depth alone, our dive
data indicate some influence of front proximity on dive behaviour. Overall, dive data suggest
thatloggerheads forage epipelagically, and most particularly when associated with fronts (see
also Polovinaetal 2000; Polovina et al. 2003; Mansfield & Putman 2013; Dalleau et al. 2014).
As features in which the thermocline breaches the surface, fronts often act to increase prey
accessibility in the surface ocean (Le Fevre 1986). We can therefore surmise thatloggerheads
likely dive epipelagically around thermal fronts to exploit profitable foraging opportunities

resulting from physical aggregation of prey close to the surface.

As ectotherms, turtles must make energetic trade-offs between thermal constraints and
availability of food resources when selecting pelagic habitats (Fossette et al. 2012). Habitats
associated with the upwelling region favoured by this population are highly thermally
dynamic, characterised by the intrusion of cool water into warmer tropical surface waters. As
turtles do not invest in reproduction every year (mean interval 2.3 years, Marco etal. 2012),

energetic trade-offs presumably enable the population to exploit profitable foraging
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opportunities associated with this upwelling in the intervening period. Seasonal patterns of
space use show a range contraction through the year, coincident with variation in upwelling
intensity. During the summer (Jun-Aug), when upwelling is atits most intense (Moyano et al.
2014), turtles remained within a core foraging area associated with the highly productive

frontal zone.

While our analysis indicates that only four of twelve tracked turtles spent a significant
proportion of time in the vicinity of strong fronts, use-availability regression models indicate
that front metrics are significant predictors of turtle presence at the sampling level even when
this inter-individual variability is explicitly accounted for. We postulate that this may be a
function of limited sample size, or of individual behavioural differences during the tracking
period - some turtles may move along fronts, presumably to exploit favourable conditions,
while others may associate with front-associated habitat more opportunistically as they
navigate the pelagic seascape. In addition, the degree of bio-aggregation at fronts, which
varies according to the direction and strength of flow, temporal persistence and the
properties of surrounding water masses (Bakun 1996), is likely to make some fronts more
attractive than others - it has been shown that persistent fronts are more attractive to some
high trophic-level organisms than ephemeral features (Scales et al. 2014a). Moreover,
advection of prey items aggregated in convergent fronts could obscure the signal of frontal
foraging. Importantly, front metrics (fdens, fdist) were found to be better predictors of turtle
presence than SST or chl-a, parameters that are widely used to characterise habitat
preference (e.g. Kobayashi et al. 2008; McCarthy et al. 2010). Thus, our approach offers
advantages for future studies that wish to enumerate, robustly compare or predict the

distribution of animals associating with oceanographic features.

Despite using the best available data and a progressive methodological approach, technical
limitations meant that we were unable to investigate these mesoscale associations in further

detail. We have used, for the first time to our knowledge, high-resolution (MUR SST; 1km)
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composite front mapping, which addresses many of the caveats of precursor front detection
methods, alongside MODIS chl-a (4km), to provide novel context for the movements of
tracked animals. Our use-availability analysis considers multiple nested spatial and temporal
scales, defined by the oceanographic processes that underlie foraging habitat use and
preference. We have used a regression-based technique that explicitly accounts for non-

independence in tracking data to quantify, rather than just describe, associations with fronts.

However, limitations of data frequency and accuracy have precluded further investigation
into the role of ocean currents in this system. Consideration of current flow is an important
aspect in analysis of marine vertebrate space use (Luschi, Hays & Papi 2003; Gaspar et al.
2006). Broad-scale current flows experienced as hatchlings are known to influence foraging
site selection in adult turtles (Scott, Marsh & Hays 2014). The influence of currents on the
movements and behaviour of adult hard-shelled turtles, which have sufficient motility to
actively swim against or across current fields, are less clear - and under debate (see Hays et
al. 2014; Kobayashi etal. 2014). Advances in biologging technologies, including the advent of
fast-acquisition GPS-based tags, (e.g. Fastloc™-GPS; Wildtrack Telemetry Systems Ltd., Leeds,
UK) enable high resolution investigation of space use (Shillinger et al. 2012). Using directly
measured, modelled or remotely sensed oceanographic data (c.f. McCarthy et al. 2010)
alongside GPS-tracking technologies to investigate interactions between frontogenesis,

mesoscale current fields and turtle habitat selection would be a logical follow-up to this study.

In a wider context, insights into the oceanographic drivers of marine vertebrate habitat use
contribute to our understanding of pelagic ecosystem functioning, and thereby confer
opportunities to improve biodiversity conservation as anthropogenic impacts on the global
ocean intensify (Halpern et al. 2008). Such insights are useful in identifying ecologically
significant marine areas, and assessing the extent of overlap between critical habitats and
anthropogenic threat (McCarthy et al. 2010; Pikesley et al. 2013; Pikesley et al. 2014). Ata

regional level, intense fisheries pressure leads to high rates of incidental capture, ‘bycatch’
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(Zeeberg, Corten & de Graaf 2006), threatening this globally significantloggerhead population
which also experiences direct take on the nesting grounds (Marco et al. 2012). Bycatch
remains a major threat to many marine vertebrate populations of conservation concern
(Lewison etal. 2014). As fisheries also target productive fronts, these threats are likely to be
concentrated in ecologically-significant frontal zones (see Seki et al. 2002; Alemany, Acha &
Iribarne 2014; Scales et al. 2014b). As a tool for identification of vulnerability hotspots, front
mapping could inform a more spatially dynamic management paradigm (cf. Howell et al

2008), designed to incorporate the conservation needs of highly mobile marine vertebrates.
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Supplementary Figures and Tables

Supp. Table 4.1 Summary of filtered Argos-PTT tracking dataset for oceanic-foraging turtles tracked from Boa
Vista, Cape Verde 2004-06 (n=12; Hawkes et al. 2006). Individuals equipped with dive-loggers (n=2)

highlighted (*).
ID CCL (cm) Deployment  Tracking duration  Total number of Max. displacement

date (days) location fixes (km)

4413a - 18-Aug-2004 24 89 555
4416a 78.50 04-0Oct-2004 132 195 663
49819a 71.50 08-Aug-2004 596 1708 746
49827a 74.00 28-Jul-2004 345 1440 683
49829a 76.00 30-Jul-2004 221 747 640
52200a* 84.00 14-Aug-2004 83 158 652
57393a 86.00 07-Jul-2005 144 218 604
34208a* 86.00 19-Aug-2006 250 353 605
64702a 89.00 25-Aug-2006 714 484 635
68125a - 03-Sep-2006 565 1654 666
68554a 76.00 18-Aug-2006 118 95 1292
68558a 90.00 30-Aug-2006 149 337 540
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Chapter V

Ensemble ecological niche modelling identifies preferred foraging habitats of

grey-headed albatrosses Thalassarche chrysostoma
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ABSTRACT

Ecological niche modelling can provide insight into species’ environmental preferences,
enabling prediction of key habitats for populations of conservation concern. Here, we
integrate biologging, Earth Observation remote sensing and ensemble ecological niche
modeling (EENM) with two key aims: i) to identify the conditions that characterise foraging
habitat for a globally significant seabird population; and ii) to explore the utility of EENM for
predicting the locations of suitable habitats. GPS and geolocation-immersion loggers were
used to track the at-sea activities of grey-headed albatrosses (Thalassarche chrysostoma; GHA)
over the brood-guard phase of two breeding seasons (n=55). An EENM combines predictions
of multiple algorithms (Generalised Additive Models, GAM; Maximum Entropy Modelling,
MaxEnt; Random Forest, RF; Boosted Regression Trees, BRT) to identify conditions
characterising foraging locations, using a suite of oceanographic predictors (Sea Surface
Temperature, SST; Chlorophyll-a, chl-a, Thermal front frequency, Ffreq, Water depth). Model
performance was assessed through iterative cross-validation. Although evaluation metrics
indicated that algorithms performed comparably well (AUC GAM=0.9349, MaxEnt=0.9381,
RF=0.9477,BRT=0.9390; TSS GAM=0.7960, MaxEnt=0.7743, RF=0.8036, BRT=0.7834), spatial
predictions of habitat suitability varied markedly between model projections. EENM
predictions identified suitable foraging conditions in neritic (<500m depth), shelf-break and
oceanic waters, reflecting the variety of foraging locations targeted by GHA. Sea surface
temperature and chl-a concentration were identified as important oceanographic predictors.
Suitable foraging habitats (Habitat Suitability Index, HSI > 0.25) were associated with
particular SST ranges (3-8°C, 12-13°C) and productive regions (chl-a >0.5mg m-3). Water
depth and the frequency of mesoscale thermal front manifestation (Ffreq) were also
contributory variables, although less important owing to individual-level variability in
foraging site selection. Moreover, EENM performed well in predicting the locations of suitable
foraging habitats in the contemporaneous season, but forward projection indicates lack of
transferability among years. Lack of transferability has important implications for the use of

EENM in informing conservation and management.
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5.1 Introduction

The energetic demands of reproduction strongly influence the spatial ecology of wide-ranging
pelagic seabirds. During the breeding season, the constraints of incubation and chick-
provisioning impose a central-place foraging mode, as trips are restricted to waters within an
accessible range of the colony (Weimerskirch et al. 1993). Individuals face trade-offs between
the costs of flight and the necessity for reliable acquisition of prey of sufficient quality to meet
the demands of chick provisioning in addition to their own energetic requirements, including
for self-maintenance (Weimerskirch, Mougey & Hindermeyer 1997). These constraints are
particularly pronounced during the brood-guard period of chick-rearing, when chicks require
continual attendance by a parent to avoid chilling, are at their most vulnerable to predation,
and have a small stomach volume so require frequent small meals (Weimerskirch et al. 1988;

Xavier et al. 2003; Wakefield et al. 2011).

Breeding success is therefore conditional upon the abilities of each bird to find suitable
foraging habitats within a commutable distance of the colony. The seascape over which
oceanic seabirds search for food is characterised by extreme heterogeneity, with prey
distributed within a nested patch hierarchy (Fauchald, Erikstad & Skarsfjord 2000; Pinaud &
Weimerskirch 2007). Suitable foraging habitats, within which prey of sufficient number and
quality are accessible within the diving capabilities of the species, are formed by complex and
stochastic biophysical processes; hence, exploitable prey aggregations are unpredictable in
location as a result of oceanographic dynamics. Mechanisms for optimisation of foraging
success have therefore evolved in response to the spatially heterogeneous and temporally

dynamic nature of the oceanic environment.

Optimal search patterns (e.g. Lévy walks) have been observed in several marine vertebrate
taxa, including albatrosses (Humphries et al. 2012, but see Edwards et al. 2007), although
these scale-invariant mechanisms are likely to be prevalent where animals have little
knowledge of resource distributions (Regular, Hedd & Montevecchi 2013). In seabirds,
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cognitive processes such as learning and memory appear to mediate navigation to broad-scale
foraging grounds, which are often associated with persistent oceanographic conditions and so
can be spatially predictable (Piatt et al. 2006; Weimerskirch 2007; Scales et al. 2014a). The
prey-finding abilities of seabirds are enhanced by the capacity to detect and respond to real-
time environmental cues, such as olfactory and visual stimuli that signal the presence of prey
aggregations (Nevitt & Bonadonna 2005; Rodhouse & Boyle 2010). As Procellariiformes
(‘tube-noses’), albatrosses are known to use atmospheric gradients of dimethyl sulphide
(DMS) as long-distance foraging cues; (Nevitt, Losekoot & Weimerskirch 2008). Social
information transfer and flock facilitation, both between con-specifics and hetero-specifics, is
also known to be an important influence on seabird foraging behaviour over more proximate
scales (Silverman, Veit & Nevitt 2004; Thiebault et al. 2014; Tremblay et al. 2014). Foraging
behaviour is therefore likely to be mediated by both intrinsic and extrinsic influences that
operate over arange of spatial and temporal scales, and to incorporate both prior knowledge

and real-time information.

Grey-headed albatrosses (GHA) Thalassarche chrysostoma, in common with many Southern
Ocean predators, are known to exploit profitable foraging opportunities generated through
bio-physical coupling along ocean fronts - physical interfaces between contrasting water
bodies (Belkin, Cornillon & Sherman 2009; Bost et al. 2009). The Antarctic Polar Frontal Zone
(APFZ), an extensive, dynamic region that marks the northern boundary of the Antarctic
Circumpolar Current (ACC), is known to be an important feature for seabirds and marine
mammals in this sector of the Southern Ocean (Catry et al. 2004; Bost et al. 2009; Wakefield et
al. 2011; Scales et al. 2014b). Within the broad-scale APFZ, intense oceanographic dynamics
lead to the generation of chaotic eddies and the manifestation of mesoscale (10s -100s of
kilometres) or sub-mesoscale (~1 kilometre) thermohaline fronts. Aggregations of preferred
prey of Southern Ocean predators, such as the mesopelagic fish and cephalopods often

targeted by the grey-headed albatross (Rodhouse & White 1995; Reid, Croxall & Prince 1996;
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Catry et al. 2004; Rodhouse & Boyle 2010), can be concentrated within this zone, both

through processes of mechanical entrainment and bottom-up forcing.

However, habitat preference of Southern Ocean seabirds varies among species (Commins,
Ansorge & Ryan 2014), populations (Nel etal. 2001; Louzao et al. 2011; Joiris & Dochy 2013),
and individuals (Phillips et al. 2006; Patrick & Weimerskirch 2014); between sexes (Phillips et
al. 2004b); with life history stage (Phillips et al. 2005); through the annual cycle (Phillips et al
2006; Wakefield et al. 2011); and in response to changes in prevailing oceanographic
conditions (Xavier et al. 2013). While previous work has identified the APFZ as a key habitat
feature for grey-headed albatrosses from South Georgia, its importance as a regional foraging
hotspot depends on a combination of all these factors. Further investigation of the drivers of
habitat preference is therefore essential to our understanding of how these seabirds interact
with their environment, and can advance our knowledge of pelagic ecosystem functioning in
the Southern Ocean. Ecological niche modelling (also known as species-habitat, predictive
habitat or species distribution modelling) provides a valuable framework for understanding
habitat preferences of wide-ranging marine vertebrates, and has shown widespread
application, particularly since the recent proliferation of studies using biologging technologies
to track animal movement in unprecedented detail (Elith et al. 2011; Merow, Smith & Silander

2013).

Here, an ensemble ecological niche modelling approach (EENM; Aradjo & New 2007; Oppel et
al. 2012) is applied to high resolution GPS tracking and remotely-sensed environmental data
to investigate habitat preference of GHA breeding at Bird Island, South Georgia, with three
key aims; i) to identify preferred foraging conditions; ii) to investigate the contribution of
mesoscale frontal activity as a determinant of habitat preference; and iii) to develop model
predictions identifying suitable foraging habitats for the population as a whole, based on the

preferences of tracked birds.
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5.2 Methods

Tracking device deployment

Adult birds were tracked from Colony B at Bird Island, South Georgia (54°00'S 38°03'W) in
December-January in two austral breeding seasons (total n=55 birds; n=25in2009/10; n=30
in 2011/12), during the brood-guard stage of chick-rearing. GPS loggers were i-gotU
(MobileAction Technology; http://www.i-gotu.com; 30g mass), earth & Ocean Technology
(e&0-Tec) MiniGPSlog (29g) or e&0-Tec MicroGPSlog (10g) and were attached using Tesa
marine cloth tape to mantle feathers. Devices were programmed to record fixes at 10 or 15
minute intervals and were recovered after one complete foraging trip, when the instrumented
bird returned to the nest. Birds were also equipped with geolocation-immersion loggers
(British Antarctic Survey; Mk 13; ~2g mass), attached to a standard British Trust for
Ornithology metal ring or plastic ring using a cable tie. These loggers test for saltwater
immersion every 3 seconds, indicating time periods when the leg is submerged. Birds were
restrained on the nest only during device deployment, and handling time during deployment

and retrieval was minimised (5-10 mins).

Behavioural classification

Landing rate (number of landings per hour) was used to identify foraging bouts (Dias et al.
2010). Take-off from the water surface is energetically costly for albatrosses, so we assume
that immersion events indicate prey capture attempts (Wakefield et al. 2011). Estimated
locations of immersions were derived through linear interpolation of GPS tracks to 3-second
intervals, using custom code written in R. All original GPS locations were also classified as
‘wet’ or ‘dry’ by matching the timing with the immersion data. As birds frequently rest on the
surface of the water overnight (Catry et al. 2004), and night-time foraging cannot be
differentiated reliably from resting using immersion data, only those locations recorded in
daylight hours were used in further analysis. The times of civil twilight (solar zenith angle of -
6°) were used to distinguish periods of daylight, twilight and darkness. All locations within a

50km radius of the colony were excluded from analysis, as birds frequently alight on the
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surface to preen soon after leaving the nest. Landing rate was derived using a sliding window
summing the number of immersion events in the 30 minutes preceding, and 30 minutes
following, each location. GPS locations along each track were then classified as either
‘foraging’ - associated with at least one immersion event within that hour - or ‘transit’ - not
associated with an immersion (Fig. 5.1a). Foraging events more than 60 minutes apart were

classed as distinct bouts.

To validate this approach, the resultant behavioural classifications were compared with those
derived from a residence-time analysis (Barraquand & Benhamou 2008) using an equal area
projection, a radius around each location of 10km and maximum time outside that radius of
four hours (adehabitatLT library for R, Calenge 2006; Fig. 5.1). The threshold for
determination of high residence time was based on the 75% quartile of the whole tracking

dataset (5,385 seconds).

The study area was defined as the area enclosed by a radius corresponding to the absolute
maximum displacement from the colony by any tracked bird (1185km). To obtain an
indication of the spatial distribution of foraging events over the whole tracking period, a 2-
dimensional regular grid of the study area (Lat: 71°S to 32°S; Lon: 55°W to 21°W) was created
at 0.5° resolution (Kaschner et al. 2006). A binary classification index of grid cell usage was
used to identify foraging regions - any grid cell in which foraging behaviour was recorded
over the course of the tracking period was designated as ‘1’, and grid cells that only contained

transit locations, or no bird presence, were designated as ‘0’ (Fig. 5.2)
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Figure 5.1 Behavioural classification within foraging trips. (a) Identification of foraging and
transit behaviours using landing rate. Filled black circles are transit locations; white circles are
foraging locations during daylight, defined by at least one immersion event within the hour; grey
circles are GPS locations during darkness, which were removed from analysis. (b) Identification
of foraging and transit behaviours using residence time within a 10km radius. Black circles
denote transit, white filled circles are foraging locations during daylight with a residence time
greater than the 75% quartile for the complete dataset (5,385 sec). Exclusion radius around
colony (black cross) not shown.
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Figure 5.2 Spatial distribution of foraging events of birds tracked during the brood-guard period in

2009/10 (n=25). (a) GPS locations of all recorded foraging trips from Bird Island. Map shows

South Georgia (54°00'S 38°03'W) and part of the South American coastline. (b) Regular grid

(0.5 degree resolution) of foraging events over the tracking period, derived using landing rate to

identify foraging behaviour in individual tracks. Dark grey grid cells identified as locations in
which foraging events were observed.
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Environmental data

Environmental data describing oceanographic conditions during the brood-guard period (late
December - end January) of each tracking season (2009/10; 2011/12) were obtained via
Earth Observation Remote Sensing (Fig. 5.3). Daily NASA Multi-Sensor Merged Ultra-High
Resolution (MUR) Sea Surface Temperature (SST) imagery was downloaded via OpenDAP,
and daily chlorophyll-a (chl-a) imagery was processed from MODIS-Aqua data; both were
mapped to the study area in geographic projection at 1.2km resolution. Daily images were
then used to generate monthly median SST and chl-a (log-scaling) composites. Bathymetric
data were obtained for a matching spatial extent via the General Bathymetric Chart of the
Oceans (GEBCO_08 grid; http://www/gebco.net; Fig. 5.3d), and used to derive depth at 30

arc-second resolution.

Thermal composite front maps (Miller 2009) were generated from MUR SST data, covering
rolling 7-day time windows throughout the tracking period. Thermal fronts were detected in
each MUR SST scene using Single-Image Edge Detection (SIED; Cayula & Cornillon 1992; front
detection threshold = 0.4°C). Successive 7-day composites were then used to prepare
monthly front frequency (ffreq) rasters, which quantify how frequently a front is detected in
each pixel (~1.2km pixel size) over the time period of interest (here, late December - early
January; 2009/10,2011/12; Fig. 5.3c) as aratio of the number of positive front detections to
the number of cloud-free observations. A threshold of four detections in each pixel was used
to exclude those pixels where fronts were rare during the study period. All environmental
data layers were standardised at 0.5 degree resolution, to match that of the usage grid,

through bilinear interpolation ('raster' package for R; Hijmans & van Etten 2012; Fig. 5.4).
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Figure 5.3 Environmental data layers for the study region, January 2010.(a) Sea Surface
Temperature (SST, °C; 1km resolution; monthly median composite), (b) Chlorophyll-a (chl-a, mg m-3;
1km resolution; monthly median composite), (c) Front frequency (Ffreq, % time; 1km resolution;
0.4°C front detection threshold; monthly synoptic composite) (d) GEBCO Depth (30 arc-second
resolution). SST scaling ranges from -3 to 22°C. Regions of higher SST (here, white) outside
foraging range of birds, and removed from models.
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Figure 5.4 Environmental data layers used in ecological niche modelling, January 2010. (a) Sea
Surface Temperature (SST, °C; monthly median composite), (b) Chlorophyll-a (chl-a, mg m3;
monthly median composite; log-transformed), (c) Front frequency (ffreq, % time; 0.4°C front
detection threshold; monthly synoptic composite). (d) GEBCO Depth (30 arc-second resolution). All
layers standardised at 0.5 degree spatial grid resolution through bilinear interpolation.
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Ensemble ecological niche modelling (EENM)

Previous work comparing the efficacy of different modelling algorithms for identifying and
predicting habitat preferences in seabirds concluded that an ensemble modelling approach
was preferable to the use of a single algorithm (Oppel et al. 2012). Ensemble ecological niche
modelling was therefore used to determine the habitat preferences of grey-headed
albatrosses by identifying the oceanographic conditions under which foraging behaviour was
observed. Ecological niche models (ENMs) were fitted to the GHA tracking data from
2009/10 using the Generalised Additive Modelling (GAM), Maximum Entropy (MaxEnt),
Random Forest (RF) and Boosted Regression Tree (BRT) algorithms within the biomod2
package for R (Thuiller, Georges & Engler 2014), and the efficacy tested using data from the

2011/12 season (see below).

The biomod2 modelling platform applies a use-availability framework to identify preferred
environmental conditions. ‘Presences’ were defined as grid cells in which foraging behaviour
was observed (usage= ‘1’). As grid cells in which no foraging events were observed cannot be
accurately classified as true absences in this instance, pseudo-absences were iteratively
resampled from within a radius of the colony that represents accessible habitat (1185km; see
above). Five iterations of 1000 randomly-selected pseudo-absences were used over
successive model runs, to avoid the introduction of spatial bias. Each model run used 10-fold
cross-validation, with data randomly apportioned to a 75% / 25% split for model calibration

and testing phases.

Parameterisations for model algorithms run within biomod2 were as follows:
*  GAM: package = ‘mgcv’, family = ‘binomial’ (link = ‘logit’),
type = ‘s’ (spline-based smooth);
¢ MaxEnt,: maximum training iterations = 200,
linear/quadratic/product/threshold/hinge features enabled,
default prevalence = 0.5;
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¢ Random Forest: number of trees = 500, node size = 5;
* Boosted Regression Trees: distribution = ‘bernoulli’, number of trees = 2500,

shrinkage = 0.001, bag fraction = 0.5, train fraction = 1, cross-validation folds = 3.

Metrics used for model evaluation and comparison were the area under the Receiver
Operating Characteristic (ROC) curve (AUC; Jiménez-Valverde 2012) and the True Skill
Statistic (TSS; Allouche, Tsoar & Kadmon 2006). The mean of each of these metrics was
derived over each model run per iteration of pseudo-absences, and then the mean-of-means

was used to rank model performance (Table 5.1).

Relative importance of each environmental variable was determined using the built-in
method in biomod2, which overcomes difficulties associated with comparing different model-
specific outcomes through the use of a randomisation procedure (Thuiller et al. 2009). This
procedure fits a Pearson correlation between the fitted values and predictions, where each
variable has been randomly permutated. Ifthe two predictions are similar, i.e., the correlation
is high, the variable is considered of little importance to the model. This procedure was
repeated 10 times for each variable within each individual model run. The overall relative
importance of each environmental variable (Relative Importance of the Contribution to the
model Coefficients, RICC) is then scaled by subtracting the resultant mean correlation
coefficient from 1. The overall explanatory power of the environmental variables within
different modelling frameworks was derived using the mean-of-means of standardised

variable importance over all model iterations per algorithm (Table 5.2).

An ensemble model was then generated, combining predictions from the individual GAM,
MaxEnt, RF and BRT model runs. Only those models with a True Skill Statistic equal to or
greater than 0.7 were included, to avoid the inclusion of poorly-performing models. The

ensemble projection was created using a weighted average across all models, accounting for

128



Chapter V

differences in algorithm performance. Ensemble model projections were based on a habitat

suitability index (HSI), scaled between 0 and 1, where 1 represents greatest suitability.

The resultant ensemble ecological niche model underwent a three-fold evaluation process,
using the TSS and AUC metrics to rank performance. First, the evaluation metrics were
obtained for the model fitted to the training data set. Secondly, ensemble model predictions
were compared to observed habitat use over the full dataset from the 2009/10 breeding
season. Thirdly, ensemble model projections for 2011/12 were quantitatively compared to
the observed distribution of foraging events. Model predictions were also projected onto the
2011/12 combined environmental data surface for visual comparison with observed habitat

use.

5.3 Results

Foraging trip metrics

GPS data from the 55 birds tracked showed that maximum displacement of each bird from the
colony ranged between 153km and 1185km, with a mean #* SD of 744 + 249km. Foraging trip
duration ranged between 0.6 and 6.1 days, with a mean of 2.9 + 1.3 days. Some birds exhibited
extensive looping movements, characterised by multiple immersion events within both linear
and tortuous track sections (Fig. 5.5a). Others exhibited more directed commuting
movements, with immersion events clustered within tortuous track sections, usually at the
distal point (Fig. 5.5b). Foraging trips were not classified into these modes, but visual

inspection of plotted tracks revealed a range of looping and commuting types of behaviour.

Behavioural classification
All trips involved at least one foraging event (based on landing rate), with a mean of 6.1 + 3.7
foraging events per trip (range 2 - 17). Foraging events were observed both in areas of high

track tortuosity, and within linear track sections. Results of behavioural classification using
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landing rate, and that using residence time, were comparable. Clear instances of area
restricted search (ARS) behaviour were highlighted using both methods. However, visual
inspection of plotted tracks indicates that landing rate identified a greater proportion of linear
track sections in which a prey capture attempt was likely to have taken place, which were not
apparent using residence time (Fig. 5.1). Empirical evidence from previous work on this
population very clearly shows that birds catch prey in very rapid directed flight, with no sign

of ARS behaviour (Catry et al. 2004).
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Figure 5.5 Foraging trip characteristics. (a) Example of an extensive, looping trajectory. (b)
Example of a directed commuting trajectory. Black circles denote transit locations; white circles
denote foraging events (based on landing rate); grey circles are locations during darkness.

Habitat modelling

Evaluation metrics indicated that all model algorithms performed well (Table 5.1).
Differences in mean AUC and TSS metrics over all model runs per algorithm were small.
However, habitat suitability predictions varied markedly in terms of spatial extent (Fig. 5.6).
The Random Forest algorithm was identified as the best performing model by both evaluation
metrics (mean of means AUC 0.948, TSS 0.804), and resulted in the most spatially
conservative habitat suitability predictions (Fig. 5.6). Aside from the identification of RF as
the best performing model by both metrics, ranking of model performance by AUC and TSS
differed for other algorithms (AUC ranking: RF, BRT, MaxEnt, GAM; TSS ranking: RF, GAM,

BRT, MaxEnt; Table 5.1).
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Sea surface temperature and chl-a concentration were identified as the most important
contributory environmental variables by all of the modelling algorithms (Table 5.2).
Concordance in variable importance between modelling algorithms was high, with RF, BRT
and GAM models ranking environmental variables in the same order (SST, chl-a, depth, ffreq;
Table 5.2). MaxEnt differed in that ffreq had a higher mean RICC score (0.107) than depth

(0.042).

Ensemble ecological niche model

Combining all models for each algorithm into an EENM identified suitable foraging conditions
(i.e. those in which foraging events were recorded) in neritic (<500m depth), shelf-break and
oceanic regions (Fig. 5.7), reflecting observed habitat use from the GHA tracks recorded in
both the 2009/10 (Fig. 5.2) and 2011/12 (Fig. 5.8a) breeding seasons. The EENM identified
SST and chl-a as the most important environmental covariates governing the locations of
foraging events (Table 5.2). Suitable foraging habitats (HSI > 0.25) were associated with
particular SST ranges (3-8°C, 12-13°C) and more productive regions (chl-a >0.5 mg m-3) of the
area accessible to foraging birds. Although Ffreq values over the study area were generally
low (Fig. 5.3c), regions in which fronts manifested frequently over the study period, such as
the APFZ, were consistently identifed as suitable foraging habitats (Fig. 5.6, Fig. 5.7). All grid
cells in which Ffreq values were greater than 5% were identified as suitable for foraging (HSI

> 0.25).

Based on the whole-dataset maximum displacement from the colony, the total area of
accessible habitat during the brood-guard period was 4,411,503km2. By comparison, the total
area of suitable foraging habitat predicted by the EENM (HSI> 0.5) was c. 1,055,820km2 (24%
of the accessible area). Based on a more conservative threshold (HSI > 0.75), there was c.
335,323km? of suitable foraging habitat (8% of total accessible area). The projections of the

EENM onto environmental conditions in the 2011/12 brood-guard period indicated
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comparable levels of suitable habitat within the total accessible area (HSI > 0.5, approx.
933,837kmz, 21% total accessible area; HSI > 0.75, approx. 412,054km?2, 9% total accessible
area), although the spatial extent of these suitable foraging areas differed considerably

between years (Figs. 5.7, 5.8b) as a result of annual variability in oceanographic conditions.
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Figure 5.6 Ecological niche models (a, Generalised Additive Model, GAM; b, Maximum Entropy,
MaxEnt; ¢, Random Forest, RF; d, Boosted Regression Trees, BRT). Mean habitat suitability
predictions for each modelling algorithm. Habitat Suitability Index (HSI) of each 0.5 degree grid
cell of the study area, derived through projection of the overall model using each algorithm on the
combined environmental data surface for the 2009/10 brood-guard period.
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Table 5.1 Ecological niche modelling. Evaluation metrics (Area Under Receiver Operating Curve,
AUC; True Skill Statistic, TSS). Mean over model runs (10-fold cross-validation) per pseudo-
absence iteration, for each model algorithm (Generalised Additive Models, GAM; Maximum
Entropy modelling, MaxEnt; Random Forest, RF; Boosted Regression Trees, BRT).

Pseudo- Evaluation Model Algorithm
Abser}ce Metric (mean over 10 runs per Pseudo-Absence iteration)
Iteration
GAM MaxEnt RF BRT
1 AUC 0.9347 0.9338 0.9487 0.9359
TSS 0.7761 0.7519 0.7898 0.7718
2 AUC 0.9438 0.9438 0.9491 0.9428
TSS 0.8065 0.7759 0.8029 0.7828
3 AUC 0.9278 0.9327 0.9447 0.9376
TSS 0.7871 0.7834 0.8119 0.7869
4 AUC 0.9413 0.9420 0.9541 0.9440
TSS 0.8183 0.7855 0.8131 0.7978
5 AUC 0.9268 0.9380 0.9417 0.9344
TSS 0.7922 0.7746 0.8005 0.7779
mean of means AUC 0.9349 0.9381 0.9477 0.9390
TSS 0.7960 0.7743 0.8036 0.7834
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Figure 5.7 Ensemble ecological niche model predictions (weighted mean), highlighting suitable
foraging habitat in the 2009/10 brood-guard period. Habitat Suitability Index (HSI) of each 0.5
degree grid cell of the study area surrounding South Georgia, as identified by the projection of the
ensemble model on to the combined environmental data surface for January 2010.
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Table 5.2 Ecological niche modelling. Variable Importance (standardised according to the Relative
Importance of the Contribution to the Model Coefficients, RICC). Mean importance of each
environmental variable (Sea Surface Temperature, SST; Chlorophyll-a, chl-a; thermal front frequency,
Tfreq; depth) over model runs (10-fold cross-validation) per pseudo-absence iteration, for each model
algorithm (Generalised Additive Models, GAM; Maximum Entropy modelling, MaxEnt; Random Forest,

RF; Boosted Regression Trees, BRT).

Variable Importance

Pseudo- Model
Absence Algorithm (mean over 10 runs per pseudo-absence iteration)
Iteration
SST Chl-a TFreq Depth
1 GAM 0.5818 0.4241 0.1167 0.2587
MaxEnt 0.4416 0.3993 0.1201 0.0435
RF 0.5495 0.4779 0.1268 0.2901
BRT 0.5939 0.5097 0.0365 0.1320
2 GAM 0.6248 0.4361 0.1116 0.2190
MaxEnt 0.4932 0.4001 0.0927 0.0448
RF 0.4893 0.4886 0.1398 0.2607
BRT 0.6036 0.5075 0.0509 0.0902
3 GAM 0.6258 0.3981 0.0820 0.1929
MaxEnt 0.5109 0.3412 0.1217 0.0371
RF 0.5225 0.4689 0.1493 0.2563
BRT 0.6189 0.4933 0.0582 0.0857
4 GAM 0.6422 0.4240 0.0245 0.2960
MaxEnt 0.4984 0.3624 0.1202 0.0408
RF 0.4850 0.4964 0.1067 0.3113
BRT 0.6093 0.5052 0.0171 0.1079
5 GAM 0.5905 0.4315 0.0741 0.2213
MaxEnt 0.4791 0.3972 0.0800 0.0439
RF 0.4866 0.4833 0.1102 0.3040
BRT 0.5776 0.5029 0.0435 0.1200
mean of means GAM 0.6130 0.4228 0.0818 0.2376
MaxEnt 0.4846 0.3800 0.1070 0.0420
RF 0.5066 0.4830 0.1266 0.2845
BRT 0.6007 0.5037 0.0412 0.1072

135



Chapter V

Given the differences in performance of the modelling algorithms, the weighted mean EENM
(wEENM) was preferred, although little difference in evaluation metrics was observed
between the wEENM and the regular mean EENM (Table 5.3). Evaluation of wEENM
performance showed good predictive capability for both the test and full datasets for the
2009/10 brood-guard period (Table 5.3). The wEENM, fitted using 2009/10 data exclusively,
did not perform as well when evaluated against observed habitat use in the 2011/12 breeding
season (AUC = 0.884, TSS = 0.578), although some spatial concordance was identifiable
between model projections for January 2012 and observed space use during the same time

period (Fig. 5.8).
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Figure 5.8 Comparing foraging habitat preference in 2011/12 brood-guard period to that predicted
by ensemble ecological niche modelling. (a) Regular grid (0.5 degree resolution) showing spatial
distribution of foraging events in the 2011/12 brood-guard period, derived using landing rate to identify
individual foraging events. Dark grey grid cells identified as locations in which foraging events were
observed. (b) Ensemble ecological niche model predictions (weighted mean), highlighting suitable
foraging habitat in the 2011/12 brood-guard period. Habitat Suitability Index (HSI) of each 0.5 degree
grid cell of the study area, as identified by the projection of the ensemble model on to the combined

environmental data surface for January 2012.
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Table 5.3 Ensemble Ecological Niche Models. Evaluation metrics (Area Under Receiver Operating
Curve, AUC; True Skill Statistic, TSS). Mean over model runs (10-fold cross-validation) per
pseudo-absence iteration, for each model algorithm (Generalised Additive Models, GAM;
Maximum Entropy modelling, MaxEnt; Random Forest, RF; Boosted Regression Trees, BRT).

Evaluation Metric

Evaluation dataset Ensemble model TSS ROC
Testing data Weighted Mean 0.849 0.974
Testing data Mean 0.849 0.974
Full 2010 Weighted Mean 0.748 0.920

Full 2010 Mean 0.748 0.920

Full 2012 Weighted Mean 0.578 0.884

Full 2012 Mean 0.578 0.884

5.4 Discussion

Habitat Selection

Ensemble ecological niche modelling highlighted sea surface temperature (SST) and chl-a
concentration as determinants of foraging habitat suitability for grey-headed albatrosses
(GHA) from South Georgia. Habitat selection was also related to water depth and the
frequency of mesoscale thermal front manifestation (ffreq), although the relative
contributions of these environmental parameters were smaller. Model predictions identified
neritic (<500m), shelf-edge and oceanic waters to the north and west of South Georgia,

including the Antarctic Polar Frontal Zone (APFZ), as suitable foraging habitats.

GHA are known to feed predominantly on ommastrephid squid (e.g. Martialia hyadesi),
crustaceans (e.g. Antarctic krill Euphasia superba) and, less commonly, lamprey Geotria
australis, mesopelagic fish and gelatinous zooplankton (Rodhouse et al. 1990; Reid, Croxall &
Prince 1996; Xavier et al. 2003; Catry et al. 2004). Although the diet of tracked birds was not

determined, their distribution was broadly comparable with previous years when all these

137



Chapter V

types of prey were recorded (Xavier et al. 2003; Catry et al. 2004). This indicates that the
environmental conditions identified through this modelling procedure reflect the key habitats
and main prey that are targeted by this population of GHA, which represent c. 50% of the

global breeding population (ACAP 2009).

SSTis a proxy for the spatial structuring of the Southern Ocean, as distinct classes of predator
exploit prey types that associate with particular temperature ranges (Commins, Ansorge &
Ryan 2014). Indeed, major fronts in the region act as biogeographical boundaries, and can
mechanically entrain and aggregate prey items (Graham, Pages & Hamner 2001; Genin et al.
2005; Rodhouse & Boyle 2010). The contribution of SST to the EENM indicates that birds may
have targeted prey species that associate with particular water masses. Narrow SST contours
and high ffreq values highlight the APFZ, which was identified by the EENM as a region of
above-average habitat suitability. Plunge-diving grey-headed albatrosses have been observed
in association with large aggregations of M. hyadesi at the surface within the APFZ (Rodhouse
& Boyle 2010). Itis therefore likely that tracked birds foraging at the APFZ were targeting
ommastrephid squid. The APFZlies near the northernmost extreme of the observed foraging
range during brood-guard for this population, which might suggest that reproductive
constraints influenced the strength of the association with this feature. Further investigation
ofthe use of the APFZ, and of the suite of environmental conditions targeted by foraging birds
during other breeding stages (incubation and chick-rearing), and in the non-breeding period,

is necessary to assess the full significance of this feature for this population.

Chlorophyll-a concentration was also identified as a predictor of the spatial distribution of
foraging events. Overall, foraging activity was more likely in productive regions within the
accessible area. Surface chl-a concentrations were found to be highest on-shelf, with peak
values recorded to the south-west of the study colony. The APFZ was not characterised by
elevated productivity over the period investigated in this model. Birds foraging in more

productive shelf waters around South Georgia are more likely to be targeting Antarctic krill
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and icefish Champsocephalus gunnari, which are more closely tied to bottom-up forcing
mechanisms than the squid and mesopelagic fish found in the APFZ (Wakefield, Phillips &

Belchier 2012).

The identification of both neritic and oceanic regions as suitable habitats could be explained
by specialisation in foraging strategies at the individual level. Although there has been no
direct test of individual specialisation in grey-headed albatrosses, non-breeding adults tend to
use the same regions in consecutive years, indicating some consistency in habitat preferences
(Croxall etal. 2005), and there is increasing evidence for individual foraging specialisation in
other species of albatross (Ceia et al. 2012; Granadeiro, Brickle & Catry 2014; Patrick et al.
2014).In addition, there is some evidence from previous tracking and stable isotope studies
that female GHA tend to feed further north than males at certain times of year (Phillips et al.
2004b; Phillips et al. 2011). Foraging at the APFZ seemed to be associated most frequently
with trips that involved direct commuting movements to and from the colony. Foraging
events identified during looping movements may be indicative of an opportunistic foraging
strategy, with birds targeting prey items such as krill that are patchily distributed in waters
close to the colony. Foraging in nearby neritic habitats could therefore be aless risky strategy
for birds that are constrained to return to a small chick. The influence of individual
specialisation, and indeed of sexual segregation, on habitat preferences of grey-headed
albatrosses, and interactions between these intrinsic drivers and environmental determinants

of foraging ecology, warrant further investigation.

The spatial distribution of foraging events, and the resulting influence on diet and intake
rates, have been linked in a number of species with variation in breeding success between
years of contrasting oceanographic conditions (Peck et al 2004; Pinaud, Cherel &
Weimerskirch 2005; Scott et al. 2006; Garthe, Montevecchi & Davoren 2011). Years in which
grey-headed albatrosses at South Georgia have experienced poor breeding success (e.g. 1999-

2000, only ~17% chicks fledged) have been linked to abnormally warm SST in the adjacent
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shelf. The resultantlack of food was evident from a mid-season switch from a diet dominated
by cephalopods, to one of Antarctic krill (Xavier et al. 2013), indicating foraging plasticity.
Differences in the spatial distribution of foraging effort have also been observed between
years of good and poor conditions, with low availability of cephalopods at the APFZ forcing
more birds to target krill aggregations around the South Shetland Islands and Antarctic
Peninsula (Xavier et al. 2003). Although oceanographic conditions varied between the two
breeding seasons in our study, we can assume that in neither case were these conditions
strikingly different from the average, given the overall distribution broadly mirrored that for
the same breeding stage in previous years (Phillips et al. 2004b). For this reason, it is likely
that the same broad-scale habitat preferences identified in our models reflect the key
oceanographic drivers of prey availability in other years, and are fundamental for successful

breeding in this population.

Behavioural classification

The combined use of GPS and immersion loggers has here enabled behavioural classification
of movements into foraging and transit modes, using landing rate. While there is good
empirical support for the use of immersion events to define at-sea behaviours of albatrosses,
for which take-off is energetically expensive (Weimerskirch et al. 2000), and evidence that
immersions during daylight are associated with prey capture events (Catry et al. 2004), the
choice of method for behavioural classification is an important consideration (Wakefield,
Phillips & Matthiopoulos 2009; Louzao et al. 2011). Behavioural classifications using landing
rate were comparable with those based on residence time, although landing rate provided a
much better means of identifying foraging events in linear track sections. Concurrent use of
stomach temperature loggers (Catry et al. 2004; Louzao et al. 2011) could have refined
behavioural classifications, but this technique is more invasive than external tag attachment,
limiting sample size. Stomach temperature loggers would also facilitate an investigation of
whether sit-and-wait foraging during darkness (Catry et al. 2004) is associated with fronts,

which would be an interesting question for future work.
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Ensemble Ecological Niche Modelling

EENMs can incorporate differing predictions from models fitted using alternative algorithms.
By better incorporating uncertainty, EENMs therefore provide a more robust basis for
recommendations relating to the conservation and management of mobile species (Marmion
etal. 2009; Oppel etal. 2012). However, there are several pertinent considerations inherent
in creating an EENM. The choice of environmental data layers, selection and parameterisation
of modelling algorithms, and approach to model validation and evaluation can have a marked

effect on predictive capacity, and so should be considered explicitly during model creation.

Choice of environmental data layers

The selection of environmental data for model training and evaluation is critical to the
performance of habitat models (Guisan & Zimmerman 2000; Hirzel et al. 2006), including
those resulting from an ensemble approach. Given the vast at-sea ranges of albatrosses, Earth
Observation Remote Sensing (RS) is presently the only technique available for obtaining
environmental data that can be matched spatially and temporally to the movements of known
individuals. The remotely-sensed environmental data layers used here were selected on the
basis of availability, spatial coverage and previously demonstrated influence on habitat
selection by GHA and other species in the region (Xavier et al. 2003; Phillips et al. 2006;

Wakefield et al. 2011; Ballard et al. 2012; Scheffer, Bost & Trathan 2012).

EENMs for wide-ranging marine vertebrates can only be accurate where they incorporate the
dynamic nature of pelagic environments, and so can be optimised by including both staticand
dynamic habitat variables (e.g. Louzao et al. 2011; Bombosch et al. 2014). Both static (i.e.
bathymetry) and dynamic variables (i.e. SST, chl-a, Tfreq) were significant predictors of GHA
foraging events. In previous studies in the region, the spatial extent of the APFZ has been
estimated using historical or averaged data, which did not match the temporal resolution of

animal tracking data. For example, Xavier et al. (2003) used the position of the Polar Front
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(PF) derived from survey data in 1997 to investigate habitat preference of birds tracked in
2000. However, the APFZ is a highly dynamic feature, characterised by intense mesoscale
variability, and the PF can vary in position by as much as 100km in 10 days (Trathan, Brandon
& Murphy 1997). The path of a front in a temporally-averaged SST composite belies the
dynamic nature of these features. The front frequency index ffreq, used here for the first time
in the Southern Ocean, is an objective, synoptic product that can account for this mesoscale
variability. It can be matched temporally and spatially to the movements of tracked
individuals, providing valuable information on processes that influence prey abundance or

accessibility, and therefore has potential for wide application to other species.

Spatial resolution and temporal coverage of environmental data layers used are pivotal
considerations. Matching the spatial resolution of RS data with the scales over which animals
search for prey remains a major challenge in habitat modelling (Storch 2002; Luoto, Virkkala
& Heikkinen 2007), particularly in the marine realm (Aratjo & Guisan 2006; Hirzel et al
2006). In our study, environmental data layers were interpolated to a standard 0.5 degree
grid resolution, which was appropriate given the extent of the area used by the tracked birds.
Too fine aresolution can underestimate the influence of ambient conditions on behaviour by
assigning a single pixel value to tracking locations, and too coarse a resolution can mask
mesoscale dynamics. In addition, temporal averaging can obscure responses to
contemporaneous environmental conditions, yet it is also necessary to avoid too fine a
timescale, as prey aggregations develop over periods of days to weeks. Here, we have
restricted temporal averaging to one month, which matches the duration of the brood-guard

period at this location.

Further limitations of RS data might also have influenced model predictions. First, cloud
cover can be extensive over the Southern Ocean, limiting satellite coverage. Here, we use a
merged infra-red and microwave SST product- where cloud prevents infra-red detection,

microwave data are interpolated to cover the missing area. Although this can lead to some
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differences in detail between regions, it prevents complete data loss. Second, RS data detect
surface parameters only, providing little information on processes occurring at depth. This
can be problematic if RS data are used to investigate habitat preference of diving predators
(Bradshaw et al. 2004a). However, water column processes often manifest as surface
variability, particularly in the formation and propagation of fronts and eddies (Owen 1981).
Moreover, GHA are known to capture prey predominantly by surface-seizing, seldom diving
deeper than 2-3 m (Huin & Prince 1997). Prey aggregation near the surface is likely to be
driven by mechanical processes occurring around fronts (Graham, Pages & Hamner 2001;
Genin et al. 2005; Rodhouse & Boyle 2010). The use of RS imagery is therefore deemed

appropriate for this application.

Choice of modelling algorithms

Both the performance and predictions of ENMs depend on the algorithm used, and different
methods can generate contrasting results (Guisan & Zimmerman 2000; Thibaud et al. 2014).
Choosing a set of algorithms to fit an EENM is, therefore, central to its predictive capability.
Here, several widely used algorithms were combined to produce a single ensemble model.
GAM, aregression-based technique, is often used to fit nonlinear responses to environmental
conditions (Wakefield, Phillips & Matthiopoulos 2009). Of the three machine learning
techniques used here, MaxEnt has proven the most popular to date (Merow, Smith & Silander
2013), undergoing widespread use for marine vertebrate habitat modelling (Friedlaender et
al. 2006; Arcos etal. 2012; Ballard et al. 2012; McKinney et al. 2012; Bombosch etal. 2014). A
major advantage of MaxEnt is that it can fit complex models using presence-only data (Elith et
al. 2011). RF and BRT, both machine learning techniques based on classification trees, can fit
complex models using large datasets and often result in more conservative predictions than
MaxEnt; these are used increasingly for modelling complex species-environment relationships
(Olden, Lawler & Poff 2008). Although all four algorithms performed well in our study,

evaluation metrics indicated that the models fitted using machine learning, particularly RF,
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were the most effective. Finally, the choice of method for building a consensus among models

fitted using different algorithms for an EENM is important (Marmion et al. 2009).

Approach to model validation and evaluation

Differences in rankings of algorithm performance, and of the importance of each variable
suggest that the approach to model evaluation is also central to ensuring accuracy. Previous
work suggests that the AUC statistic can be misleading with binary presence-absence input
data (Lobo, Jiménez-Valverde & Real 2008). TSS is robust and independent of sample size,
unlike the commonly used kappa statistic (Allouche, Tsoar & Kadmon 2006), so may be
preferable in this context. The use of multiple metrics is clearly preferable to any single
metric, allowing for an overall judgement regardless of discrepancies between measures

(Allouche, Tsoar & Kadmon 2006; Jiménez-Valverde 2012; Thibaud et al. 2014).

Here, iterative 10-fold cross-validation with a 75%/25% data split was used for model
validation, training models on a randomly apportioned subset of data and validating outputs
against the remainder. While this is effective at validating each model run over the same time
period and spatial extent over which the training model was fitted, ENMs can have limited
transferability across space and time (Randin et al. 2006; Torres et al. In Press). Here,
projections of the model developed from data collected in 2009/10 onto conditions in
2011/12 highlighted some suitable habitat in similar regions to those used by foraging GHA
tracked in the latter period, but also identified areas that were not utilised. TSS and AUC
scores indicate relatively poor transferability between these years of contrasting conditions.
Slight differences in the importance assigned to particular environmental variables can have
notable effects on model predictions, which has considerable implications for forecasting.
Future work should investigate the degree of annual variability in preferred foraging regions
and relate these differences to prevailing oceanographic conditions before any firm

conclusions can be made regarding population-level habitat preference.
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Implications for management and conservation

The GHA population at South Georgia, which is the largest worldwide, has undergone
substantial decline in recent decades, the reasons for which are uncertain (Poncetetal. 2006).
GHA are extremely long-lived, defer first breeding for many years after fledging, and have low
fecundity, such that most individuals breed biennially at best (Ryan et al. 2007). These
aspects of life history make the species especially vulnerable to fisheries mortality. In
addition, there is evidence that sympatric species that are also dependent on Antarctic krill
have been impacted by the effects of climatic change in the region (Reid & Croxall 2001). An
improved understanding of the interactions between oceanographic conditions, habitat
preference and spatially-explicit anthropogenic threat is an important goal for future work,
and an essential step in designing ecosystem-level management strategies for GHA and other

species in the region.

5.5 Conclusions

Ensemble ecological niche modelling identified preferred foraging conditions for adult grey-
headed albatrosses. Foraging effort over the brood-guard period extended over neritic, shelf-
break and oceanic waters. Foraging habitat preference appeared to be most closely
associated with particular SST and chl-a regimes. Tracked birds displayed both directed,
commuting movements from the colony at Bird Island, South Georgia to the Antarctic Polar
Frontal Zone (APFZ), and more opportunistic, looping movements, which may reflect
variability in individual foraging strategies. The APFZ was an important feature for this
population during brood-guard, and is likely to be even more significant during other

breeding stages, when birds are less constrained.

Using an ensemble technique incorporates uncertainties resulting from differences in model
algorithms, and therefore has broad utility in modelling complex interactions between wide-
ranging marine vertebrates and pelagic environments (Oppel et al. 2012; Pikesley et al. 2013).
However, the technique requires care, as building an appropriate model depends on the

choice of environmental data, modelling algorithms, and the approach to model validation and
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evaluation. Moreover, models may have limited transferability across space and time (Randin

etal 2006; Torres et al. In Press).

In combination with oceanographic modelling, techniques presented here have scope for
forecasting the locations of suitable at-sea habitats as the oceans change. However, further
investigation of ontogenetic changes in habitat preference, at other stages in the breeding
cycle, under contrasting oceanographic conditions, and between individuals and populations
is necessary before accurate species-level predictions are possible. Nonetheless, ecological
niche modelling provides insights of value, both for understanding the spatial ecology of these
wide-ranging marine vertebrates, and in informing threat mitigation for species of

conservation concern.
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Chapter VI

General Discussion

Understanding habitat selection by marine predators requires datasets describing the
distributions, movements and behaviours of animals, oceanographic data describing the
dynamic physical environments that they inhabit, and analytical solutions that can link these
data. Previous chapters have demonstrated several progressive methods for linking animal
movements to environmental conditions in dynamic systems, providing original reference
material for others seeking to enumerate the influence of the physical environment on habitat

selection.

This chapter examines how the studies presented in this thesis extend current understanding,
drawing the findings of previous chapters together into a critique of methodological and
analytical approaches. The following sections revisit the aims of this thesis; discuss key
considerations and limitations of techniques used; consider questions raised, data gaps and
areas for further research; and summarise the main contributions of this thesis to current
understanding of oceanographic influences on habitat selection by marine predators. The
final section discusses wider implications of this research and makes recommendations
pertinent to the conservation of predator populations and the management of anthropogenic

activities in the oceans.

Main findings: oceanographic fronts and marine predator habitat selection
The main findings of studies presented in this thesis make an original contribution to current
understanding of biophysical interactions between top predators and mesoscale

oceanography in pelagic systems. The frequency of thermal front manifestation (ffreq) over
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monthly or seasonal timescales was found to be a significant predictor of broad-scale habitat
preference in all four species-specific investigations. Many marine predators are known to
exhibit strong foraging site fidelity, including sharks (Jorgensen et al. 2010; Barnett et al.
2011), pinnipeds (Bradshaw et al. 2004b; Call et al. 2008; Chilvers 2008), cetaceans (Baird et
al. 2008; Foote et al. 2010), turtles (Broderick et al. 2007; Schofield et al. 2010) and seabirds
(Weimerskirch 2007; Navarro & Gonzalez-Solis 2009; Patrick et al. 2014). This may be
related to cognitive processes such as learning and memory in some taxa, for example long-
lived seabirds, in that spatiotemporal predictability of foraging opportunities is linked to
prevailing oceanographic conditions and the persistence of environmental gradients (Piatt et
al. 2006; Weimerskirch 2007; Regular, Hedd & Montevecchi 2013). Studies presented in this
thesis indicate that persistent or frequent frontal activity over seasonal timescales is a
contributing factor to the preferential selection of regions of accessible habitat for a range of

species, in particular those that forage in epipelagic waters.

Responses to contemporaneous thermal and chl-a fronts appear to be more variable, differing
according to both the biophysical properties of fronts and species-specific aspects of foraging
ecology. Associations with contemporaneous mesoscale thermal fronts were found to be
more significant for those species that feed at intermediate trophic levels, the basking shark
and loggerhead turtle, than for higher trophic-level seabirds. Furthermore, the strength and
persistence of contemporaneous fronts influenced observed associations. For example,
basking sharks in seasonally-stratified shelf seas around the UK were more likely to be
associated with persistent fronts with a stronger cross-frontal temperature step than more
ephemeral features. We postulate that there may be considerable variability in marine
predator responses to fronts at species, population, and individual levels, which warrants

further investigation.

Major findings of studies presented in this thesis indicate that the temporal lags inherent in

nutrient enrichment, enhancement of primary productivity and mechanical aggregation of
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zooplankton along fronts influence the attractiveness of these features for foraging predators.
Planktivorous predators are more closely tied to the bottom-up mechanisms forcing the
development of pelagic foraging hotspots at fronts, so can find foraging opportunities
associated with both persistent and more ephemeral fronts. Sufficient time is required for
low trophic-level enhancement to propagate through to attract pelagic fish (Le Fevre 1986;
Franks 1992a; Genin et al. 2005), so piscivorous predators may be less likely to associate with
ephemeral features. We therefore recommend that explicit consideration of spatial scale,
front strength and persistence is incorporated in future habitat modelling studies
incorporating measures of frontal activity. Consideration of the biophysical characteristics of
fronts accessible to predator populations is essential to understanding the mechanistic links

between animal movements and environmental conditions in dynamic marine systems.

Linking animal movements to environmental conditions in dynamic marine systems
The foraging behaviours of marine predators are governed by complex, variable and scale-
dependent interactions between predators, prey and biophysical processes (Fauchald,
Erikstad & Skarsfjord 2000). This section examines approaches to understanding the
mechanisms that underlie habitat selection. First, current data gaps and the limitations of
using remotely-sensed surface variables to define three-dimensional pelagic habitats are
discussed. Main insights generated by studies presented in this thesis regarding the utility of
remotely-sensed front metrics are then considered. Finally, the complications inherent in
habitat modelling using biologging and remotely-sensed oceanographic data are examined,
and recommendations are made for maximising the value of these datasets in understanding

habitat selection.

The ‘trophic gap’
The dynamic distributions of pelagic fish are influenced by stochastic processes (Van der
Kooij, Scott & Mackinson 2008; Embling et al. 2012), leading to high levels of heterogeneity in

prey availability over three dimensions (Weimerskirch, Gault & Cherel 2005). In addition,
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data describing pelagic prey distributions are logistically difficult to obtain, particularly in
spatial and temporal congruence with biologging data (McIntyre et al. 2012). Understanding
the mechanisms linking physical processes, prey distributions and predator behaviour is

currently constrained by this trophic gap, particularly for piscivorous species.

A range of approaches have been used to bridge the trophic gap and characterise prey fields
for biologging datasets. Zooplankton abundance, derived from Continuous Plankton Recorder
(CPR) records or inferred from acoustic backscatter, have been used as measures of prey
availability (Witt et al. 2007; Fossette et al. 2010; Patrick et al. 2014). However, there is
unlikely to be direct correlation between high zooplankton densities and pelagic fish
aggregations, restricting the utility of these methods for piscivores. In addition, the low spatial
resolution of CPR datasets can restrict their utility (Patrick et al. 2014). Mapping hotspots of
fisheries effort highlights more predictable forage fish aggregations over broad scales (Witt &
Godley 2007), but access to vessel monitoring systems (VMS) is restricted by the fishing

industry, so these data are rarely available to ecologists.

Alternatively, dietary analysis or stable isotope analysis of body tissues of instrumented
animals can provide valuable evidence of prey types targeted, and relate this information to
movement patterns (Catry et al. 2004), but the spatial resolution of insights generated is
coarse and can not always be linked to mesoscale oceanographic conditions (Jaeger et al.
2013; Patrick et al. 2014). Consequently, the majority of studies seeking to define foraging
habitat preferences of marine predators from tracking data use EO remote sensing to
contextualise observed movements. However, this begs the question of whether remotely-

sensed surface variables are good proxies for prey availability.

Are remotely-sensed variables good proxies for prey availability?
The use of sea-surface temperature (SST) and chlorophyll-a (chl-a) imagery has been
prevalent to date in studies of habitat preference (e.g. Polovina et al 2001; Sims et al. 2009;

Block et al. 2011). Satellite altimetry is also used, both in isolation (Nel et al. 2001) and
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alongside other covariates (Zainuddin, Saitoh & Saitoh 2008; Sims et al. 2009; Teo & Block
2010). Suites of remotely-sensed environmental variables have been used in synchrony to
characterise biological hotspots (Palacios et al. 2006; Grantham et al. 2011; Wingfield et al.

2011).

Remotely-sensed variables were found to be useful predictors of the locations of preferred
habitats in the studies presented in this thesis. In addition to front metrics, chl-a was found to
be a significant predictor of habitat preference in loggerhead turtles, basking sharks and grey-
headed albatrosses in studies presented here. Two-dimensional spatial correlation observed
between seasonal or monthly front frequency and chl-a concentration in several cases
indicates a correlation between persistent frontal activity and primary productivity,
particularly in stratified shelf seas. In contrast, SST held less explanatory value as a predictor
of habitat preference over these spatiotemporal scales, but is known to strongly regulate
marine biodiversity over ocean basin scales (Tittensor et al. 2010), and is a useful indicator of
important sub-surface processes such as cold-water upwelling (Croll et al. 2005; Chavez &

Messié 2009; Wingfield et al. 2011).

However, the use of remotely-sensed parameters in characterising foraging habitats assumes
thatvariables detected are proxies for prey availability, which often lacks coherent supporting
evidence (Ballance, Pitman & Fiedler 2006). For example, Grémillet et al. (2008) found a
strong association between seabirds and primary productivity in the Benguela upwelling, but
a spatial mismatch between primary productivity and pelagic fish distributions. A mismatch
between primary productivity and zooplankton distributions has also been observed at the

Celtic Boundary Front (Mcginty, Johnson & Power 2014).

In addition, while there is evidence that biophysical coupling along fronts can lead to low
trophic-level enhancement (Franks 1992b; Genin et al. 2005), there is a paucity of data

showing a similar effect for larger nekton. Frontal associations have been demonstrated for
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planktivorous fish species (e.g. Maravelias 1997; Marchand, Simard & Gratton 1999),
particularly for larval stages (e.g. Munk 2002), but only in fine-scale tidally-driven fronts.
Mechanical aggregation of zooplankton in convergent fronts presumably enhances food
availability for mid-level consumers, but there are currently few accounts of bait fish
aggregation at fronts (but see Belkin et al. 2014). While we can assume that fronts visible at
the surface have a sub-surface profile in which biophysical coupling is likely to enhance prey
accessibility for both planktivorous and piscivorous predators (see Chapter [, and references
therein), questions remain regarding the efficacy of surface parameters for identifying

preferred habitats that are formed by sub-surface processes.

Surface parameters; sub-surface processes

Remotely-sensed variables can detect two-dimensional surface parameters only, while the
foraging decisions made by marine predators are governed by three-dimensional processes.
In-situ surveys that incorporate oceanographic sampling, predator observation and
hydroacoustic sampling have proven critical in revealing sub-surface mechanisms, including
the influence of regions of stratification (Scott et al. 2010; Cox, Scott & Camphuysen 2013);
tidal shear (Scott et al. 2013); interactions between sub-surface current flows and bathymetry
(Jones et al. 2014); internal waves (Scott et al. 2013); and mesopelagic boundary layers
(Benoit-Bird & Au 2003) on vertical distributions of prey species in the water column, and
corresponding predator foraging decisions. Sub-surface or deep chlorophyll-a maxima
(DCM) resulting from biophysical coupling in hydrodynamic features of the water column
appear to be particularly significant (Baker, Polovina & Howell 2007; Scott et al. 2010;

Williams et al. 2011).

While remote sensing can notresolve the influence of these sub-surface processes on habitat
selection, it enables derivation of useful indices describing broad- to meso-scale
oceanographic dynamics. Indeed, surface variables often reflect sub-surface variability. For

example, DCM can manifest in association with frontal dynamics visible at the surface
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(Fasham et al. 1985). However, bridging the trophic gap between predators and processes
over the range of spatial and temporal scales relevant to their foraging ecology requires both
top-down, broad-scale and bottom-up, fine-scale approaches. Remotely-sensed data are most
useful for studies investigating the influence of broad- to meso-scale oceanography on habitat
selection decisions, while in situ work is critical for understanding mechanisms occurring at
the sub-mesoscale. For example, the use of vessel- or seabed- mounted technologies that can
record both physical oceanographic data and indices of pelagic fish abundance alongside
predator abundance and behaviour (Begg & Reid 1997; Dokseter et al. 2009; Cox, Scott &
Camphuysen 2013; Jones et al. 2014; Williamson et al. 2014), Autonomous Underwater
Vehicles (Gillespie et al. 2014; Suberg et al. 2014) and multi-parameter ocean observatories
(Manderson et al. 2011) are now providing invaluable insight into biophysical mechanisms

regulating habitat selection.

Studies presented in this thesis focus on surface or near-surface foragers, rather than deep-
diving species. Although surface frontal activity appears to be a good indicator of the
locations of sub-surface processes that can increase prey accessibility in these case studies,
habitat preferences of deep-diving foragers may be better investigated using techniques
described above, or animal-attached tags that can directly sense oceanographic parameters
(e.g. Charrassin et al. 2008). Concurrent use of these tags with remotely-sensed metrics could
be an interesting method of ground-truthing, and for investigating relationships between
surface variables, sub-surface processes and predator habitat use in future studies. Despite
shortcomings of remote sensing for habitat characterisation, many studies have documented
clear associations between marine predators and surface features, including frontal systems,
using remotely-sensed data (see preceding chapters, and references therein). Environmental

conditions appear to strongly influence foraging habitat selection over broad to meso-scales.
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Predators respond to environmental conditions

Although the ways in which marine predators sense and respond to environmental gradients
are not yet well-understood, there is compelling evidence that environmental conditions
influence spatial and foraging ecology across taxa (e.g. Block et al. 2011; Louzao et al. 2011;
Commins, Ansorge & Ryan 2014). Indeed, some species seem to respond to environmental
gradients in preference to real-time prey distributions (Benoit-Bird & Au 2003; Torres, Read
& Halpin 2008). Using remotely sensed variables to characterise physical properties of
preferred habitats can, therefore, circumvent the need for prey distribution data. In addition,
remotely-sensed data can yield valuable information about the physical characteristics of
areas available to, but not used by, focal species. However, issues associated with spatial scale
and oceanographic dynamics are essential to consider. Moreover, it is critical that variables
used are meaningful in terms of the ecology of focal species, and not just those that are most

convenient for us to measure.

Utility of remotely-sensed front metrics

A major advantage of composite front mapping over alternative techniques is the capacity for
generating metrics that are useful for objectively identifying frontal systems, and visualising
their dynamics through time. This provides capacity for robust quantification of the influence
of fronts in habitat models. Front metrics quantifying both contemporaneous and longer-term
frontal activity have proven useful in modelling habitat preferences of marine predators, in
the studies presented in this thesis and in other recent investigations (e.g. Oppel et al. 2012;

Chivers et al. 2013; Edwards et al. 2013; Pirotta et al. 2013).

While none of the oceanographic predictors included in models presented in preceding
chapters explained a high proportion of deviance, it is well established that the foraging
decisions of marine predators are governed by multiple complex and interacting factors, both
extrinsic and intrinsic to each individual. It would be unreasonable, therefore, to expect a

single environmental variable to predict foraging habitat preference in highly dynamic pelagic
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systems. The proportions of deviance explained by front metrics significant to models
presented here are in accordance with those documented by other habitat modelling studies

(e.g. Embling et al. 2010; Wakefield et al. 2011; Oppel et al. 2012; Chivers et al. 2013).

Contemporaneous (7-day) front metrics provide capacity for high-resolution investigation of
behavioural responses to environmental stimuli when coupled with GPS tagging, as
demonstrated in chapter two. Use with other tag types (GLS, Argos-PTT) can elucidate levels
of association with mesoscale thermal and chl-a fronts, as shown in chapters three and four.
fdist showed the greatest utility for investigating responses to contemporaneous fronts in
virtual real-time, and was the most convenient for interpretation of results. gdens was found
to be preferable to fdens, owing to the relative ease of interpretation of model outcomes. The
preparation of fdens involves data processing steps (multiplication of gdens with pfront and
proximity to other features, and an uneven representation of front-positive pixels where
satellite passes vary in number) that can confound interpretation. Exploratory data analysis
showed little influence of the fside metric in any of the studies presented here, so it was not
included as a predictor in models. In summary, ffreq, fdist and gdens metrics proved to be

most informative, and have wide scope for further application in habitat modelling studies.

However, remotely-sensed front metrics have limitations that must be considered. In
common with all remote sensing applications, detection of properties is limited to the
uppermost surface layers of the ocean, and areas of imagery can be obscured by persistent
cloud cover. The spatial resolution of imagery is a function of sensor sensitivity, and satellite
coverage is variable across the globe. Other limitations are specific to these metrics. Although
multi-day compositing circumvents problems associated with cloud cover, resultant
composites can not strictly be regarded as representations of conditions experienced by
animals in real-time. Preparation of composite front maps, and thus of the fdens metric, can
be affected by the frequency of satellite passes, detracting from comparability of metrics

between different regions and time periods.
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In addition, several parameters for metric preparation, for example the temperature gradient
threshold for front detection, degree of spatial smoothing in fdens/gdens and hysteresis
settings for the algorithm, have to be set by the user. While this allows for greater flexibility
in application, it can introduce subjectivity into analyses. Studies presented in this thesis
identify optimum values, and it is recommended that parameter selection is matched with the
spatial and temporal scales defining the research question. For example, maximum spatial
detail is useful for investigating near real-time responses to contemporaneous conditions,
whereas seasonal front frequency maps require less detail so as to minimise noise. Overall,
the studies presented in previous chapters indicate that front metrics are useful
oceanographic variables for investigating predator habitat preference, providing they are

used with an awareness of the complications inherent in habitat modelling.

Habitat modelling - complications and solutions

Concurrent use of biologging and remote sensing leads to the generation of large, complex
datasets. Sophisticated analytical methodologies are necessary to maximise the value of these
data in quantifying the influence of environmental variables on habitat selection. Techniques
used to achieve this aim are known by a range of terms including habitat models, species-
habitat models, species distribution models, predictive habitat models and ecological niche
models. Many of these techniques are based around Resource Selection Functions (RSFs),
which quantify habitat use through statistical comparison of areas used to those available to

an individual or population (Boyce et al. 2002; Aarts et al. 2013).

Regression-based techniques (i.e. Generalised Linear Models, GLM; Generalised Linear Mixed
Models, GLMM; Generalised Additive Models, GAM; Generalised Additive Mixed Models,
GAMM; (Bolker et al. 2009; Zuur, Hilbe & leno 2013) are widely used (Becker et al. 2012;
Bailey, Hammond & Thompson 2014; Sequeira etal. 2014). Habitat modelling techniques are

comprehensively reviewed in Aarts et al. (2008); Wakefield, Phillips and Matthiopoulos
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(2009); and Warton and Aarts (2013). Analyses presented in chapters two to four
demonstrate the use of GAM and GLMM. Machine learning techniques such as MaxEnt and
boosted regression trees are also of utility, particularly for predictive modelling, as
demonstrated in chapter five (see also Afan et al. 2014; Bombosch et al. 2014; Torres etal. In

Press).

The nature of biologging datasets complicates habitat modelling in several respects, most
notably spatial accuracy and temporal frequency of location fixes, statistical non-
independence of successive locations, and the sampling of areas available to, but not used by,
tracked animals (Aarts et al. 2008; Schick et al. 2008; Warton & Aarts 2013). The degree of
spatial accuracy and the frequency of location fixes are both functions of tag types used. For
example, geolocation (GLS) and Argos-PTT datasets are far less accurate, and more sparse,
than most GPS datasets (Phillips et al. 2004a; Costa et al. 2010; Witt et al. 2010). However,
the choice of tags used for a particular application is subject to multiple considerations,
including financial cost, battery life, instrument burden, and requirements for surfacing or
recapture (Bograd et al. 2010). Hence, analytical solutions have emerged that can minimise
the effects of accuracy and regularity limitations of GLS and Argos-PTT, for example State-
Space or Hidden Markov Modelling (Patterson et al. 2008; Bailey et al. 2009; Patterson et al.

2009), as demonstrated in chapter three.

In terms of statistical non-independence, both repeated measures from the same individual
and serial autocorrelation in tracking data violate the assumption of independence central to
the use of many modelling frameworks (Aarts et al. 2008). Mixed models explicitly account
for non-independence resulting from repeated measures (Bolker et al. 2009), and were used
in chapters three and four for this purpose. The analysis of gannet responses to
contemporaneous fronts presented in chapter two uses Generalised Estimating Equations
(Hardin & Hilbe 2003) to partition the dataset at the individual movement burst level.

Ecological niche modelling presented in chapter five collapses the individual-level
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information in the dataset, examining the spatial distribution of foraging events over the
whole tracking period, and so repeated measures are not a confounding influence in this

analysis.

Serial autocorrelation can also lead to the artificial inflation of parameter significance if not
accounted for (Fieberg et al. 2010). The degree of serial autocorrelation in a dataset is
dependent on tag type and sampling frequency, and so is more pronounced in GPS tracking
datasets than GLS or Argos-PTT. Studies presented in this thesis use several strategies to
account for serial autocorrelation. Chapter two fits an autoregressive correlation structure at
the individual movement burstlevel using GEE. Interestingly, explanatory terms found to be
non-significant using GEEs were attributed false significance when fitted in a GAM with no
autocorrelation term. The second analysis in chapter two, which investigated habitat
selection in gannets over seasonal time scales, collapsed the time element of tracks and
investigated the spatial distribution of foraging effort over the entire breeding season,
removing serial autocorrelation. This approach was also used in chapter five. Finally,
analyses described in chapters three and four used iterative resampling of both presence and
pseudo-absence datasets to remove serial autocorrelation and prevent zero-inflation of the

response variable in model runs.

Spatial autocorrelation in environmental data is a further complication (Dormann et al. 2007),
although its effects on predictive accuracy have been shown to be less pronounced (Thibaud
et al. 2014). Models presented in this thesis were checked for spatial autocorrelation by
plotting model residuals in space, where model frameworks allowed. No substantial effects
were detected. Model frameworks used here preclude the inclusion of multiple correlation
structures, so serial autocorrelation was accounted for in preference. However, further
exploration of the possible effects of spatial autocorrelation, and interaction with the spatial

resolution of remotely-sensed data, could have enhanced investigations presented here.
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Multi-colinearity between explanatory variables can confound habitat modelling. The
complex interrelationships between physical and biological parameters in the marine
environment can frequently lead to colinearity between commonly-used measures, for
example, sea surface temperature and depth. Analyses presented in this thesis checked for
colinearity between predictor variables using Generalised Variance Inflation Factors (GVIFs;
Zuur, leno & Elphick 2010), a threshold-based pre-selection method that has been proven
effective (Dormann et al. 2013). Where colinearity was detected, separate models were used

to compare the significance of predictor variables.

In addition, tracking data are presence only, and so useful for identifying high-use areas
(Tancell et al. 2013), yet an understanding of habitat preference requires comparison of
conditions characterising high-use areas to those in other accessible regions. The generation
of pseudo-absence locations is one strategy for representing accessible habitat, but the way in
which pseudo-absences are generated can have a considerable impact on model outputs
(Phillips et al. 2009). Simulations such as correlated random walks (CRWs; Heithaus et al.
2006) can be useful, as demonstrated in chapters three and four. The selection of parameters
describing movement, the number of simulations and the spatial extent over which CRWs are
permitted to roam are important considerations. In addition, CRWs are less applicable to
central-place foragers that are constrained to periodically return to a particular location.
Alternatively, pseudo-absences can be selected at random from a predefined study area. For
chapter five, which focuses on a central-place forager, sets of pseudo-absences were selected

atrandom from within the accessible range of the colony repeatedly over several iterations.

However, these presence-absence approaches cannot incorporate information on relative
usage of different areas. Large, multi-individual biologging datasets can allow for calculation
of relative density surfaces, which are more informative than simple presence-absence (e.g.

Hazen et al. 2013b). Lack of spatial and temporal overlap between datasets used for this
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thesis precluded such an approach, but measures of relative importance are likely to become

more commonly used as biologging datasets increase in number and detail.

Solutions to many of these complications are being made more accessible to ecologists as
statistical methodologies improve. For example, Bayesian approaches such as Markov Chain
Monte Carlo simulations (MCMC; Wade 2000; Ellison 2004; Zuur, Hilbe & Ieno 2013) and the
Integrated Nested Laplace Approximation (INLA; Illian, Sgrbye & Rue 2012) are becoming
more commonly used (Lecomte et al. 2013; Pennino et al. 2013). Integration into packages
for the R software platform (e.g. R-INLA, Rue, Martino & Chopin 2009; MCMCglmm, Hadfield
2010) is facilitating further uptake. These techniques enable the incorporation of random
effects, multiple correlation structures and multivariate responses in models, so can
circumvent complications listed above and incorporate several species’ responses in one
model, where datasets allow. Use of Bayesian approaches to build more sophisticated models
would be a logical follow-up to the work presented in this thesis. Models presented in this
thesis are progressive in terms of quantifying habitat preference using frequentist methods,
and have generated insights that make an original contribution to current understanding of
biophysical interactions in pelagic systems. These insights have implications for the
conservation of marine biodiversity, and potential real-world application for improving

marine management.

Implications for conservation and management

UK context

The waters surrounding the United Kingdom are among the busiest anywhere in the global
ocean. Marine predator populations in the region are under intense anthropogenic pressure
(Leeney et al. 2012; Votier et al. 2013). Marine policy and regulation in the UK is set by the
governmental Department for the Environment, Food and Rural Affairs (Defra), which has the
responsibility for including global and European legislation in management frameworks. The

European Union (EU) Marine Strategy Framework Directive (MSFD; 2008/56/EC) includes
162



General Discussion

requirements for member states to meet 11 descriptors of Good Environmental Status (GES)
by 2020, including a requirement (D1) that “biological diversity is maintained. The quality
and occurrence of habitats and the distribution and abundance of species are in line with
prevailing physiographic, geographic and climatic conditions”. This legislation bridges
requirements specified in the EU Birds (2009/147/EC) and Habitats (92 /43 /EEC) Directives

for maintenance of favourable conservation status of marine vertebrate populations.

Defra’s Biodiversity 2020 strategy, an update to the Biodiversity Action Plan, sets out to foster
“a more integrated large-scale approach to conservation [...] at sea” (DEFRA 2011). This
strategy seeks to meet global targets agreed under the UN Convention on Biological Diversity
(CBD), one of which is to protect 10% of coastal and marine areas, “especially areas of
particular importance for biodiversity and ecosystem services” (‘Aichi’ Target 11, Strategic

Goal C; http://www.cbd.int/sp ). In addition, the UK Marine and Coastal Access Act 2009 and

Marine Policy Statement 2011 set commitments for the creation of an ecologically coherent
network of Marine Conservation Zones (MCZs) as the primary strategy for achieving Good

Environmental Status.

Composite front mapping, specifically the frequent front metric, was used in the Defra
consultation for the identification of candidate sites for these MCZs (Miller & Christodoulou
2014). The metric contributed to the identification of 11 sites of importance for pelagic
biodiversity. However, political inertia has prevented the designation of these sites as real
protected areas. Only 27 of the originally proposed 127 sites are to be designated under
current plans, and mobile species are not included. Moreover, Biodiversity 2020 includes only
two indicators of marine ecosystem health, the abundance of breeding seabirds around the
coasts of England and the size structure of commercially exploited fish populations in the
north-western North Sea. While there is an intention to widen the taxonomic scope of the

first, current measures are not sufficient to protect marine predator populations in UK seas.
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The marine spatial planning (MSP) agenda in the UK further complicates marine conservation
strategy, often conflicting with MFSD implementation (Brennan et al. 2014). The expansion of
the marine renewable energy industry has implications pertinent to the management of
marine predator populations, particularly in Scotland where the sector is rapidly developing
(Bailey, Brookes & Thompson 2014; Davies, Watret & Gubbins 2014). Marine Renewable
Energy Installations (MREI) such as offshore wind farms, tidal turbines and wave-powered
devices have several potential impacts on marine biodiversity, including the risk of increased
mortality through direct collision (Grecian et al. 2010; Furness, Wade & Masden 2013;

Waggitt & Scott 2014).

Moreover, MREIs are likely to be sited in hydrographically dynamic areas. This could lead to
the displacement of marine predators from key foraging habitats, or displacement of the
habitats themselves (Langton, Davies & Scott 2011; Scott et al. 2014) - but see Russell et al.
(2014). Modelling habitat selection in marine predators, using techniques such as those
presented in this thesis, could inform MSP through identification of these key habitats and

investigation of how these habitats change or shift following MREI installation.

Global context

Marine Protected Areas (MPAs) currently cover less than 0.1% of the pelagic realm (Game et
al. 2009). Although several large marine areas have been designated as protected sites in
recent years (e.g. Chagos Archipelago, Indian Ocean; Sheppard et al. 2012), biodiversity
conservation in Areas Beyond National Jurisdiction (ABN], the ‘high seas’) is currently
inadequate (Sumaila et al. 2007; Ban et al. 2014). Under the CBD targets, the international
community is required to identify Ecologically or Biologically Significant Areas (EBSAs) in the
oceans that are in need of protection (Dunn et al. 2014). The frequent front metric has been
used as part of a broad suite of measures to identify EBSAs in the Pacific

(http://www.cbd.int/ebsa/). .
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Identification of biophysical hotspots in this way can contribute to ecosystem-level
management (Hyrenbach, Forney & Dayton 2000; Crowder & Norse 2008) and systematic
conservation planning in the oceans (Ban et al. 2014). Species Distribution Modelling (SDM)
incorporating both biotic and abiotic descriptors of pelagic environments is likely to become
an important tool in marine conservation planning (Robinson et al. 2011; Marshall, Glegg &
Howell 2014). As described in chapter one, tools such as those presented in this thesis could
contribute to the identification of areas of overlap between critical habitats and
anthropogenic threat, for example fisheries activity (e.g. Petersen et al. 2008; Fossette et al.
2014). SDM coupled with modelling of future climate scenarios could be used to forecast
changes in the distributions of marine predator populations and key habitats as the oceans

undergo climate-driven change (Hazen et al. 2013b; Marshall, Glegg & Howell 2014).

However, identification and protection of hotspots in this way may not be sufficient to protect
marine predator populations. A recent meta-analysis suggests that a main reason that MPAs
fail to conserve marine biodiversity is movement of animals outside boundaries (Edgar et al.
2014). For highly mobile species, connectivity between key habitats is especially important
(Runge et al. 2014). While there are calls for ‘Big Ocean’ sites - very large-scale MPAs - to halt
the loss of marine biodiversity (Toonen et al. 2013), it is difficult to see how these could be
tractable and enforceable. Marine conservation planning should reflect the spatiotemporal
dynamism inherent in marine predator space use if it is to prevent further decline of mobile
populations of conservation concern (Hooker et al. 2011; Runge et al. 2014). Moving from
static protected areas towards a more adaptive, spatially dynamic ocean management

paradigm is necessary to achieve this aim.

Dynamic Ocean Management - the future of marine conservation?
Dynamic ocean management (DOM) is an emerging approach to management of marine
resources that explicitly accounts for the dynamic movements of the ocean, marine animals,

and human users (Hobday et al. 2014). DOM can regulate overlap between high-use areas for
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marine predators and anthropogenic threat through the establishment of protected areas that

function in near real-time and can move, like the species they aim to protect.

Chapter one describes situations in which DOM has worked, to regulate tuna fisheries in
South Australia and to reduce fisheries bycatch of loggerhead turtles in the North Pacific
Transition Zone. A DOM approach is to be trialled further in the United States in upcoming
years, including a novel approach to mitigating impacts of ship strike on the blue whale
Balaenoptera musculus population along the Pacific coast (Irvine et al. 2014). DOM could
facilitate better balance between anthropogenic interests and biodiversity conservation in the
oceans, particularly in the coastal zone in which anthropogenic threat is largely concentrated
(Maxwell et al. 2013). Moreover, a spatially dynamic approach to marine conservation could
provide opportunity for adaptation of conservation strategies in the wake of future climatic

change (Hazen et al. 2013b).

Satellite remote sensing of real-time oceanography is an essential component of current plans
for establishment of DOM (Hazen et al. 2013b; Muller-Karger et al. 2013; Hobday et al. 2014).
Given the ecological importance of persistent frontal zones, both near real-time and seasonal
or climatological front mapping could be extremely useful as part of the suite of tools
supporting DOM, provided that data are made freely and easily available to management
bodies (Hobday et al. 2014). In synergy with vessel-based technologies, large biologging
datasets and high-resolution habitat modelling, front mapping could prove a useful

component of the suite of technological solutions to managing the marine biodiversity crisis.
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Summary

1. Identifying priority areas for marine vertebrate conservation is complex because species of
conservation concern are highly mobile, inhabit dynamic habitats and are difficult to monitor.

2. Many marine vertebrates are known to associate with oceanographic fronts — physical inter-
faces at the transition between water masses — for foraging and migration, making them impor-
tant candidate sites for conservation. Here, we review associations between marine vertebrates
and fronts and how they vary with scale, regional oceanography and foraging ecology.

3. Accessibility, spatiotemporal predictability and relative productivity of front-associated
foraging habitats are key aspects of their ecological importance. Predictable mesoscale (10s—
100s km) regions of persistent frontal activity (‘frontal zones’) are particularly significant.

4. Frontal zones are hotspots of overlap between critical habitat and spatially explicit
anthropogenic threats, such as the concentration of fisheries activity. As such, they represent
tractable conservation units, in which to target measures for threat mitigation.

5. Front mapping via Earth observation (EO) remote sensing facilitates identification and
monitoring of these hotspots of vulnerability. Seasonal or climatological products can locate
biophysical hotspots, while near-real-time front mapping augments the suite of tools support-
ing spatially dynamic ocean management.

6. Synthesis and applications. Frontal zones are ecologically important for mobile marine ver-
tebrates. We surmise that relative accessibility, predictability and productivity are key bio-
physical characteristics of ecologically significant frontal zones in contrasting oceanographic
regions. Persistent frontal zones are potential priority conservation areas for multiple marine
vertebrate taxa and are easily identifiable through front mapping via EO remote sensing.
These insights are useful for marine spatial planning and marine biodiversity conservation,
both within Exclusive Economic Zones and in the open oceans.

Key-words: composite front mapping, foraging, habitat, marine protected areas, marine
top predator, marine vertebrate, ocean front, oceanographic front, pelagic predator, remote
sensing

Introduction

and sharks is a major challenge in marine management.
These apex predators fulfil critical roles in ecosystem

Accommodating the conservation needs of large marine functioning (Heithaus er al. 2008), but are currently affor-
vertebrates such as seabirds, turtles, cetaceans, pinnipeds ded only cursory or inadequate protection, particularly in

the open oceans (Game et al. 2009). The combined effects
of anthropogenic stressors (e.g. habitat degradation, over-

*Correspondence author. E-mail: kysc@pml.ac.uk exploitation, fisheries bycatch and climate variability) are
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negatively impacting marine vertebrate populations (Halp-
ern et al. 2008; Maxwell et al. 2013; Lewison et al. 2014),
and in some cases resulting in dramatic declines (e.g.
rockfishes, Ralston 2002; seabirds, Croxall er al. 2012).
However, effective conservation is problematic. Large
marine vertebrates are highly mobile, ranging great dis-
tances over the course of their lives. For example, many
migrate across entire ocean basins (e.g. leatherback turtle
Dermochelys coriacea, Shillinger et al. 2008; Arctic tern
Sterna paradisaea, Egevang et al. 2010; humpback whale
Megaptera novaeangliae, Robbins et al. 2011), epitomizing
the problems of conserving a moving target (Singh &
Milner-Gulland 2011). Furthermore, the formation and
propagation of pelagic foraging habitats is a function of
complex oceanographic dynamics (see Hazen et al. 2013),
so habitat in the marine context does not always refer to
fixed geographical space, but preferentially used areas that
may shift. Understanding how oceanographic processes
influence marine vertebrate distributions is, therefore, cru-
cial for effective conservation (Hooker et al. 2011).

Oceanographic conditions drive spatial structuring of
predator abundance and diversity across the oceans. At a
global scale, marine biodiversity is regulated by sea surface
temperature, with diversity maxima occurring at mid-
latitudes (Worm et al. 2005; Tittensor et al. 2010). At an
ocean-basin scale, diversity is highest in productive zones
associated with major water mass transitions, currents,
upwellings and bathymetric features (Chavez & Messié
2009). Within these productive regions, meso- (10s - 100s
km) and sub-mesoscale (¢. 1 km) oceanographic dynamics
lead to the formation of ecologically significant features
such as fronts and eddies (see Gode er al. 2012). Here,
we focus on fronts — physical interfaces between water
bodies that manifest as steep gradients in temperature,
salinity, density, turbidity or colour (Belkin, Cornillon &
Sherman 2009) — as important habitats for mobile marine
vertebrates.

Biophysical coupling at fronts can lead to the formation
of pelagic foraging hotspots. Mixing and nutrient reten-
tion enhance primary productivity (Traganza, Redalije &
Garwood 1987; Franks 1992a), while plankton and small
nekton may become entrained in convergent surface flow
(Le Fevre 1986; Franks 1992b; Genin et al. 2005). Con-
vergences aggregate zooplankton advected from surround-
ing water masses, driving bottom-up processes across
multiple trophic levels up to apex predators (Graham,
Pages & Hamner 2001; Bakun 2006). However, the pro-
ductivity and degree of bioaggregation along fronts varies
according to physical characteristics such as spatiotempo-
ral variability, gradient magnitude, type of front and
properties of the surrounding water masses (Le Fevre
1986). Therefore, a holistic understanding of how bio-
physical mechanisms interact to influence the degree of
bioaggregation at fronts, and their subsequent attractive-
ness to top predators, remains elusive.

A taxonomically diverse array of marine vertebrates
have been shown to associate with fronts, and the scale,

nature and significance of these associations to vary
according to regional oceanography and taxon-specific
life-history characteristics. Ecologically significant features
can range from ocean-basin scale, persistent frontal zones
in the open oceans to fine-scale, ephemeral features in
shelf seas (Le Fevre 1986; Belkin, Cornillon & Sherman
2009). Here, we review current understanding of associa-
tions between high trophic-level marine vertebrates and
fronts, selecting key examples from contrasting oceano-
graphic regions and highlighting important biophysical
characteristics of ecologically significant frontal zones. We
discuss implications for management and conservation,
including overlap with anthropogenic threats, and high-
light the potential role of front mapping via Earth obser-
vation (EO) remote sensing to inform threat mitigation.

Ecological importance of frontal zones

The mechanisms linking physical processes, prey dynamics
and top predator foraging are complex and scale depen-
dent (Fauchald 2009). Understanding these mechanisms is
crucial to understanding what makes front-associated for-
aging opportunities attractive to high trophic-level con-
sumers. Use of frontal zones is mediated bottom-up by
the spatial scale, persistence and biophysical properties of
fronts, and top-down by aspects of foraging ecology,
including life-history mode (true pelagics vs. central-place
foragers), physiological constraints (e.g. thermal range,
diving capability), trophic level (planktivores vs pisci-
vores), foraging guild (near-surface vs. subsurface), forag-
ing plasticity, ontogenetic stage and whether foraging is
opportunistic or mediated by learning and memory
(Vilchis, Ballance & Fiedler 20006).

OCEAN-BASIN SCALE (1000s KM)

Ocean-basin scale regions of intense mesoscale dynamics,
such as those associated with the major water mass transi-
tions discussed below, are ecologically significant features
in the largely oligotrophic open oceans (Belkin, Cornillon
& Sherman 2009). These regions are important foraging
and migration habitats for pelagic marine vertebrates
(Tittensor et al. 2010).

North Pacific Transition Zone (NPTZ)

This highly dynamic region delineates the boundary
between warm, oligotrophic subtropical gyres and cold,
productive subarctic gyres and is a marine biodiversity
hotspot of global significance (Sydeman et al. 2006).
Numerous marine vertebrates with contrasting life histo-
ries preferentially use areas of the NPTZ, including north-
ern elephant seals Mirounga angustirostris, salmon shark
Lamna ditropis and blue shark Prionace glauca, bluefin
Thunnus thynnus and albacore tunas Thunnus alalunga,
Laysan  Phoebastria  immutabilis and  black-footed
albatrosses Phoebastria nigripes, and loggerhead Caretta
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caretta and olive ridley turtles Lepidochelys olivacea
(Polovina et al. 2004; Kappes et al. 2010; Block et al.
2011; Robinson et al. 2012).

The NPTZ encompasses the transition zone chlorophyll
front (TZCF), a surface convergence that extends over
8000 km (Polovina et al. 2001). While the wider NPTZ is
predictable at broad scales, the position of the TZCF is
strongly influenced by climate (Kappes et al. 2010), lead-
ing to spatial variability in foraging associations. Some
near-surface foragers, such as loggerhead turtles, can
track the southward movement of the TZCF in winter
(Howell et al. 2010). Other taxa constrained to a central
place, such as albatrosses breeding on the Hawaiian
Islands, have experienced reproductive failure as a result
of spatial deviation (Kappes et al. 2010). In contrast, ele-
phant seals, which forage along the subsurface thermal
boundary between gyres (Robinson er al. 2012), remain
unaffected by the movement of surface features.

Equatorial Front (EF)

Manifesting between the equatorial upwelling to the
South and warmer tropical waters to the North, the EF is
a prominent feature of the tropical eastern Pacific, charac-
terized by steep gradients in temperature, salinity and
nutrients (Ballance, Pitman & Fiedler 2006). Planktivo-
rous seabirds strongly associate with the EF, which en-
trains zooplankton in surface layers (Spear, Ballance &
Ainley 2001). However, seabird densities are also closely
coupled with climate-driven variability in frontal intensity.

Southern Ocean frontal zones

The major frontal zones of the Southern Ocean determine
the distributions of pelagic prey species in the region
(Rodhouse & Boyle 2010). A range of marine predators
utilize the southern boundary of the Antarctic Circumpo-
lar Current, the subtropical front and the Subantarctic
Front (see Bost et al. 2009; Santora & Veit 2013). Pen-
guins, albatrosses and seals travel from distant breeding
colonies to forage along the subtropical and Polar Fronts
(Xavier et al. 2003; Bailleul ez al. 2007; Scheffer, Bost &
Trathan 2012). Although distant from land, Southern
Ocean frontal zones provide suitable foraging conditions
for both near-surface and deep-diving foragers, but are
accessible only to those species with the capacity to navi-
gate across oceanic seascapes.

MESOSCALE (10s-100s KM) TO SUB-MESOSCALE
(C. 1 KM)

Mesoscale and sub-mesoscale oceanographic processes
drive front formation within large-scale transition zones
and in regions associated with currents, upwellings and
bathymetric features and appear to be of particular eco-
logical importance. For example, hotspots of predatory
fish diversity (tuna, billfish) are associated with mesoscale

Frontal zones and marine vertebrate conservation 3

fronts within warm waters (c. 25 °C) across all the major
ocean basins (Worm et al. 2005).

Major currents

Bioaggregating thermal, colour and density fronts fre-
quently form along the boundaries of major current sys-
tems (Fig. 1). Seabirds and neonate sea turtles associate
strongly with fronts and eddies formed along the Gulf
Stream (Haney 1986; Witherington 2002; Thorne & Read
2013) and the Kuroshio Current (Polovina et al. 2006).
The peripheries of frontal eddies formed along these
currents are also of ecological significance (Haney 1986;
Bailleul, Cotté & Guinet 2010; Godo ef al. 2012).

Upwelling fronts

Major Eastern boundary upwellings (e.g. Canary Cur-
rent, Benguela Current, California Current, Humboldt
Current) are hotspots of marine biodiversity (Chavez &
Messié 2009) characterized by intense surface frontal
activity. Mesoscale thermal and colour fronts mark the
interface between cool, nutrient-rich upwelled water and
warmer oligotrophic waters further offshore. Bioaggrega-
tion in upwelling-driven frontal structures attracts forag-
ers from diverse foraging guilds (Nur er al. 2011;
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Fig. 1. Front mapping via Earth observation (EO) remote sens-
ing. Example imagery: seasonal front frequency map, N. Atlantic
(percentage time front detected in each 1 km pixel, March-May).
Regions of intense mesoscale activity along the North Atlantic
Current are highlighted, including that associated with the Char-
lie Gibbs Fracture Zone (CGFZ). Useful as part of a suite of
tools for locating biophysical hot spots and their dynamics
through time. Derived from merged microwave and infrared SST
data, 2006-2011. Reproduced, with permission, from Miller,
Read & Dale (2013).
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Sabarros et al. 2013). For example, strong associations
have been documented between cetaceans (Tynan et al.
2005), seabirds (Ainley et al. 2009) and upwelling fronts
in the California Current. Similarly, coastal upwelling
creates a persistent multiple trophic-level hotspot off
Baja California, within which bioaggregating thermal
fronts are utilized by subsurface predators, such as blue
whales Balaenoptera musculus, green Chelonia mydas and
loggerhead turtles (Etnoyer et al. 2006; Wingfield et al.
2011).

Strong convergent fronts also manifest at the peripher-
ies of upwelling shadows, where water upwelled offshore
meets coastal water masses sheltered by coastline irregu-
larities (Chavez & Messié 2009). Large upwelling shadows
in the Southern California Bight (Fiedler & Bernard 1987,
Hunt & Schneider 1987) and off southern Peru (Acha
et al. 2004) are known hotspots. However, upwelling
intensity is often seasonal, varying under climatic and
oceanographic influence, affecting the predictability of
foraging opportunities in these regions (Thompson et al.
2012).

Shelf-edge frontal zones

Shelf-edge systems - at the transitions between the abyssal
oceans and shelf seas - are zones of intense mixing, result-
ing in the manifestation of strong thermohaline fronts.
Nutrient enrichment in shelf-edge fronts enhances primary
production, attracting grazers such as copepods, fish lar-
vae and planktivorous fish, and their predators (Le Fevre
1986). For example, the Celtic Sea shelf edge is an impor-
tant overwintering habitat for basking sharks Cetorhinus
maximus (Sims et al. 2003). Both surface-feeding and div-
ing seabirds aggregate along shelf-edge fronts (Skov &
Durinck 1998). Downwelling shelf slopes, such as those
found at the Mid-Atlantic Bight (Ryan, Yoder & Cornil-
lon 1999) and at the margins of the Bering Sea (Springer,
McRoy & Flint 1996), are important seabird foraging
areas. Shelf-edge fronts can also be significant habitat fea-
tures for cetaceans, including deep-diving species that prey
on squid and fish (Baumgartner 1997, Waring et al.
2001), rorquals (Azzellino et al. 2008) and some delphi-
nids (Davis et al. 1998).

Mid-ocean bathymetrically-induced frontal zones

Mid-ocean bathymetric features generate persistent
fronts that can produce predictable foraging grounds.
For example, the interaction of the North Atlantic Cur-
rent with the Mid-Atlantic Ridge around the Charlie-
Gibbs Fracture Zone generates intense mesoscale frontal
activity (Fig. 1; Miller, Read & Dale 2013), attracting
surface and near-surface-foraging seabirds (Egevang
2010; Frederiksen er al. 2012; Edwards et al.
2013). Piscivorous dolphins and whales also feed on
mesopelagic fish and squid in this area (Dokseter et al.
2008; Skov et al. 2008).

et al.

Shelf-sea tidal mixing fronts

Tidal mixing fronts manifest in shelf seas between well-
mixed and stratified waters (Pingree & Griffiths 1978).
Nutrient retention and enhanced vertical mixing increase
seasonal phytoplankton production (Pingree et al. 1975;
Franks 1992a), attracting both pelagic and neritic forag-
ers. For example, basking sharks forage for zooplank-
ton at small-scale tidal fronts in UK waters (Sims &
Quayle 1998), with sightings clustered around slicks
indicative of convergent flow. Likewise, planktivorous
ocean sunfish Mola mola are frequently encountered
near fronts (Sims & Southall 2002). Similarly, strong
associations have been observed between rorquals and
tidal fronts in the Gulf of St. Lawrence (Doniol-
Valcroze et al. 2007). On the European Continental
Shelf, piscivorous cetaceans use both seasonally persis-
tent tidal mixing fronts (Goold 1998; Weir & O’Brien
2000) and finer-scale fronts that manifest in tidal inlets
(Pirotta et al. 2013). In addition, numerous seabirds for-
age around mid-shelf fronts (Haney & McGillivary
1985; Hamer et al. 2009; Dean et al. 2012), sometimes
in Multi-Species Foraging Associations (MSFAs; Cam-
phuysen, Scott & Wanless 2006). Surface and near-sur-
face-foraging birds are frequently observed near
convergent fronts (Durazo, Harrison & Hill 1998; Hunt
et al. 1999), whereas subsurface foragers tend to associ-
ate with strong, vertically structured fronts (Decker &
Hunt 1996; Begg & Reid 1997).

Tidal topographic fronts

In neritic waters, tidal topographic interactions generate
fine-scale, yet strongly bioaggregating fronts (Le Fevre
1986). For example, ‘island wake’ effects lead to the
development of surface convergences and eddies
(Wolanski & Hamner 1988). Marine mammals (John-
ston & Read 2007) and surface-foraging seabirds
(Schneider 1990) associate with island wake fronts. Sim-
ilarly, offshore banks can initiate front development,
increasing prey accessibility in surface layers (Stevick
et al. 2008). Tidal-topographic fronts over banks can
cause the formation of subsurface chlorophyll maxima
(Franks 1992a), which are significant foraging areas for
some diving predators (Scott 2010). Tidal-
topographic fronts are highly predictable and may be

et al.

especially important for central-place marine vertebrates.
However, at very fine scales (<1 km), other subsurface
physical processes may mediate predator foraging over
bank systems (Scott 2010; Cox, Scott &
Camphuysen 2013).

et al.

Estuarine plume and tidal intrusion fronts

Estuarine plume fronts are formed by interactions
between tidal processes and river outflow. Entrainment of
zooplankton (Govoni & Grimes 1992) attracts forage fish
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(Kaltenberg, Emmett & Benoit-Bird 2010), making plume
fronts significant nearshore foraging features. Large
aggregations of piscivorous seabirds have been docu-
mented around some estuarine plume fronts (Skov &
Prins 2001; Zamon, Phillips & Guy 2013).

KEY BIOPHYSICAL CHARACTERISTICS OF
ECOLOGICALLY SIGNIFICANT FRONTAL ZONES

Current understanding indicates that accessibility, spa-
tiotemporal predictability and relative productivity are
central to the ecological importance of frontal zones
(Hunt e al. 1999; Weimerskirch 2007). These insights
are useful in predicting which taxa are likely to aggre-
gate at frontal zones in different oceanographic regions,
enhancing understanding of pelagic ecosystem function
and identifying important at-sea habitats. For example,
it is clear that large-scale frontal zones in the open
oceans are often highly productive and persistent, and
so predictable, yet are only really accessible to oceanic
species and far-ranging central-place foragers (Bost ez al.
2009; Tittensor er al. 2010). Predictable, productive
mesoscale frontal zones associated with bathymetric fea-
tures, currents and major upwellings attract marine ver-
tebrates from diverse foraging guilds in contrasting
oceanographic regions (Chavez & Messié 2009; Block
et al. 2011). Persistent shelf-sea tidal mixing and tidal-
topographic fronts create predictable foraging opportu-
nities, accessible to coastal species such as colonial
seabirds and some cetaceans. Recent work in the Celtic
Sea highlights temporal persistence as a key component
of frontal zones used as foraging features for a piscivo-
rous seabird (Scales et al. 2014), presumably as persis-
tence enhances both productivity and predictability.

The literature documenting associations between mar-
ine vertebrates and fronts has yielded valuable insights,
yet many questions remain. For example, despite the
implicit assumption that fronts generate suitable forag-
ing conditions, the mechanisms linking physical pro-
cesses and prey dynamics are not well understood (but
see Cox, Scott & Camphuysen 2013). In many cases, it
remains unclear how habitat utilization changes through
the annual cycle, through ontogenetic development and
through life cycle stages (i.e. breeding, migration; but
see e.g. Votier ef al. 2011). In addition, little is known
about the ways in which many species perceive and
respond to environmental cues (but see Nevitt & Bona-
donna 2005; Tew Kai er al. 2009; Votier et al. 2013;
Tremblay et al. 2014). Moreover, it is important to
determine whether fronts are significant foraging fea-
tures at the population level. This has not yet been
achieved, to our knowledge, but is possible through
estimation of the proportion of a population using a
frontal zone, or the spatial range over which animals
are attracted. Future work should address these ques-
tions, improving capacity to locate ecologically signifi-
cant features.
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Frontal zones as priority conservation areas

HOTSPOTS OF ANTHROPOGENIC THREAT

Frontal zones appear to be hot spots of overlap between
potentially critical at-sea habitats and spatially explicit
anthropogenic threats (e.g. fisheries), particularly in the
coastal zone (Halpern ef al. 2008). The major fisheries
threats to marine vertebrates are bycatch (Gilman et al.
2008; Anderson er al. 2011; Zydelis, Small & French
2013; Lewison et al. 2014) and competition for resources
(e.g. Bertrand et al. 2012). Comprehensive data are diffi-
cult to obtain, but industrialized fisheries, particularly
pelagic long-lining fleets, target persistent frontal zones
(Podestd, Browder & Hoey 1993; Hartog et al. 2011), gen-
erating significant risk of conflict with other apex consum-
ers. Spatial overlap is particularly pronounced within the
coastal zone, along shelf breaks and in upwelling regions
(Halpern et al. 2008; Lewison et al. 2014), especially those
around Africa and South America (Zeeberg, Corten & de
Graaf 2006; Pichegru er al. 2009). Within these regions,
frontal zones are logical areas in which to target measures
for mitigation of fisheries threats. In addition, convergent
fronts can concentrate pollutants and floating debris such
as oil and plastics, potentially increasing exposure of mar-
ine vertebrates aggregating to forage (Bourne & Clark
1984; Gonzalez Carman et al. 2014).

On the continental shelf, the expansion of marine
renewable energy installations (MREIs) has the potential
for direct and indirect effects on marine vertebrates (Inger
et al. 2009; Grecian et al. 2010; Scott et al. 2014). MREIs
that rely on tidal flow are likely to be concentrated in the
vicinity of hydrographically dynamic tidal mixing fronts
(Miller & Christodoulou 2014), altering habitat dynamics
and displacing foraging effort. These impacts may be par-
ticularly pronounced for coastal central-place foragers
(Scott et al. 2014). While more research is needed to
determine whether MREIs have population-level effects,
marine spatial planning can be improved by identification
of vulnerability hotspots.

FRONT MAPPING TO IDENTIFY PRIORITY
CONSERVATION AREAS

Technological innovations in remote sensing, biologging,
autonomous marine vehicles and vessel monitoring hold
promise for identification of priority conservation areas
(Palacios et al. 2006; Grantham ez al. 2011; Miller &
Christodoulou 2014) and spatially dynamic, near-real-
time threat management (Hobday et al. 2014). Front
mapping via EO remote sensing (Fig. 1; Miller 2009)
enables high-resolution, automated detection of frontal
zones anywhere in the global ocean. Seasonal or clima-
tological products are potentially useful for marine spa-
tial planning, identifying priority areas for threat
mitigation both on-shelf (Miller & Christodoulou 2014)
and in areas beyond national jurisdiction (ABNJ; the
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‘high seas’). Moreover, near-real-time front mapping
augments the suite of tools with potential to inform
spatially dynamic ocean management (Hobday et al.
2014), enabling identification and monitoring of critical
ephemeral habitats (Fig. 2).

Remotely sensed oceanographic data have been used to
inform spatially dynamic fisheries management in several
cases. For example, historical and near-real-time SST
imagery, coupled with satellite telemetry and spatially
explicit fisheries data, has been successfully used to reduce
bycatch of loggerhead turtles along the TZCF north of
Hawaii (Howell ef al. 2008). The Australian Fisheries
Management Authority has used a comparable approach
using in situ sensors to regulate exploitation of southern
bluefin tuna Thunnus maccoyii (Hobday & Hartmann
2006). Although there are few examples of such innova-
tively managed fisheries (Dunn, Boustany & Halpin
2011), similar methods are applicable to other species of
conservation concern (Hobday & Hartmann 2006) and
may be critical in mitigating future marine biodiversity
loss.

Marine protected areas (MPAs) can regulate overlap
between spatially explicit threats and critical at-sea habi-
tats. MPAs are most tractable on-shelf, within Exclusive
Economic Zones (EEZs), where anthropogenic threats to
marine vertebrate populations, such as fisheries pressure,
MREI development, noise and habitat degradation, are
also concentrated (Maxwell ez al. 2013). Spatially predict-
able biophysical hotspots, such as those associated with
persistent tidal mixing, tidal-topographic and upwelling
shadow fronts, are logical candidates for within-EEZ
MPAs and easily identifiable. Indeed, hot spots associ-
ated with quasi-stationary frontal zones have been explic-
itly included in MPA design in the UK (Miller &
Christodoulou 2014) and the Mediterranean (Panigada
et al. 2008).

In the open oceans beyond EEZs, persistent frontal
zones, such as that associated with the Charlie Gibbs
Fracture Zone in the North Atlantic (Fig. 1), are also
amenable to site-based management. However, effective

conservation of pelagic biodiversity in ABNJ rests not
only upon the identification of vulnerability hotspots but
also upon the capacity to track how these hotspots shift
with changing oceanographic conditions (Hooker et al.
2011; Lascelles et al. 2012; Fig. 2). Spatially dynamic
ocean management (Hobday et a/. 2014) may be more
effective in managing threats to marine vertebrate popula-
tions in some highly dynamic regions, and for increasing
adaptability as pelagic ecosystems undergo changes
related to climate variability. High-resolution front fre-
quency maps, both near-real-time and seasonal/climato-
logical (e.g. Fig. 1), coupled with real-time monitoring of
anthropogenic activity and marine vertebrate habitat use
(Fig. 2), present managers with data of value for more
effective management of pelagic ecosystems.

CONCLUSIONS

Associations between marine vertebrates and oceano-
graphic fronts vary spatially, temporally and between
taxa, influenced by both the biophysical properties of
fronts and taxon-specific foraging ecology (Hunt et al.
1999). Despite this variability, there now exists a consider-
able body of evidence indicating that persistent mesoscale
frontal zones are ecologically significant across the oceans
(e.g. Polovina et al. 2001; Bost et al. 2009). As areas of
existing and potential overlap between critical habitats
and anthropogenic threat, persistent frontal zones repre-
sent tractable conservation areas, in which to target threat
mitigation measures. Continued integration between
remote sensing science, spatial ecology, oceanography and
fisheries management has potential to improve marine
biodiversity conservation by (i) bridging the gaps in our
understanding of the oceanographic drivers of marine ver-
tebrate space use and (ii) feeding into systematic conserva-
tion planning through mapping and real-time monitoring
of threat hot spots (Grantham ez al. 2011; Hobday et al.
2014). Such integration is vital if we are to balance the
competing demands of anthropogenic activities and biodi-
versity conservation in the vast and dynamic oceans.

Marine vertebrate
space use

Frontal zones

Spatially-explicit
anthropogenic threat

Vessel

Fig. 2. Frontal zones as priority conserva-
tion areas for marine vertebrates. Under-
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standing of associations between marine
vertebrates and fronts can be enhanced
using data describing (i) the oceanographic
environment, obtainable from remote sens-
ing or in situ measurement, and (ii) marine
vertebrate space use, through at-sea sight-
ings, tracking/biologging and autonomous
marine vehicles. Insights can be fed for-
ward into predictive habitat models, which
can be used together with spatially explicit

information  describing  anthropogenic
threat to predict and monitor regions of
overlap.
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Summary

1. Understanding the mechanisms that link oceanographic processes and marine vertebrate
space use is critical to our knowledge of marine ecosystem functioning, and for effective man-
agement of populations of conservation concern.

2. The basking shark Cetorhinus maximus has been observed in association with oceano-
graphic fronts — physical interfaces at the transitions between water masses — exploiting forag-
ing opportunities resulting from zooplankton aggregation. However, the scale, significance and
variability of these associations have not previously been established.

3. Here, we quantify the influence of thermal and chlorophyll-a fronts on basking shark habitat
use in the north-east Atlantic. We use animal-mounted archival tracking together with compos-
ite front mapping via Earth Observation (EO) remote sensing to provide an oceanographic
context to shark movements.

4. We investigate levels of association with fronts occurring over two spatio-temporal scales,
(i) broad-scale, seasonally persistent frontal zones and (ii) contemporaneous thermal and chl-a
fronts. Using random walk simulations and logistic regression within an iterative generalized
linear mixed modelling (GLMM) framework, we find that seasonal front frequency is a signifi-
cant predictor of shark presence.

5. Oceanographic metrics time-matched to shark tracks indicate that sharks show a preference
for productive regions and associate with contemporaneous thermal and chl-a fronts more fre-
quently than could be expected at random. Moreover, we highlight the importance of front
persistence and cross-frontal temperature step, which appear to interact to affect the degree of
prey aggregation along thermal fronts in this shelf-sea system.

6. Our findings confirm that surface frontal activity is a predictor of basking shark presence in
the north-cast Atlantic, both over seasonal timescales and in near real-time. These insights
have clear implications for understanding the preferred habitats of basking sharks in the con-
text of anthropogenic threat management and marine spatial planning in the region.

Key-words: animal tracking, biologging, front mapping, habitat preference, habitat use,
marine megavertebrate, marine vertebrate, remote sensing
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Understanding the ways in which large marine vertebrates
optimize foraging efficiency in heterogeneous and dynamic
pelagic environments has become a central issue in marine
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ecology. These animals are often highly mobile, moving
over immense spatial scales in order to find suitable
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habitats in which to forage and reproduce. Moreover, zoo-
planktivorous megavertebrates such as the basking shark,
Cetorhinus maximus; whale shark, Rhincodon typus; leath-
erback turtle, Dermochelys coriacea; and manta ray,
Manta birostris exist on an energetic ‘knife-edge’, and so
must maximize prey encounter rates in patchy pelagic prey
seascapes in order to survive (Sims 1999, 2008; Hays et al.
2006; Stevens 2007; Fossette et al. 2010).

Underlying movement patterns that enhance foraging
optimality, such as behaviours approximating theoretically
optimal Lévy walks, have been identified in a variety of
marine taxa (Viswanathan et al. 1999; Sims et al. 2008;
Humphries et al. 2012) and linked to oceanographic con-
text (Hays et al. 2006; Humphries et al. 2010) and prey
fields (Sims et al. 2012). Biophysical habitat characteristics,
including primary productivity and convergent front prop-
agation, have been shown to influence behavioural
switches between Lévy behaviour and Brownian move-
ments in several species, including the basking shark
(Humphries er al. 2010). Such behavioural switches indi-
cate the concentration of area-restricted search (ARS), a
proxy for foraging effort, in productive waters (Humphries
et al. 2012). Broad-scale movements have also been linked
to climatic influence over thermal resources, and finer-scale
habitat use closely coupled with prey availability (Cotton
et al. 2005; Siders et al. 2013; Curtis et al. 2014), indicat-
ing that bottom-up forcing and the propagation of oceano-
graphic features that aggregate prey are likely to mediate
foraging behaviour over a continuum of spatial scales.

A diverse range of large marine vertebrates have been
shown to associate with mesoscale (10 s—100 s km) and
submesoscale (c¢. 1 km) oceanographic features such as
fronts, eddies and seamounts as foraging habitats, in con-
trasting ocean domains (Morato et al. 2010; Gode et al.
2012; Scales et al. 2014b). Here, we focus on mesoscale
fronts — physical interfaces at the transitions between water
masses that differ in temperature, salinity, density, turbid-
ity or productivity (Belkin, Cornillon & Sherman 2009) —
as features of potential significance to the basking shark in
seasonally stratified shelf seas in the north-cast Atlantic.

Understanding the role of oceanographic processes as
drivers of marine vertebrate habitat utilization is funda-
mental to our knowledge of pelagic ecosystem functioning
and pivotal in identifying important habitats for species of
conservation concern. Basking shark populations in the
north-east Atlantic are still recovering from the effects of
historical overexploitation (Southall et al. 2006), and the
species is currently classified as vulnerable globally and
endangered in the north-east Atlantic by the JTUCN Red
List of Threatened Species (Fowler 2005). A better under-
standing of the drivers of habitat utilization is valuable for
the management of populations of these enigmatic marine
vertebrates, and indeed for marine vertebrates more gener-
ally. An ability to predict the locations of important habi-
tats has relevance for the design of marine protected area
(MPA) networks and marine spatial planning (Miller &
Christodoulou 2014; Paxton, Scott-Hayward & Rexstad

2014; Scales et al. 2014b) and could inform projections of
habitat shifts occurring in the wake of future climate
change.

Seasonal basking shark aggregations occur in coastal
regions of Great Britain and Ireland from May to October
each year, when they can be observed surface-feeding on
dense zooplankton patches (Sims, Fox & Merrett 1997,
Sims & Merrett 1997). Although sharks are generally pres-
ent in shelf and shelf-edge waters year-round in this region
(Sims ez al. 2003), they also spend protracted periods in
the open ocean and are rarely sighted at the surface at
other times of year. Distinct seasonal sightings ‘hotspots’
are apparent off the south-west of England, the Isle of
Man, western Scotland and in Irish waters (Berrow &
Heardman 1994; Southall ez al. 2005; Leeney et al. 2012;
Witt et al. 2012).

Associations between basking sharks and mesoscale
thermal fronts have been observed repeatedly in the
region, with sharks using front-associated habitat for both
foraging (Sims & Quayle 1998; Priede & Miller 2009) and
social interaction (Sims et al. 2000). Biophysical coupling
along fronts is known to lead to the proliferation and
aggregation of zooplankton (Le Fevre 1986; Franks 1992b;
Genin et al. 2005), creating potentially profitable foraging
opportunities for higher trophic-level organisms (Belkin
et al. 2014; Scales et al. 2014b). Tidally mediated thermal
fronts in seasonally stratified shelf seas can be highly pro-
ductive (Pingree et al. 1975; Pingree & Griffiths 1978) and
are known to be features around which the basking shark
exploits foraging opportunities resulting from aggregation
of its preferred Calanus prey (Sims, Fox & Merrett 1997,
Sims & Merrett 1997; Sims & Quayle 1998).

Although broad-scale climatic drivers of basking shark
abundance (e.g. North Atlantic Oscillation, NAO; Cotton
et al. 2005) and the finer-scale influence of prey dynamics
on habitat selection (Continuous Plankton Recorder,
CPR; Sims et al. 2006) have been investigated in some
detail, associations between sharks and frontal activity in
the region have been described (e.g. Sims ez al. 2003, 2006;
Sims 2008) but not yet adequately quantified. A recent
study in the north-western Atlantic linked the movements
of sharks tracked using biotelemetry over timescales of
days to weeks with remotely sensed oceanographic data,
finding significant associations with sharp surface gradients
in temperature and productivity in Cape Cod Bay during
late summer (Curtis et al. 2014). These findings provided
valuable insight into preferred oceanographic conditions,
and the study represented a methodological forward step
in quantitative investigation of habitat selection. However,
the spatial resolution (0-05° pixel size) and temporal aver-
aging (monthly composites) of remotely sensed imagery
and the use of the gradient method to identify fronts
restricted the authors’ ability to define mesoscale features
accurately. Moreover, the latter study used nonparametric
testing to compare oceanographic conditions encountered
by tracked sharks to those encountered by 250 random
walk simulations. This approach to investigating habitat

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology



preference is limited in its ability to quantify the influence
of mesoscale oceanographic conditions.

Here, we use satellite-linked archival tracking to investi-
gate movements of individual sharks through their natural
environment over timescales of weeks to months, alongside
high-resolution composite front mapping (c¢. | km pixel
size; 7-day composites; Miller 2009) to characterize oceano-
graphic conditions encountered. We test the hypothesis that
surface frontal activity is a predictor of habitat preference
for these planktivorous megavertebrates, and use a robust
mixed modelling procedure to quantify associations occur-
ring over two spatio-temporal scales: (i) seasonal associa-
tions with regions of frequent frontal activity, and (ii) near
real-time associations with contemporaneous thermal and
chlorophyll-a (chl-a) fronts. We aim to clarify factors affect-
ing the degree of association between sharks and fronts
through explicitly investigating the influence of cross-frontal
temperature change and front persistence. In this way, we
highlight the key biophysical characteristics of fronts that
attract basking sharks, improving understanding of the for-
aging ecology of the species and building capacity for iden-
tification of potentially important habitats.

Materials and methods

SATELLITE-LINKED ARCHIVAL TRACKING

Satellite-linked pop-up archival transmitting (PAT) tags (Wildlife
Computers, Redmond, WA, USA) were deployed on foraging
sharks (n = 21) off north-west Scotland and south-west England
between May and August in 2001 and 2002. A detailed description
of tag deployment and tracking data preparation protocols can be
found in Sims er al. (2006). Briefly, PAT tags were attached to
basking sharks by first approaching them from behind in a small
vessel. Using a modified speargun harpoon, tags were placed at
the base of the first dorsal fin and held in position by a small
stainless steel T-bar dart with a monofilament tether connected to
the tag (Sims et al. 2003, 2006). Tagging was conducted under li-
cences from the UK Home Office, English Nature and Scottish
Natural Heritage. Shark locations during the period of tag attach-
ment were derived using light-based geolocation (GLS), corrected
for sea-surface temperature (SST), with a calculated error radius
of 75-5 + 54-5 km (Sims et al. 2006). In order to account for this
spatial uncertainty, we resampled possible locations (n = 10 per
GLS-derived location) from within the mean radius of error
(Fig. 1). Resampled presence positions falling on land were

Fig. 1. Derivation of  presence/pseudo-
absence data set from tracking data. (a)
Example of resampling of possible presence
locations from within calculated error
radius of each geolocation-derived tracking
location. (b) Example random walks (10
shown from n = 1000), used to derive
pseudo-absences for each shark. Geoloca-
tion-derived track as bold line.

i‘n 20 40 60'km
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discarded and replaced. We also resampled presence positions
(n = 10) in the initial (vessel dGPS, error radius <5 m) and final
(Argos pop-up location, error radius <l km) locations per track,
for equal weighting of all presence positions. All locations derived
from this combined data set were treated as near-surface presence
positions in further analyses.

RANDOM WALK SIMULATIONS

The use of presence-only, serially autocorrelated tracking data to
infer habitat preference has inherent complications (Aarts et al.
2008; Warton & Aarts 2013). In order to account for regions of
habitat accessible to, but not actively utilized by, tracked sharks,
we used a randomization procedure (cf. Heithaus ez a/. 2006; Sims
et al. 2006) to generate correlated random walk simulations
(n = 1000 per shark, total = 7000; ADEHABITATLT package for r;
Calenge 2006). Simulated tracks were generated per shark such that
the total number of locations equalled the original track length,
and step lengths and turning angles were derived from distributions
in each original track. Simulations were permitted to approach, but
not cross, land, were time-matched to original tracks and were con-
strained within a region defined by the bounding box surrounding
all locations obtained across all individuals (Fig. 1; 45° to 61° N,
—15° to 6° W; hereafter ‘study area’). This study area includes the
UK and Irish continental shelf region, and the shelf-break system
(Fig. 2). Locations derived from this simulated data set were
treated as pseudo-absences for statistical analysis.

ENVIRONMENTAL DATA

Composite front maps (7-day, rolling by 1 day; Miller 2009) were
prepared for the study area using SST data obtained via the
Advanced Very-High Resolution Radiometer (AVHRR) sensor
and ocean colour data obtained via the Sea-Viewing Wide Field-
of-View Sensor (SeaWiFS; Local Area Coverage, LAC), mapped
to the study area at 1-1 km resolution using Mercator projection.
Seasonal front frequency maps quantifying the percentage time
in which a front was detected in each pixel of the study area, as a
ratio of positive detections to the number of cloud-free observa-
tions, were generated for each tracking year (Miller & Christodou-
lou 2014). As >95% of all tracking locations were obtained during
the main UK basking shark sightings season (May—October), we
used 7-day composite front maps from this period of each year
(2001, 2002) to generate the front frequency data sets (thermal
front detection threshold = 0-4 °C; chl-¢ min. front detection
threshold = 0-06 mg m ™). We also generated seasonal front fre-
quency maps for the preceding year, to assess the influence of the
previous year’s conditions on habitat selection (Fig. 2).
Contemporaneous front metrics (front distance fdist, front gra-
dient density gdens, front persistence pfront) were generated from
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Fig. 2. Associations with broad-scale, seasonally persistent frontal zones. (a), (b) Shark tracking locations obtained from satellite-linked
pop-up archival tags, with different icons identifying individual sharks overlaid over bathymetry contours of the study area, derived from
the General Bathymetric Chart of the Oceans (GEBCO, 30 arc-second resolution). (c), (d) Seasonal thermal front frequency for the main
UK basking shark sightings season (May—October) of each year at 1-1 km resolution (0-4 °C front detection threshold). (e), (f) Seasonal
chlorophyll-a front frequency for the same period of each year (0-06 mg m > min. front detection threshold).

composite front maps and time-matched to shark tracks (7-day,
rolling by 1 day). Front distance (fdist) quantifies the distance
from any location in the study area to the closest simplified front,
using a custom simplification algorithm (P. I. Miller, unpubl.
data). Front gradient density (gdens) is the result of applying a
Gaussian smoothing filter (o = 5 pixels) to a map of the mean
gradient magnitude values. It is designed to provide a local neigh-
bourhood average of frontal gradient, avoiding the discrete nature
of individual detected front contours. Front persistence (pfiront) is
the fraction of cloud-free observations of a pixel for which a front
is detected. Again, a Gaussian filter (c = 5 pixels) was applied, to
provide a local neighbourhood average of frontal persistence.

Thresholds for front detection (Single-Image Edge Detection,
SIED; Cayula & Cornillon 1992) are often chosen arbitrarily, yet
the magnitude of cross-frontal temperature change is likely to influ-
ence associations between marine vertebrates and fronts (Etnoyer
et al. 2006). We therefore systematically varied the SIED threshold
used in the preparation of thermal composite front maps, from
0-2 °C (minimum detectable owing to SST scaling in original imag-
ery) to 1.0 °C, generating a set of time-matched front metrics at
each threshold. Values were obtained for each of these metrics, plus
SST and chl-a with no front detection, for each location of the full
data set (presence, resampled presence, pseudo-absence), and used
as predictor variables in subsequent statistical modelling.

STATISTICAL ANALYSIS

We carried out a use—availability analysis over two spatiotemporal
scales: (i) seasonal associations with zones of frequent frontal
activity and (ii) near real-time associations with contemporaneous

mesoscale thermal and chl-a fronts. We used logistic regression
within a generalized linear mixed modelling framework (GLMM,
LME4 package for r; Bates et al. 2014) to obtain estimates of the
influence of each of the predictor variables on the probability of
observing a presence (individual as random effect; binary pres-
ence/pseudo-absence response; binomial errors with logistic link
function). Owing to serial autocorrelation in both tracking data
and simulated tracks, which violates the assumption of indepen-
dence essential to the use of GLMM, we used a nonparametric
bootstrapping regime to iteratively resample both the presence
and the pseudo-absence data sets for each model fit (Scales et al.
2015). A total of 1000 presence and 1000 pseudo-absence loca-
tions, weighted as per the proportion of the complete tracking
data set contributed by each individual, were subsampled from
each individual data set for each iteration. Resultant presence/
pseudo-absence data sets were then used to fit models over 1000
iterations.

We repeated this procedure using (i) seasonal front frequency
metrics (thermal, chl-a) for both the season in which the sharks
were tracked, and the preceding year, and (ii) 7-day contempora-
neous front metrics (thermal, chl-a; distance to closest front fdist,
frontal gradient density gdens, frontal persistence pfiront), together
with time-matched SST and chl-a values. All 7-day contemporane-
ous front metrics and SST were standardized across the entire
presence/pseudo-absence data set prior to the modelling proce-
dure, by subtracting the mean and dividing by standard deviation
(Zuur, Hilbe & Ieno 2013). This enables comparability of effect
sizes between variables that are scaled differently in their original
form. The distribution of chl-a was highly skewed, with a large
predominance of small values. We therefore removed all spurious
outlying values (>20 mg m ) and transformed the resulting data

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology



set using a logo transformation to generate an explanatory vari-
able with a distribution approaching normal.

Owing to colinearity between predictor variables, which was
detected using pairwise plots and generalized variance inflation
factors (GVIF; Zuur, Hilbe & Ieno 2013), each variable was fitted
via maximum likelihood estimation as a standalone explanatory
term in separate model runs (1000 iterations per term). Parameter
distributions generated by each set of model iterations were used
to obtain the mean and standard deviation of model intercepts,
regression coefficients and standard errors of fitted terms, deviance
explained and chi-square statistic and P-value from a likelihood
ratio test against a null model with no fixed effects (with
Restricted Maximum Likelihood; Table S1, Supporting informa-
tion). Confidence intervals (ClIs; 95%) were also calculated for
each of the parameter distributions. Mean values and Cls of
regression coefficients were plotted and used to assess the influence
of each term on the probability of shark presence (CIs overlapping
zero indicates non-significant term). To assess the influence of
thermal gradient magnitude on the strength of associations with
fronts, we repeated this modelling procedure for each set of time-
matched metrics derived using different front detection thresholds
(0-2, 0-4, 0-6, 0-8, 1-0 °C).

Results

SATELLITE-LINKED ARCHIVAL TRACKING

Of the 21 basking sharks tagged, sufficient data to recon-
struct tracks were received from seven individuals (body
length range 2-5-7-0 m), which were tracked for a cumula-
tive total of 964 days, ranging from 72 to 213 days per indi-
vidual. A total of 186 light-level geolocations were obtained
(0-2 + 0-05 per day) during this period. Associated dive
data indicated that all sharks spent a significant proportion
of this time foraging at the sea surface (Sims et al. 20006).

SEASONAL FRONT FREQUENCY

Basking shark tracking locations were clustered within
broad-scale regions of high seasonal front frequency, in
both SST and chl-a fields (Fig. 2). Logistic regression
revealed that the probability of shark presence was higher in
regions of frequent or persistent frontal activity (‘frontal
zones’) during the basking shark surface sightings season
(May—October) over 2 years (Fig. 3; Table S1). Thermal
front frequency had a stronger influence over the probability
of observing a presence than chl-a front frequency, although
both contributed significant explanatory power to models
(Fig. 3c; Table S1). The proportion of deviance explained
was also found to be higher for thermal front frequency
than for chl-a (thermal = 8-25 + 2-32; chl-a = 1.65 £+ 1.06).

Seasonal front frequency in the preceding year also had
an influence on the probability of observing a presence
(Fig. 3; Table S1). Model intercepts and regression coeffi-
cients were similar when modelling the influence of front
frequency from the contemporaneous year and from the
preceding year on shark presence (Table S1). Interannual
variability in front frequency was low in both thermal and
chl-a fields between 2000 and 2002 (Fig. 2, Table 1). We
also observed a high degree of spatial correlation between
the thermal and the chl-a seasonal front frequency metrics

Basking sharks and ocean fronts 5

1-0
0

1@ = | (b)
8@ ©
S 7 S
£,

& o 1
o
2y N
EO
3 o
e i
o

. =}
0 20 40 60 80 100 0
Thermal front frequency, Tfreq (%)

T T T T T T
10 20 30 40 50 60
chl-a front frequency, Cfreq (%)

(c)
Tfreq
Tfreq, preceding year
Cfreq

P
N

D

- e

Cfreq, preceding year

i
0

T T T T T !
0 002 004 006 008 010 012
Parameter magnitude

0

Fig. 3. Modelling the influence of seasonal front frequency on
probability of shark presence. Mean regression coefficients for the
influence of (a) thermal front frequency and (b) chl-a front fre-
quency on probability of observing a shark presence vs. pseudo-
absence derived from random walk simulations. (c) Distribution
of each regression coefficient, obtained from 1000 model itera-
tions, as mean with 95% Cls.

Table 1. Interannual variability in seasonal front frequency (May
—October, 2000-2002). Pearson product-moment correlation coef-
ficient for spatial correlation between years

2000 2001 2002

Thermal front frequency
Mean = 0-635 £+ 0-03

2000 1-0 0-619 0-617

2001 0-619 1-0 0-670

2002 0-617 0-670 1-0
Chl-a front frequency

Mean = 0-581 £+ 0-02

2000 10 0-577 0-566

2001 0-577 1-0 0-599

2002 0-566 0-599 1-0
in each year (mean = 0-523 £+ 0-04; 2000 = 0-476;

2001 = 0-561; 2002 = 0-533).

TIME-MATCHED FRONT METRICS

Shark presence locations were significantly more likely to be
associated with contemporaneous thermal and chl-a fronts
than pseudo-absences derived from random walk simula-
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tions (Fig. 4; Tables S2 and S3, Supporting information).
Distance to closest chl-a front (fdist) and all 7-day thermal
front metrics (distance to closest simplified front, fdist; fron-
tal gradient density, gdens, front persistence, pfront; 0-4 °C
front detection threshold) were significant predictors of
shark presence. Shark presence was more likely to be
observed in closer proximity to thermal and chl-a fronts, at
higher thermal gradient densities and in association with per-
sistent thermal fronts than pseudo-absences. Indeed, some
individuals appeared to spend days to weeks tracking the
surface profile of strong thermal fronts, presumably foraging
on aggregated prey (see Video S1, Supporting information).
Overall, 7-day chl-a front metrics held less explanatory
power than thermal metrics, while distance to closest simpli-
fied chl-a front fdist explained a significant proportion of
deviance, gdens and pfrront had a less pronounced effect on
the probability of shark presence (Fig. 5; Table S3). In
addition, confidence intervals of the distribution of regres-
sion coefficients from bootstrapping approached zero for
chl-a gdens and overlapped zero for chl-a pfront (Fig. 5).
We can surmise that shark presence positions are more
likely to be observed in closer proximity to chl-a fronts than
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Fig. 4. Modelling the influence of contemporaneous fronts on
probability of shark presence. (a—f) Mean effects of time-matched
oceanographic metrics (chl-a, distance to closest simplified thermal
or chl-a front fdist, frontal gradient density gdens, frontal persis-
tence pfront, and sea-surface temperature, SST) over 1000 model
iterations.

pseudo-absences, but that chl-a gdens and pfront metrics
have a lesser influence on probability of shark presence, pre-
sumably as a result of the ephemeral nature of chl-a blooms
at fronts, and the spatial smoothing involved in preparation
of these metrics. These results indicate that time-matched
thermal front metrics are more useful predictors of shark
presence than comparable chl-a metrics in this case.
Varying the thermal front detection threshold had a
considerable effect on the magnitude of the logistic regres-
sion coefficient for the thermal fdist metric (Fig. 6; Table
S2). Effect size and proportion of deviance explained
increased with a higher detection threshold. Shark pres-
ences were more likely to be associated with stronger ther-
mal fronts (1-0 °C cross-frontal temperature difference or
‘step’) than weaker features (0-2 °C difference), although
all detection thresholds resulted in significant predictors
(Fig. 6; Table S2). In contrast, altering the detection
threshold had little influence over the effect sizes of the
gdens and pfront metrics (Table S2), most likely as a result
of the inclusion of the cross-frontal gradient in the gdens
metric, and the tendency of fronts with a stronger cross-
frontal gradient to persist through time (Bakun 2006).

COMPARISON WITH STANDARD SST AND CHL-A FIELDS

Chlorophyll-a concentration was found to have a signifi-
cant effect on the probability of shark presence, with log,-
transformed chl-a concentration explaining the highest
proportion of deviance across model iterations (Fig. 5b;
Table S3). Chl-a had a strongly positive effect as a predic-
tor of shark presence, indicating that foraging habitat
selection is tightly coupled with primary productivity. SST
was also found to be a significant predictor, although this
variable explained a considerably lower proportion of
deviance than chl-a and time-matched front metrics, hav-
ing a weak negative effect on the probability of shark
presence (Fig. 5; Table S3).

Discussion

Our combined use of animal-attached, satellite-linked
archival tracking and composite front mapping (Miller
2009) provides novel insight into the influence of regio-
nal oceanography on habitat selection in this wide-rang-
ing marine megavertebrate. This study builds upon prior
observations of associations between the planktivorous
basking shark and oceanographic fronts in coastal
regions of the north-east Atlantic obtained from in situ
work (Sims & Quayle 1998; Sims ef al. 2000; Priede &
Miller 2009), but is novel in that we provide a robust
quantification of the influence of thermal and chl-a
fronts on habitat selection for sharks tracked over time-
scales of weeks to months. Our analysis reveals associa-
tions between tracked sharks and seasonally persistent
frontal zones, and a more proximate influence of con-
temporaneous mesoscale thermal and chl-a fronts on
habitat selection.
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(a)

Fig. 5. Modelling the influence of contem-
poraneous fronts on the probability of
shark presence. (a) Parameter distributions
for regression coefficients, obtained from
1000 model iterations. Mean regression
coefficient with 95% ClIs. Significant terms
in black, non-significant in grey. Coefficient
for log;o chl-a not shown owing to different
scaling to standardized metrics. (b) Percent-
age of deviance explained by each of the
time-matched oceanographic metrics. Mean
value with 95% CIs, from 1000 model iter-
ations.
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Fig. 6. Effect of varying thermal front detection threshold on
magnitude of effect size for distance to closest simplified thermal
front (fdist). Parameter distributions (mean + 95% CIs) for regres-
sion coefficient obtained from 1000 model iterations per threshold.

ASSOCIATIONS WITH SEASONALLY PERSISTENT
FRONTAL ZONES

Seasonal front frequency, that is the number of times a
front was detected in any one pixel (1-1 x 1-1 km) of the
study area over the main UK basking shark surface sight-
ings season (May—October), was found to be a significant
predictor of shark presence for both thermal and chl-a
frontal activity. Presence locations of tracked sharks were
more likely to be found in association with seasonally
persistent frontal zones than in other regions of the study
area, although thermal front frequency was found to have
a stronger effect than chl-a, perhaps owing to the propen-
sity of thermal fronts to manifest in similar locations more
frequently than chl-a fronts over the season (Kahru et al.
2012).

Furthermore, seasonal front frequency metrics from the
preceding year were significant predictors of shark pres-
ence. Low interannual variability in the spatial extent of
these persistent frontal zones over the study period (2000
2002) indicates that sharks may return to spatiotemporally
predictable foraging grounds, in which they have previ-
ously experienced profitable prey encounter rates.
Although we only have tracking data from seven different
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individuals tagged over two successive years, and none
spanning 2 years, and so cannot determine whether the
same sharks could be returning to forage in previously
profitable regions, we can surmise that predictability of
foraging hotspots is likely to be high over seasonal
timescales. Basking sharks, like many pelagic marine
vertebrates, may optimize foraging efficiency through
orientation to the same broad-scale regions to search for
suitable foraging areas, then using search patterns consis-
tent with optimal random searches (Sims et al. 2008;
Humphries et al. 2010) and more proximate clues to locate
prey aggregations nested within (Cotton et al. 2005; Sims
et al. 2006; Siders et al. 2013). Many marine vertebrates
exhibit broad-scale foraging site fidelity over seasonal,
annual or interannual timescales (e.g. seals, Bradshaw
et al. 2004; sharks, Pade er al. 2009; Queiroz et al. 2012;
whales, Irvine et al. 2014; seabirds, Patrick et al. 2014),
indicating that spatio-temporal predictability of prey
encounter rates influences habitat selection across taxa
(e.g. seabirds, marine mammals; Weimerskirch 2007; Bost
et al. 2009).

Spatial correlation between the locations of thermal and
chl-a frontal zones with which sharks associate was also
found to be high within the study area, over the 3 years’
of remotely sensed data analysed for this study. The loca-
tions of thermal and chl-a fronts often coincide (Le Fevre
1986; Belkin, Cornillon & Sherman 2009), since chl-a
fronts frequently manifest where convergent processes
occurring around thermal discontinuities aggregate nutri-
ents and plankton in productive regions with high-back-
ground chl-a concentrations, such as at the peripheries of
plankton blooms (Le Fevre 1986; Kahru er al. 2012).
Although these mechanisms are not yet well understood,
objective detection of regions of frequent frontal activity in
both thermal and chl-a fields, such as that presented here,
could aid in the identification of biophysical hotspots. Per-
sistent thermal and chl-a frontal zones in the Celtic Sea,
identified using the same front frequency indices, have
been found to be significant foraging features for breeding
northern gannets Morus bassanus (Scales et al. 2014a).
When considered together, these results suggest that persis-
tent mesoscale frontal zones in UK shelf seas may have
significant cross-taxa ecological importance, providing spa-
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tio-temporally predictable foraging opportunities for both
planktivorous and piscivorous marine vertebrates.

ASSOCIATIONS WITH CONTEMPORANEOUS THERMAL
AND CHL-A FRONTS

Basking sharks were found to associate strongly with
productive regions of the study area, indicating that the
propagation of surface-foraging opportunities is tightly
coupled with bottom-up oceanographic forcing. Our
analysis also reveals that over timescales of weeks to
months, sharks associated with thermal and chl-a fronts
within these productive areas. Time-matched front metrics
were significant predictors of shark presence at the surface.
Tracking locations were more likely to be found in close
proximity to thermal and chl-a fronts, at higher thermal
gradient densities and in association with more persistent
thermal fronts than pseudo-absences derived from random
walk simulations. These findings are in concordance with
those of Curtis et al. (2014), and with our a priori assump-
tion that foraging behaviour of these planktivores is clo-
sely tied to low trophic-level enhancement. Comparable
associations with thermal fronts in pelagic waters have
been documented in other sharks and large teleosts,
including the blue shark Prionace glauca (Queiroz et al.
2012), ocean sunfish Mola mola (Sims & Southall 2002),
bluefin Thunnus thynnus (Schick, Goldstein & Lutcavage
2004), albacore Thunnus alalunga and skipjack Katsuwonus
pelamis tunas (Fiedler & Bernard 1987) and swordfish
Xiphias gladius (Podestd, Browder & Hoey 1993; Seki et al.
2002) in differing oceanographic regions, suggesting that
thermal fronts could have multitaxon ecological impor-
tance for pelagic predators.

Furthermore, basking shark presence was more likely to
be associated with lower SSTs, indicating that fine-scale
upwelling and vertical mixing are likely to influence the
propagation of profitable foraging opportunities. Upwell-
ing fronts are sites of strong biophysical coupling, along
which nutrient retention and vertical mixing increase pri-
mary productivity and attract grazers such as the calanoid
prey of basking sharks (Smith ez al. 1986; Franks 1992a;
Sims & Quayle 1998; Shanks et al. 2000).

Through systematically varying the threshold used for
the detection of thermal fronts, our analysis has revealed
that cross-frontal temperature difference is likely to be an
important influence on foraging decisions. Regression coef-
ficients and proportion of deviance explained across the
model iterations per threshold indicate that stronger
(1-0 °C cross-frontal step) fronts have more influence over
the probability of shark presence than thermal fronts with a
weaker cross-frontal temperature step. In addition, the
effect of the gradient density gdens metric indicates that
sharks are more likely to associate with stronger fronts.
While part of this effect may be related to the spatial ele-
ment of this study, in that stronger fronts are less numerous
and so less likely to be encountered by random walk simu-
lations, this nevertheless indicates that tracked sharks were

found in closer proximity to these strong fronts than could
be expected by chance. These findings highlight the impor-
tance of the choice of front detection threshold in studies
investigating species—habitat relationships. The influence of
relative sizes of fronts detected has not been explicitly con-
sidered here owing to methodological considerations, but
may be an interesting subject for future research.

The magnitude of cross-frontal temperature difference is
likely linked to persistence and the degree of bioaggregation
occurring at a front, owing to the spatial and temporal lags
inherent in biophysical coupling mechanisms (Le Fevre
1986). Stronger fronts are more likely to persist through
time and also potentially more likely to attract foraging
sharks. The mechanisms through which basking sharks
detect and respond to environmental clues associated with
biophysical coupling at fronts are not yet well understood,
but frontogenesis and front propagation are likely to induce
the development of discernible environmental clues (e.g.
surface and subsurface flow patterns, tidal slicks and
streams, accumulation of biota; Franks 1992b). These cues
are likely to be more pronounced in the vicinity of stronger,
more persistent fronts.

Modelling the influence of contemporaneous fronts on
habitat selection has revealed that spatio-temporal persis-
tence of thermal fronts is an important aspect of their
attractiveness as surface-foraging hotspots. Thermal fronts
in shelf seas around Great Britain and Ireland form pri-
marily as a result of interaction between tidal processes,
seasonal stratification and bathymetric influence (Pingree
& Griffiths 1978; Simpson & Sharples 2012). As a result,
fronts range from ephemeral, only manifesting at certain
stages of the tidal cycle, to quasi-stationary and seasonally
persistent (Belkin, Cornillon & Sherman 2009; Simpson &
Sharples 2012).

Persistent fronts are more likely to be sites of bioaggre-
gation (Bakun 2006), and hence more likely to attract for-
aging marine vertebrates, than ephemeral features. While
gannets in the Celtic Sea appear to target foraging effort
within seasonally persistent frontal zones, responses to
contemporaneous fronts are highly variable (Scales et al.
2014a). We here provide evidence that basking sharks may
associate with contemporaneous fronts more actively than
these piscivorous birds, and while persistence evidently has
an influence, sharks may also associate with more ephem-
eral features. We can surmise that aggregation of the
sharks’ preferred zooplankton prey does not involve the
same spatial and temporal lags that would be required for
bioaggregation to propagate through the food chain from
plankton to pelagic fish populations and, in turn, to their
predators. This work highlights the importance of persis-
tence, and spatio-temporal predictability, of fronts when
considering their value as habitats for marine predators.

TECHNICAL LIMITATIONS

While this study enhances understanding of associations
between basking sharks and fronts in the north-east Atlan-
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tic, it is not of course without limitations. Using archival
tracking technologies based on light-level geolocation has
intrinsic limitations, owing to the low level of spatial accu-
racy of location estimates. However, we have propagated
this uncertainty through modelling by repeatedly resam-
pling potential presence locations from within an experi-
mentally-derived radius of error around each geolocation
estimate, and randomly resampling from this presence data
set before fitting each model iteration. The future use of
more accurate tracking technologies, such as fast-acquisi-
tion GPS systems (e.g. Fastloc™-GPS; Wildtrack Teleme-
try Systems Ltd., Leeds, UK), will enable finer-scale
investigations into the drivers of habitat preference in this
species and other pelagic marine vertebrates (e.g. Sims
et al. 2009). The use of GPS-based tracking with composite
front mapping or similar techniques would be a logical
follow-up to the results presented here.

Moreover, our study has been restricted to the analysis
of movements of only a few individuals (n = 7) over part
of one year of their life cycle, so we are hesitant to extrap-
olate findings to the population level. Many aspects of the
life cycle of the basking shark remain unknown, including
the size of the population using shelf seas of the north-east
Atlantic, and longer range migratory behaviour (Sims
2008). We cannot ascertain whether fronts are significant
habitat features for basking sharks throughout the annual
cycle or throughout their range. In the north-west Atlantic,
tracked basking sharks move from higher latitudes in sum-
mer to equatorial regions in winter (Skomal et al. 2009),
but in the north-east Atlantic other tracking work has
revealed that the shelf-break system, a region of frequent
and intense surface frontal activity, may represent an
important over-wintering habitat (Sims ez al. 2003).

Results presented here indicate that sharks also associate
with thermal and chl-a fronts manifesting in coastal waters
of the region in summer, when sharks frequently feed at
the surface and occasionally dive to the sea bottom (Sims
et al. 2005), and so are at their most vulnerable to deleteri-
ous anthropogenic interactions [e.g. fisheries bycatch;
development of Marine Renewable Energy Installations
(MREI); impacts of maritime leisure]. Composite front
mapping is useful in identifying key habitats and potential
regions of overlap with anthropogenic pressures within the
Exclusive Economic Zones (EEZ) of nations, and so could
be of value in marine spatial planning and the formulation
of management initiatives for species of conservation con-
cern (Miller & Christodoulou 2014; Scales et al. 2014b).

Although oceanographic front metrics derived from
composite front mapping have proven useful in this con-
text, the technique has some constraints that must be taken
into account. Along with all marine remote sensing appli-
cations, only the surface profile of complex three-dimen-
sional oceanographic processes can be detected. However,
surface frontal activity can be a useful indicator of subsur-
face biophysical processes that influence prey availability
(Le Fevre 1986; Genin et al. 2005). Moreover, this study
focuses on basking sharks that spend long periods surface-
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feeding, which may be more closely associated with surface
frontal activity than other deep-diving marine vertebrates
(e.g. northern elephant seal Mirounga angustirostris; Rob-
inson et al. 2012). In addition, the spatial resolution of
SST and chl-a imagery used to derive the front indices is
limited by the satellite-based sensors. Here, we use LAC to
obtain 1-1 km resolution products, but we cannot detect
finer-scale oceanographic influence on shark movements.
The issue of spatial resolution has an impact on the algo-
rithm’s ability to detect fine-scale tidal mixing fronts occur-
ring near to the coastline, which have been identified as
potentially significant features for marine vertebrates utiliz-
ing the nearshore coastal zone (e.g. Jones et al. 2014).
However, front metrics used here are appropriate for
oceanographic contextualization of animal movements
occurring across pelagic seascapes over timescales of days—
weeks—months, complementing the recent proliferation of
data obtained through biologging.

Conclusions

In summary, we present evidence that basking sharks
associate strongly with thermal and chl-a frontal activity
in shelf seas of the north-east Atlantic. We provide a
robust methodological approach to quantification of the
influence of fronts on habitat selection by wide-ranging
marine vertebrates. This analysis reveals that seasonal
front frequency is a useful predictor of shark presence.
Moreover, we highlight the tendency of sharks to associate
with contemporaneous thermal and chl-a fronts, and the
significant influence of cross-frontal temperature change
and spatio-temporal persistence on the strength of associa-
tions. These findings have implications for management
and conservation (Miller & Christodoulou 2014; Scales
et al. 2014b), particularly in regard to the current marine
spatial planning agenda in the north-east Atlantic.
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Supporting Information

Additional Supporting information may be found in the online
version of this article:

Table S1. Modelling the influence of seasonal front frequency on
the probability of observing shark presence vs. pseudo-absence
derived from random walk simulations (7 = 1000 per shark).
Table S2. Modelling the influence of contemporaneous mesoscale
thermal fronts on habitat selection.

Table S3. Modelling the influence of contemporaneous mesoscale
chlorophyll-a (chl-a) fronts, sea surface temperature (SST) and
surface chl-a concentration on habitat selection.

Video S1. Visualising associations between basking sharks and
oceanographic fronts in the north-east Atlantic, using a Google-
Earth approach to data visualisation for animal tracking data and
composite front mapping.
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