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Abstract

Trophic relationships are central in ecology araly crucial role in species survival,
as availability of food resources varies over tiemed space. The spatio-temporal
variation in food sources at sea has many ecolbgioplications on marine top
predators such as seabirds. However, most ecologindies of resource use and
population dynamics treat conspecific individuadsegologically equivalent, but intra-
specific variation in individual foraging strategiean be large and many apparently
generalized populations are in fact composed ofiafized individuals that use a small
subset of the available resources over time (iddiai consistency). Studies on the
incidence of individual specialization suggest titamay vary among species and
among populations, but they are scarce, partigufarl seabirds, and the mechanisms
that generate inter-individual variation are notlwaderstood. The main goal of this
study is to corroborate the existence of individspécialization over time in three
different species from four seabirds’ populationgpleiting different marine
environments. Furthermore, it investigates whethedividual specialization is
associated with the environment and resources ie@l@and assesses its ecological

implications at the population and individual leszel

The hypothesis of this thesis was tested using emamgl albatros®iomedea exulans
Cory’s shearwateCalonectris diomedeand yellow-legged gulLarus michahellisas
model seabird species, and fieldwork was conduesplectively in Bird Island (South
Georgia, Antarctica), Corvo Island (Azores archagel, Portugal) and Berlenga Island
(Portugal). Two populations of Cory’s shearwaterevstudied, one from an oceanic
environment (Corvo Island) and other from a nemnvironment (Berlenga Island). A
total of 199 birds were sampled during the breediegson of each species, from 2009
to 2012. Together with conventional dietary methadsombination of intrinsic and
extrinsic markers were used, such as stable is@oplyses (from tissues with different
turnover rates) and electronic devices (GPS loggénscorroborate the existence of
individual specialization and examine its relatimeidence. Using three environmental
parameters (bathymetry, sea-surface temperatureclaliodophyll a concentration) to
characterize marine habitats and recent develomrEsged in a Bayesian framework,
namely stable isotope mixing models (Stable Isotapalysis in R: SIAR) to estimate
individual prey consumption, and recent metriceestimate populations’ niche width
(Stable Isotope Bayesian Ellipses in R: SIBER)adatre analysed to investigate

Abstract | 11



ecological implications of individual specializatioand its relationships with the

environment and resources exploited.

Patterns of individual consistency in habitat usd/ar prey consumption were found in
all studied species. However, these patterns vapadio-temporally according to the
population, evidencing the role of individual sdaation in the foraging dynamic of
these species. Inter-annual differences in theifigegtology and foraging behaviour of
birds during the breeding season were associatidtin availability of food resources
around the colonies, which influenced the patteinmdividual consistency in Cory’s
shearwater, but not in yellow-legged gulls. Resalsd suggest that these differences
could have an impact on the reproductive perforraafdCory’s shearwater and on the
body condition of the yellow-legged gulls, but exides of relationships between these
ecological consequences and individual speciatinasit the individual level were not

found.

Overall, this study corroborates the existencenofividual specialization over time
within studied seabird populations. Therefore, swal may be potentially widespread
across several related seabird species. Such tamsishowever, varied among species
and populations and results showed that it was siatae in yellow-legged gulls than
in Cory’s shearwaters. Fluctuations on individuahgistency were related to temporal
changes in the availability and predictability esources, which means that the more
specialized species may be more sensitive to thatso corroborates that individual
variability within a seabirds’ population may beguéated by small differences in
breeding location (< 2km), suggesting that studsesuming a colony or sub-colonies as
ecologically homogeneous in terms of foraging egplean be biased. This study
supports the hypothesis that individual speciabzaimay have important ecological
implications, such as the reduction of intra-speatbmpetition and, consequently, a
high impact on ecological processes and foragingadycs. Further investigation is
required to identify the mechanisms that generatbvidual specialization and its

ecological implications at both population and widual level.

Key-words: foraging ecology, individual consistency, intrasiic competition, niche

width, predator-prey interactions, stable isotopesking devices.
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Resumo

O papel das relacdes troficas em ecologia € crueisindamental para a sobrevivéncia
das espécies, uma vez que a disponibilidade desmcalimentares varia espacial e
temporalmente. Esta variacdo espacio-temporal diated de alimento no mar tem
numerosas implicacdes ecoldgicas nos predadoresgpdetais como as aves marinhas.
A maioria dos estudos ecologicos que focam a expdr de recursos e dinamica
populacional assumem que os individuos de uma mpemadacéo sdo ecologicamente
semelhantes, no entanto, a variacdo intra-espeaiiéc ecologia alimentar pode ser
grande e muitas populacdes aparentemente geresadistem de facto compostas por
individuos especializados que exploram subconjuidgsrecursos disponiveis ao longo
do tempo (consisténcia individual). A ocorréncia efpecializacao individual pode
variar entre espécies e entre populacdes, mas tadossque a corroboram Ssao
atualmente escassos, especialmente para aves asarnbs mecanismos que motivam
a variacdo inter-individual ndo séo ainda bem cesmpdidos. O principal objectivo
desta tese foi estudar a existéncia de especiatiziaclividual ao longo do tempo em
trés espécies de aves marinhas, de quatro popslagiferentes, que exploram
ambientes marinhos distintos. Especificamente,nfoemalisadas associaces entre a
especializagdo individual com o ambiente marinios eecursos explorados e avaliadas

as suas implicagfes ecoldgicas ao nivel populalctoimaividual.

A hipé6tese desta tese foi testada no albatroz-viad@omedea exulansna cagarra
Calonectris diomedea e na gaivota-de-patas-amarelakarus michahellis
respectivamente em Bird Island (Geodrgia do SuldAida), Ilha do Corvo (Acores,
Portugal) e Ilha da Berlenga (Portugal). Entre 26012, foi amostrado um total de
199 aves durante o periodo reprodutor. Para vabdexisténcia de especializacdo
individual e avaliar a sua ocorréncia relativaizii-se uma combinagéo de marcadores
intrinsecos e extrinsecos, tais como analises @episs estaveis (de tecidos com
diferentes periodos de sintese) e dispositivos G®8amente com amostragens
convencionais de dieta. Adicionalmente, foram usatl&s varidveis ambientais
(profundidade, temperatura da superficie do maoreentracdo de clorofila) para
caracterizar os habitats marinhos, assim como rasdelcentes suportados por uma
inferéncia bayesiana, nomeadamente modelos mistasdtbpos estaveis (SIAR) para
estimar a proporcao de presas consumidas por ndoddiuo e métricas recentemente
desenvolvidas para estimar o tamanho de nicho ojaslagdes (SIBER). Estes dados
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foram analisados para investigar as implicacoekgioas da especializacéo individual

e as suas relagées com o meio ambiente e 0s re@xglorados.

Foram encontrados padrdoes de consisténcia individoauso de habitat e/ou no
consumo de presas em todas as espécies estudadastaNto, a sua ocorréncia variou
espacio-temporalmente de acordo com a populacédaei, evidenciando o papel da
especializacdo individual na dindmica de ecolofjeatar destas espécies. Diferencas
inter-anuais no comportamento e ecologia aliment@s aves durante o periodo
reprodutor estiveram associadas com a disponidéidie recursos alimentares perto das
colonias, que influenciaram os padrbes anuais deist@ncia individual na cagarra,
mas ndo na gaivota-de-patas-amarelas. Os resultaggsem que tais diferencas na
disponibilidade de recursos podem ter um impactguuesso reprodutor da cagarra e
na condicdo corporal da gaivota-de-patas-amarefass ndo foram encontradas
evidéncias ao nivel individual de relacbes entsagonsequéncias ecologicas e a
especializacdo individual. Este estudo confirmab&m que a variabilidade intra-
populacional na ecologia alimentar de aves mariuale ser regulada por pequenas
distancias na localizagc&o dos ninhos (< 2km).

No geral, este estudo valida a existéncia de espggéo individual ao longo do tempo
nas diferentes populacbes de aves marinhas esfydadpie sugere uma potencial
generalizacdo em outras espécies de aves marighasirdcteristicas analogas. No
entanto, os resultados mostram que a consistérani@uv entre espécies e entre
populacdes, sendo mais estavel na gaivota-de-pataselas e mais sujeita a flutuacdes
na cagarra. As flutuagbes na consisténcia individel@acionaram-se com variacoes
temporais na disponibilidade dos recursos alimesfan que sugere que as espécies
mais especializadas possam ser mais sensiveis gat@coes. Este estudo suporta a
hipotese de que a especializacao individual podenigicacdes ecoldgicas relevantes,
tais como a reducdo da competicdo intra-especdéficeonsequentemente, um grande
impacto na dinamica da ecologia alimentar das awesinhas. No entanto, s&o
necessarios estudos complementares para identiscarecanismos que determinam a
especializacdo individual e as suas implicacdegioas, tanto a nivel populacional

como a nivel individual.

Palavras-chave: aves marinhas, areas de distribuicdo, competic&a-éspecifica,
ecologia alimentar, especializacao individual ,tapds estaveis, relacdes tréficas.
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General Introduction

Wandering Albatross Cory’s Shearwate Yellow-legged Gull

Oiomedea exulans Calonectris diomedga (Carus michahelliy

"The best way to observe a fish is to become a'fish

Jacques Yves Cousteau






Seabirds as marine organisms and modern toolsto study trophic ecology

Information on the trophic relationships betweery-&pecies and top predators, and
their distribution, is required to understand theucure and function of marine
ecosystems (Paine 1988). Key-species of primarguwoers include zooplankton and
several species of epipelagic fish, which are tbemsumed by secondary predators,
including different species of marine birds, in Akbitats from coastal to pelagic
(Furness & Monaghan 1987). Seabirds are integrapoments of marine ecosystems as
they spend up to 90% of their life-time at sea &asde a widespread geographic
distribution exploiting marine habitats, from potartropical regions and from coastal
to pelagic environments. They are the most conspiswf large marine predators and
may be used as sentinel organisms, providing aabéuapproach into ecosystem
conditions and processes (Furness & Camphuysen M@Ttevecchi et al. 2006). As
marine top predators, seabirds are closely depé¢mndette food resources they can find
at sea, but food sources are patchy and unpretjiaietributed (Weimerskirch 2007).
To cope with this difficulty, seabirds developedaific morphological characteristics
and foraging strategies that enable them to comst#rg maximum energy possible
while foraging at sea. Thus, most of these spe@daptations are strongly related to
their foraging and feeding methods to succeedeir tiwn exploited environments (Fig.
1).

Seabirds are the most threatened group of all buatddwide and face unprecedented
challenges and uncertain futures (Butchart et @42 In particular, the pelagic group
of the Procellariiformes (e.g. albatrosses, shet@nsand petrels), are the least known,
due to the technical difficulties associated tarteudy, and the most representative of
pelagic ocean ecosystems. They can be highly sensit changes in food availability
during the breeding season and show importantaatiens with fisheries. Thus, they
can provide early indications of fluctuations ishistocks and marine environmental
health (Parsons et al. 2008). On the other hamde s®abird species, such as many gull
species, have become problematic due to its oppetit behaviour associated with
human-altered environments that caused a dramaticease in their numbers
throughout Europe and other regions in recent desadith several ecological and
social impacts (Pedro et al. 2013). Their interwainfluctuations, reproductive

performance and foraging behaviour are assumeck ta teliable indicator of natural
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and local resource availability from both naturatl aanthropogenic sources (Ramos et

al. 2011, Ramirez et al. 2012, Christel et al. 2012

Berial pursuit Arctic Skua chasing phalarope ; Great Skua harmying term

scavenging Giant Petrel

dipplﬂg Ir|g,;|.|eb|r.-_1 :I'-as.qg"',.:"g fish noddy gl sklmmmg skirmmear pattenng storm-petrel surface filtering Cape Pigeon

surfaceplunging tem  pelican wopicbird Gannet booby

pursuit plunging shearwater
surface seizing phalarope  albatross

undarwater bottomfeading scaup esdder pursuit diving with feet comorani  pursuit diving with wings drang-petrel  DENguIn - auk

Figure 1. Foraging strategies used by different seabirdispgtrom Nelson 1980).

The fact that seabirds are most often coloniallang-lived species has several benefits
as bioindicators of food supplies and pollutionogsrlarge temporal and spatial scales
(Furness & Camphuysen 1997). Nevertheless, to metiinal, a bioindicator must act
in a sensitive response to alterations in the taidor which it is a proxy measure
(Furness & Greenwood 1993). Therefore, we shoukecsas a bioindicator tool such
rapid and sensitive responses as state variablagefling population size, reproductive
success, adult condition status, and diet composar even include further ecological
traits such as foraging ecology or trophic nichdttvito assess challenging and crucial

purposes. For instance, given their general widagiog range, seabirds are ideal
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indicator species to define resource hotspots, wbizild be incorporated into networks

of marine protected areas (Louzao et al. 2010).

Many seabird species are good model species tedestal ecological theories that still
need validation and support but only recently, wité development of new technology,
it became possible to investigate accurately tfoeaging ecology (e.g. Masello et al.
2010; Wanless & Harris 1993). For instance, stadi¢ope analyses (SIA) of carbon
and nitrogen have been used to evaluate seabptitreelationships (e.g. Cherel 2008;
Hobson 2009; Phillips et al. 2011), and trackingickes to study seabird foraging
behaviour at sea and spatial distribution (e.g.ist#Iret al. 2012; Masello et al. 2010;
Navarro & Gonzalez-Solis 2009). These techniquegparticularly useful in the study
of ecological niche mutually in space, time andolvic dimensions, especially when
their use is combined. The development of theseamwoaches to the study of trophic
and ecological interactions provides a complemgntgsproach to investigate the
structure of marine trophic relationships in geheaad the long-term monitoring of
seabird diet and behaviour in particular at botlpybation and individual levels.
Understanding these interactions at the individiess¢| becomes a challenge that should
highlight some traits that appeared masked whersidenng the community and

population levels.
Theforaging niches of seabirds

“Natural systems are dynamic and continually chiaggivith distance from equilibrium
being an important unknown” (Paine 1988). In thimtext, trophic relationships are
central in ecology and play a crucial role in speaurvival, as the availability of food
resources varies over time and space. This balsnogostly driven by two general
types of processes that regulate marine ecosystathgcosystem dynamics: top-down
and bottom-up interactions (more rarely by ‘waspstvanteractions, Cury et al. 2000).
Top-down effects imply control through predatiam;luding fisheries, while bottom-up
effects imply control through food abundance, oftassumed to be driven by
oceanographic features (e.g. oceanic fronts andellipyy areas) and marine

productivity (Frederiksen et al. 2006).

All seabirds are central-place foragers duringltteeding season. Therefore, according
to the principle of competitive exclusion (Piank@l12), ecologically-similar species

breeding in sympatry are expected to partitionrthee of available resources, leading
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to niche divergence. The ecological niche of a petan or species is a fundamental
concept in ecology, but there are many niche cdscegach of which emphasizes a
different aspect of a species’ ecological charsties (Newsome et al. 2007). In the
foraging niche point of view, ecological segregatomuld arise via differences in space,
time and trophic niche (Navarro et al. 2013). Undenditions where competition for
resources is likely to be particularly intense, tteexistence of ecologically-similar
species should be possible only if there is a adegfecological segregation presumably
to reduce inter-specific competition for food (Hps et al. 2004, Masello et al. 2010,
Navarro et al. 2013). However, when the relativergiths of competition change, niche
width should change accordingly and there are ewiee that ecological release from
inter-specific competition can lead to increasesitche width (Bolnick et al. 2010).
Therefore, high overlap in the ecological nichenwmtseabird communities and the non-
partitioning of resources among species could bengequence of a superabundance of

food resources and low inter-specific competitibaréro et al. 2004).
Theroleof individual specialization and temporal consistency

Traditionally, ecologists have long used niche tido define the ecological niche of a
species or population as a whole, assuming thaidiiliduals are similarly affected and
ecologically equivalent. However, many apparentgneyalized species and natural
populations are in fact composed of ecologicallyermgeneous individuals that use
different subsets of the available resources (B&lmt al. 2002, Svanback & Bolnick

2007, Araujo et al. 2007). Such intra-specific &tian in individual foraging strategies
can be large and vary according to factors sugeasage, morphology and individual
specialization (Bolnick et al. 2003). Individual egalization refers to the use of a
relatively limited fraction of the possible rangeavailable resources, resulting in inter-
individual niche variation, and temporal consistenonveys the timescale over which
the niche variation was observed; therefore, sosgrad of individual specialization

exists if niche variation among individuals withénpopulation is greater than within
individuals. For instance, although bull sha®archarhinus leucasare known as a

‘generalist’ species showing a broad isotopic nialdth at the population level, they
differ considerably at the individual level showiagsmall isotopic niche variance over
time, indicating individual consistency in theirets (Matich et al. 2010). Typically, a

given population or species could be consideredpegialist’ or ‘generalist’ according

to the feeding habits of its conspecific individsial specialist population assumes that
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all its individuals are preying on the same foodorgces and have similar ecological
niches resulting in an overall small dietary nichielth. On the other hand, generalist
populations that show a large dietary niche widtighihbe composed by generalist
individuals all taking a wide range of food typdyjpe A generalization), or individuals

each specializing on a different but narrow ranfyod types (Type B generalization)

(Bearhop et al. 2004, Fig. 2).

Specialist Population Generalist Population (Type A) Generalist Population (Type B)

. 5, N, N5,

Consumers %{ ){ ){ %\(

N

—
A

Prey type %4)

(

s &)
&

I

Figure 2. Regimes of predator-prey systems representingeres of the specialist,
Type A generalist and Type B generalist populatidgBpecies pictures are merely
representative of consumers and prey type (addqmpsdBearhop et al. 2004).

Although individual specialization is known to bedespread across a diverse set of
taxa (Bolnick et al. 2003), including several sedlsipecies (e.g. Bearhop et al. 2006;
Votier et al. 2010; Woo et al. 2008), the ecolobinglications of such trait are poorly
known. Some studies addressed this issue at theduodl level throughout time within
the same population (e.g. Matich et al. 2010; Varthnden et al. 2010; Woo et al.
2008), and there are evidences that such consysienforaging niches may reduce
intra-specific competition among individuals promgt their ecological segregation
(see Bolnick et al. 2003 for a review). However, sssabirds are presumably not
territorial at sea it is difficult to take any sjfer conclusions and hence intra-specific
competition for food in pelagic seabirds is difficto demonstrate (Furness & Birkhead
1984, Lewis et al. 2001). The fact that individuafsthe same species or population
may use different resources across time is crdoralconstructing models of intra-
specific competition, predator-prey interactionsd aimod web structure. However,
understanding this issue using conventional appemde.g. pellets, regurgitates or
stomach contents) requires laborious sampling diividuals over extended time
periods, which is often difficult to achieve, esipdlg when working with seabirds as
they spend most of their time at sea. Here, theafisBlA to infer diet and habitat
selection is a powerful approach as stable isotogéos can integrate dietary

information over different temporal scales depegdim the tissue analyzed (Inger &
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Bearhop 2008). Tracking devices can be used simagiasly to obtain information on

successive foraging trips, foraging locations amagirange movements of individual
birds in the wild (Weimerskirch et al. 2002). Thedaracteristics of SIA and tracking
devices make them appealing to examine isotopi@wee and differences in feeding
behaviour within and among individuals, and thus loa an effective way to investigate
specialization, temporal consistency and the eccédbgiche (Newsome et al. 2007; but
see Matthews & Mazumder 2004). Using these claasit recent tools, this study
assesses trophic relationships of different seagpetcies in relation to their marine
environment in general, and evaluates populati@hiagividual foraging specialization

over time in particular.
Objectives

The main goal of this PhD thesis was to study tifieeénce of environmental variation
on the individual specialization of seabirds fronffedlent species and populations.
Particularly, in the case of providing evidenceirdividual specialization, this study
determines whether intra-specific relationships m@gneeabirds within the same
population are associated with the environment #rel resources exploited, and
investigates the ecological implications of indivadl foraging specialization in these
relationships. Three different seabird species wlifferent characteristics, from four
different populations exploiting specific marinevennments, were chosen to examine
the relative incidence of individual specializati@md its ecological implications,
focusing particularly in less known aspects suchHoaaging ecology and behaviour

(Table 1). To achieve the proposed goal, the fahgvepecific objectives were pursued:

1. Test for short- and long-term consistency in th@dgmg niche (habitat use and
trophic level) of wandering albatrosses, within aationg individuals, of a
breeding population from Bird Island, South Geordiatarctica. Determine the
degree of such consistency within the populatiod mvestigate whether it is
associated with sex, age and body condition ofsbird

2. Measure differences in the patterns associated sp#tial distribution at sea,
habitat use and diet between two sub-colonies of/’€shearwater, separated
by only 2 km, from the same population breedingCorvo Island. Determine

whether small-scale differences in breeding locafend thus at the individual
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level) could potentially be related to intra-speciflifferences in foraging
ecology at sea.

3. Use Cory's shearwater as a model species of a maiging top predator
breeding in Berlenga Island along three years (ZIX®), during both the pre-
laying and chick-rearing periods, to determine \wbetvariations in spatial
distribution at sea, trophic niche and short-telwnsistency in foraging niche
are associated.

4. Test for short- and long-term consistency in fegdicology of yellow-legged
gull breeding adults from Berlenga Island in twansecutive years (2011 and
2012), with markedly different baseline diet andeamographic conditions.
Investigate the extent to which the plasticity lwktgeneralist and opportunistic
species allow individuals to vary its feeding egyland foraging behaviour at

the population and individual level.

The inter-individual variation in resource use ntewe a strong impact on ecological
processes and population dynamics (Bolnick et @032 To document its incidence
and to investigate its implications is crucial tederstand trophic relationships between
seabirds and the marine environment in order topatptheoretical ecological

hypotheses and develop conservation strategies.

Table 1. Study species/populations and their general mammv&onment.

Study Species Marine Environment

Wandering Albatrosjiomedea exulans Oceanic (Polar region)
Cory’s ShearwateiQalonectris diomedga
Berlenga Island Neritic (Temperate region)
Corvo Island Oceanic (Temperate region)

Yellow-legged Gull Larus michahelliy Coastal (Temperate region)
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Abstract

The wandering albatros®iomedea exulansis regarded as a generalist predator, but
can it be consistent in its foraging niche at afividual level? This study tested short-
and long-term consistency in the foraging nichéeirms of habitat use, trophic level
and, by inference, prey selection. Fieldwork wagied out at Bird Island, South
Georgia, in May-October 2009, during the chick-megrperiod. Blood (plasma and
cells) and feathers for stable isotope analy8&%(and5™°N) were sampled from 35
adults on their return from a foraging trip duringhich they carried stomach
temperature, activity and Global Positioning Systeggers. Results suggest short-term
consistency in foraging niche in relation to botteanic water mass and trophic level,
and long-term consistency in use of habitat. Coasisdifferences among individuals
partly reflected sex-specific habitat preferencd$ie proportion of consistent
individuals (i.e. with a narrow foraging niche) wastimated at c. 40% for short-term
habitat and trophic level (prey) preferences, a@ib 2or longer-term habitat preference,
suggesting this is an important characteristic lo§ tpopulation and potentially of
pelagic seabirds in general. Foraging consistenay mot related to body condition or

level of breeding experience, instead it may redotra-specific competition.

Key-words: albatross ecology, foraging strategies, habitat icgho individual

specialization, prey selection, stable isotopes

Introduction

According to optimal foraging theory, animals shlibullistribute themselves to
maximize their foraging efficiency, which, duringeleding is dependent upon the
ability to find food within the range of accessilblabitat (MacArthur & Pianka 1966;
Schoener 1971). Foraging strategies of individualsbcan differ substantially (Fritz et
al. 2003, Weimerskirch 2007) and vary according factors such as sex, age,
morphology and individual specialization (Bolnick al. 2003), resulting in the
exploitation of different niches by individuals, iwh could be consistent over time. The
degree of variation among individuals in these ab@ristics has implications for
susceptibility to anthropogenic threats, for exangtom fisheries, and other
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environmental changes, and hence for the persistaficpopulations and species
(Phillips, Bearhop, et al. 2009, Dias et al. 2010).

Many populations of generalist predators are novowkn to include individual
specialists, reflecting the often extensive intogydation variation in foraging niche
(Bolnick et al. 2003; Woo et al. 2008; Matich et 2010). However, few studies have
quantified the proportion of specialists in a p@pin and whether this is constant over
time. Typically, individual specialization is calated from a “snapshot” analysis of
diet or gut contents, and suffers from stochastim@ing effects. This reflects the
logistical and other constraints involved in obtagnrepeated diet samples, especially
when working with seabirds. However, with the depehent of new approaches,
including the use of data logging devices and stadtope analysis (SIA), there has
been a recent increase in studies of consistenbwhitat use and diet (Bearhop et al.
2006, Weimerskirch 2007, Votier et al. 2010). Thigpresents an important
development, as an improved understanding of vanian foraging patterns within and
among individuals is crucial for determining the jomafactors contributing to
population change (see Bolnick et al. 2003 for wexg). Niche variation among
individuals, and hence the degree of intra-speaféimpetition, has major ecological
and evolutionary implications (Araujo et al. 200Fpr example, Weimerskirch et al.
(1997) and Jaeger et al. (2009) found differencedabitat use between sexes of
wandering albatrosseBiomedea exulangLinnaeus, 1758) during the chick-rearing
period and the non-breeding season, respectivéfferences in behaviour between age
classes were also found for the wandering albatM&smerskirch et al. 2007; Lecomte
et al. 2010), suggesting that sex, age and bodyg m&simportant factors to take into

account when evaluating niche consistency.

During the breeding season, wandering albatroggesemtral-place foragers, travelling
great distances (up to 15 000 km) in a single foagrip (Xavier et al. 2004,

Weimerskirch et al. 2007). Given their wide foragirange, they are ideal indicator
species for defining resource hotspots, which cdaddincorporated into networks of
marine protected areas (Louzao et al. 2010). Wamglaalbatrosses are top marine
predators, feeding mainly on fish and cephalopad o a lesser extent, on carrion
(Xavier et al. 2004; Weimerskirch et al. 2005). Hwer, nothing is known about short-
or long-term consistency in the foraging niche oélividuals. Here, we evaluate

individual consistency in feeding habitat and dlating the breeding season in a wild
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population of wandering albatrosses of known sekage. Specifically, we used SIA of
multiple tissues with different turnover rates, dtder with the deployment of logger
devices and conventional diet samples, to tessliort- and long-term consistency in
habitat use &>C) and trophic level 3°N) within and among individuals. Using this
combination of methods, we addressed the follongogstions; (i) Are individuals

consistent in trophic level and foraging habitaeoshort- and long-term periods? (ii)
What is the degree of individual foraging consistewithin the population? (iii) Can

foraging consistency be related to age or body nmaex? (iv) Is there sexual variation

in the consistency of the foraging niche?
Materials and methods

Fieldwork was carried out on wandering albatroseasng chicks at Bird Island, South
Georgia(54°S 38°W) in May-October 2009, during the ausivadter. A total of 35
breeding adults (18 males and 17 females) were Isanip May (six), June (six), July
(six), August (eight), September (six) and Octofteree). The age was known for 28
individuals ringed as chicks, and birds were sekedh plumage and morphology
(Tickell 1968). Three types of device - GPS andvédgtrecorders and, when possible, a
stomach temperature probe - were deployed on bitdsding chicks, and removed at
the end of the subsequent foraging trip (detailthefdevices below). Blood samples (1
ml blood from the tarsal vein) and 6-8 randomlyestdd breast feathers were collected
from each bird on recapture, for later SIA. Stomaontents were also sampled by
water-offloading, following Xavier et al. (2004)ilBength and width were measured,
and birds weighed before the foraging trip. Thecpdure of capture, deployment or
retrieval of devices, collection of samples aneask took 10-15 min. No birds were
sampled more than once, nor a sample taken frorpdheer of a previously sampled
bird. The blood samples were separated into plasmared blood cells (RBC) using a
centrifuge (15 min at 3000 rpm), stored frozen, kter freeze-dried and homogenized
prior to SIA.

Diet sampling and analysis

Food samples collected from each individual refidaecent prey ingestiorfsollowing
Xavier et al. (2004), regurgitates were separat@® o0il and solid mass. Each
component (cephalopod, fish, crustacean and carmi@s weighed separately, and

individual prey items identified to species wheresgble. The identification of
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cephalopod beaks followed Xavier and Cherel (208%) of fish otoliths followed
Hecht (1987), Williams and McEldowney (1990), anddke et al. (1995). Fresh squid
and fish (with beaks and otoliths attached, respelg) were stored frozen for SIA.

Stable isotope analysis (SIA)

Stable isotopes analyses of carbon and nitrogemande useful insights into seabird
diet and they are a natural and crucial tool intemporary studies of the ecological
niche (Newsome et al. 2007). Carbon stable isotgdee ¢°C) mainly reflects the
consumers’ foraging habitat while nitrogen stabtetdpe valuedt°N) is mainly used to
define consumers’ trophic position. Moreover, défet tissues have different turnover
rates, and therefore can reflect temporal chanmgésphic position and foraging habitat
(i.e. a change in isotopic niche) (reviewed in Rdtein and Hobson 2004; Bond and
Jones 2009). We analys&tfC (%0) ands™N (%) in plasma, RBC and breast feathers
from each adult, and in prey items obtained froomstch contents. Plasma and RBC
retain information on diet (carbon source and tropével) from a few days prior to
sample collection, to the previous 3-4 weeks, retppaly (Hobson and Clark 1993;
Votier et al. 2010). Hence, the isotopic signatfrplasma is representative of the food
and feeding ecology of the birds during their senfyacking trip (Jaeger et al. 2010b).
Breast feathers represent diet during the moulesifeather keratin is metabolically
inert after synthesis, which in wandering albatesssccurs during the non-breeding
period (Jaeger et al. 2009). Therefore, based AnoStifferent tissues from the same
bird we are able to test for short- and long-teromststency in individual foraging
niche.

Lipids are depleted if°C relative to whole tissues and were removed frdasma
using successive rinses in a 2:1 chloroform-methswlation (Cherel et al. 2005b)he
low lipid content of whole blood (or RBC) does rigpically require lipid extraction
(Cherel et al. 2005a). Prior to SIA, feathers waeaned of surface contaminants using
successive rinses in a 2:1 chloroform-ether satytar-dried and then ground to a fine
powder in a freezer mill operating at liquid nitesgtemperature. Flesh samples from
regurgitates were stored frozen, and then freeieelcand ground to a fine powder

before SIA. Lipids were extracted from flesh using:1 chloroform-methanol solution.

Nitrogen and carbon isotope ratios were determined continuous-flow isotope ratio

mass spectrometer (Delta V Advantage, Thermo Stentoupled to an elemental
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analyser (Flash EA1112, Thermo Scientific). Approately 0.3 mg of each sample was
combusted in a tin cup for the simultaneous detemtron of nitrogen and carbon
isotope ratios. Results are presented in the usuabtation based on the PeeDee
Belemnite (PDB) for carbon and atmospherig BAIR) for nitrogen. Replicate
measurements of internal laboratory standardsdattiele) indicate measurement errors
<0.1%o both fos*°C and"™N.

Tracking data collection and analysis

In total, 35 breeding adults of both sexes weteditoncurrently with a GPS (19.5 g,
46.5 x 32 x 18.5 mm, Earth & Ocean, Kiel, Germaay)l activity recorder (MK 7, 3.6
g, 18x18x6.5 mm, British Antarctic Survey, Cambgildoefore they departed for a
single foraging trip at sea. The GPS loggers haveaecuracy of 10 m; they were
attached to feathers in the mantle region with Tapa and recorded the position of the
albatross every 20 min. GPS data were obtained 80mof the 35 loggers deployed,
and were used to determine latitude and longitudkeeapoint of inflection, which was
the location furthest from the colony and assunwedepresent the point at which the
bird began its return, maximum distance from col@kiy), and trip duration (days).
The activity recorders check for saltwater immerstwery 3 s, record every change of
state from ‘wet’ (indicating sitting on the seafsge) to ‘dry’ (indicating flying or on
land) that lasts 6 s, and were used to determine the percentagmefspent flying in
each trip, and by daylight and darkness (civil igtit). Additionally, 26 of these birds
were also equipped with a stomach temperature fofge5 g in total including the
spring, Earth & Ocean, Kiel, Germany), of which &2re retrieved and downloaded
successfully. These incorporated a temperatureosemgh a relative resolution of
0.1°C, inside a cylindrical titanium housing of 18@m x 19 mm in diameter. The
anchoring spring hinders the regurgitation of thebp while the bird is at sea. Loggers
record temperature changes in the proventriculu) sudden drops in temperature
indicating ingestion of cold prey (Wilson et al. 9. Housings were specifically
designed to be large enough to sample temperaiuradst of the stomach volume and
not become covered by food after ingestion of amlfew prey items (Wilson et al.
1995). Temperature was logged every 20 s and wabtosestimate the number of prey
ingestions. Changes in temperature were bimodasetiof the first peak (< 4°C) usually

reflect ingestion of water or very small prey (Wenskirch et al. 2007) and were
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excluded from the analyses. The total mass oftiteetdevices was below 3% of adult
mass (0.6-1.0%), as recommended by Phillips é2@03) (but see Passos et al. 2010).

Data analysis

We regressed stable isotope ratios in plasma osetho RBC to obtain an index of
consistency in carbon source (water mass) and izdetel. Since3™*C has a trophic
component, we used the residuals of the relatipnsfith 5*°N in the same tissue
(Plasma¥F; 33 = 15.2,P < 0.001, r = 0.562; RB(; 33= 14.8,P < 0.001, r = 0.556) to
determine the degree of short-term repeatability* i€ (between RBC and plasma),
independently of trophic effects (Bearhop et alD@0Votier et al. 2010). Each tissue
has a different turnover rate and therefore reptssdifferent timescales. However,
integration of prey isotopes into body tissues oatinuous, dynamic process, and the
analyses of short-term consistency were performeidguthe same blood sample,
separated into plasma and RBC, which could leadteanporal overlap in the synthesis
of these tissues. Longer-term foraging consistemayg estimated by regressing stable
isotope values in RBC with those in feathers. Wedusgain the residuals to correct the
trophic component associated witiiC by regressing these values updiN signatures

in feathers 133 = 27.2,P < 0.001, r = 0.672). Overlap between samples ia th
comparison will be negligible as wandering albatessdo not replace breast feathers
during breeding. Residuals from the significanatiehships were used as a measure of
consistency of each individual. We used the absalatue of the residuals for statistical
analyses and assumed that values greater or less ttie median represented,
respectively, more or less consistent individublewever, to establish the degree of
foraging consistency within the population, we @augly assumed residual values
below 0.2 as consistent individuals. This is a eovetive estimation, as 0.2 was always
lower than the median of the residuals for all wdlials. One outlier which had a
significant influence on the results f&&*C (1.0 in Fig. 4b) even after data
transformation was excluded from further analygdthough birds were sampled from
May to October, month had no influence in the stabbtope and consistency values.
This was expected because this study was carriedry during the chick-rearing
period. Therefore, data for the six months periogs vpooled to analyse foraging

consistency patterns.
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Mixing models can be used to estimate the relagix@portion of different dietary
sources. We adopted a Bayesian multi-source stabtepe mixing model (SIAR:
Stable Isotope Analyses in R; Parnell et al. 20t0)estimate ranges of probable
contributions of each prey to the diet of eachviiial, and hence its specialization on
particular prey items. All possible combinations edch source contribution were
examined using the isotope values from plasma @@ fr each bird, and the mean
and standard deviation of each of the four mairy pauirces. There are no diet-blood
fractionation factors available for wandering atbases; hence, we used the average
values generally accepted for birds: 1%. and 3%.céimment for carbon and nitrogen,
respectively (Kelly 2000; Caut et al. 2009), as @dd in studies of other seabirds
(Hobson and Clark 1992; Bearhop et al. 2002; Chetehl. 2005a). A standard
deviation of +0.5%0 was taken into account, considgrpotential differences in

fractionation factors among species.

We used the standard residuals of the relatiortsttyween body mass (at initial capture)
and bill length F133 = 42.3,P < 0.001, r = 0.749) to estimate the body massxinde
(BMI) of all sampled birds, an index primarily rediting body lipid reserves (Zwarts et
al. 1996).

All data were tested for departures from a normstriution; trip duration was lag
transformed, maximum distance to colony and nunobgarey ingestions overall were
square root transformed and all proportions weresiae transformed. If no
transformation normalised the data, non-paramétsts were used. The proportion of
consumed prey types was compared between maleemades, and between the more
and the less consistent individuals, using ANOVAr (flata obtained with the SIAR
mixing model) and Mann-Whitney U Test (for datanfraghe stomach contents). All

statistical tests were performed with Statistica 7.
Results
General diet and stable isotope analysis

The diet of the 35 wandering albatrosses sampledoemposed mainly of fish (59.4%
by mass) and cephalopods (38.4%), a small amountaaion (2.2%) and trace
crustaceans (0.02%). No significant differencesewfyund between sexes in the

proportion of each of these components. Similamgan*C and 8N of plasma,
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which provides an indication of recent meals, dd differ significantly between sexes
(Table 2). However, there were significant differes between sexes #°C, but not
8'°N, in RBC and feathers; females showed enrichmehid, suggesting some sexual

segregation of foraging habitat.

Table 2. Comparison in stable isotope ratios of carb®fQ@) and nitrogen&°N) in
plasma, red blood cells (RBC) and feathers of raald female wandering albatrosses.
Values are mean + SD. Significant results in bold.

Tissue type  All birds (n=35) Males (n=18) Femalesl(y) T-value P

313C (%o)

Plasma -20.0+ 0.6 -20.2+0.5 -19.9+0.5 1.9 0.07
RBC -20.1+0.5 -20.3+0.3 -19.9+0.6 2.1 0.042
Feathers -17.5+0.8 -17.8+0.8 -17.1 £ 0.6 3.3 0.002

3N (%o)

Plasma 143+0.4 143+0.5 144+0.4 0.4 0.673
RBC 141+0.3 141+£0.2 142+04 0.9 0.385
Feathers 16.0+0.3 16.0+0.7 16.0+ 0.6 0.3 0.774

The most frequent fresh prey found in stomach sasmfiiom wandering albatrosses
were Patagonian toothfisiDissostichus eleginoidegSmitt, 1898), blue antimora
Antimora rostrata (Glnther, 1878), giant warty squikondakovia longimana
(Filippova, 1972) and glass squiéoniussp. B (Voss)Steenstrup, 1861). Mea°N
was much higher in the two fish speci€s, eleginoidesand A. rostratathan in the
squid, reflecting their higher trophic position bla 3). As expected™N in the blood

of wandering albatrosses was higher than in they.p

Chapter 1 | 34



Table 3. Stable isotopic signature of carbon and nitrogesth @/N mass ratio (means *
SD) of the four main prey species recorded in rggates collected from wandering
albatrosses breeding in Bird Island.

Prey species n &89C (%)  8™N (%o) CIN

Dissostichus eleginoides 5 -19.9+0.4 13.8+£0.93.17 £ 0.06
Antimora rostrata 4 -20.7+0.3 12.2+£0.83.13 £0.02
Taoniussp. B (Voss) 2 -21.4+03 11.3+£0.83.14 £0.02
Kondakovia longimana 4 -22.5+0.8 8.7+£1.23.12+0.07

SIAR mixing model indicated that based on blood pred/ isotope values, fish was the
largest component (56.4%) in the diet of the sathpieds, followed by cephalopods
(43.6%); proportions which were similar to thosenfr analysis of regurgitates.
According to the model, some individuals obtaineshach greater proportion of their
diet from cephalopods than others (Fig. 3). AltHouthe credibility intervals
overlapped, the model revealed a high degree eirdgtneity in the proportion of the
four main prey types in the diet of different indivals, with the exception oA.
rostrata that was relatively constant for all individua®everal individuals (e.g. 2, 12,
28, 31 and 34 in Fig. 3) appeared to have speethlon particular types of prey. This
was unrelated to sex, as there were no signifiddfdgrences in the proportions of the

four prey items in the diet estimated by the mdmtveen males and females.
Short- and long-term consistency in foraging niche

Strong significant positive relationships were fduin residuals®*C (hereaftes*>C),
and in3*°N between RBC and plasma of individual aduftss§ = 35.0,P < 0.001, r =
0.718, and~; 33=18.7,P < 0.001, r = 0.601, respectively; Fig. 4). Thessuits suggest
short-term foraging consistency within individuals relation to both the use of
particular water masses and trophic leweldlative proportion of fish and squid). Males
and females showed similarly significant correlasidbetween RBC and plasmadifiC
(Males: n = 18P = 0.001, r = 0.710; Females: n = P7= 0.003, r = 0.674), and &°N
(Males: n = 18P = 0.007, r = 0.614; Females: n = P7+ 0.006, r = 0.641).
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Figure 3. Range of possible proportions of (@jssostichus eleginoidegb) Antimora
rostrata, (c) Taoniussp. B (Voss) and (dKondakovia longimanan the diet of
individual wandering albatrosses during chick-negriDecreasing bar widths represent
5, 50, 75 and 95% Bayesian credibility intervalspoted by Stable Isotope Analysis in
R (SIAR; Parnell et al. 2010).

A significant positive relationship was found beemdeathers and RBC §°C (F133=
8.6, P = 0.006, r = 0.454), which suggest consistent éorigrm use of specific water
masses (Fig. 4e). However, when split by sex, teiationship was not significant,
although stronger in males (Males: n = P8+ 0.089, r = 0.413; Females: n = PI=
0.223, r = 0.312). No relationship was found bet&eN in feathers and RBC in the
pooled sampleR; 33 = 0.7,P = 0.405, r = 0.145), or in separate analyses &ohesex
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(Males: n = 18P = 0.940, r = 0.019; Females: n = = 0.274, r = 0.281). Hence

birds apparently did not show long-term consistendyophic level.
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Figure 4. Relationships between (a) residé&lC values in red blood cells (RBC) and
plasma, (cH™N values in RBC and plasma and (e) residd3C values in feathers and
RBC of wandering albatrosses. Histograms indichéertumber of males and females
showing varying degrees of consistency in residtig, ands*>N values (b) short-term
consistency in residuad®*C, (d) short-term consistency #°N and (f) long-term
consistency in residuab®C. (n = 35). Individual wandering albatrosses with
consistency values below 0.2 were considered asistent.
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Individual foraging consistency

Absolute value of residuals for the level of cotesisy in tissue isotope values within
individuals ranged from 0 to 1 for short- and ldegn (Fig. 4bdf). The median values
were 0.22 for short-term (plasme. RBC) in *°C, 0.31 for short-term (plasmes.
RBC) in5™N, and 0.31 for long-term (RB@s.feathers) ir5*°C, and the percentage of
individuals that were consistent (based on the labswalue of residual of < 0.2; see
methods) was 42.9, 37.1 and 28.6%, respectivelgsd&hresults suggest that around
40% of the individuals in this population show gherm consistency in both prey
carbon source (foraging habitat) and trophic leaet] 29% of individuals showed long-
term consistency in foraging habitat. Despite ghsltendency for greater short-term
consistency in foraging habitat use of malg¥'@), and in trophic level of females
(6™N), no differences were found between sexes foat®lute values of residuals for
short-term (plasmas. RBC; Fig. 4bd). However, significant differencesravdound
between sexes for the absolute values of resideal$ong-term in5**C (RBC vs.
feathers; t-test: df = 33T-value = 2.6,P = 0.014), with males showing higher

consistency in the longer-term than females (Fig. 4

Linking foraging niche consistency with diet, fonag behaviour, age and body mass

index

The proportion of fish and cephalopods found in thet of wandering albatrosses
collected using conventional sampling, and the priopn of the four main prey items
estimated by the SIAR mixing model applied to paey blood values, did not differ
significantly between the more and the less comsisindividuals in5'>N (Table 4).
From the 35 individuals, 14 consumed more than 8@&W (“fish specialists”), 13
consumed more than 80% cephalopods (“squid sp&isigli and eight combined the
consumption of both these prey groups (generalidts)ng their last trip, which
suggests that individuals specialized in specifieypitems during trips. However,
results from SIA of plasma and RBC suggest that ldss consistent individuals

changed the proportion of prey items consumed dyieceding weeks.

Chapter 1 | 38



Table 4. Proportion of fish and cephalopods (based on tivmach contents), and the
four main prey species (based on the SIAR mixingl@horecorded in regurgitates
collected from wandering albatrosses showing higlow levels of consistency "N

(diet and distribution), and for all birds. Valus® mean = SD (minimum — maximum).

All birds (n=35) More consistent (short- Less consistent (short-term
term ind™N; n=17) in 8'°N; n=18)

Fish (%) 50.9+43.2 (0-100) 55.5+40.2 (0-)100 46.6 + 46.6 (0 — 100)
Cephalopods (%) 44,9 £43.2 (0—-100) 43.2+40.3100) 46.5 £ 46.1 (0 — 100)
Dissostichus 26.8+£5.8 (16 — 39) 27.7+6.4 (18— 39) 26.02@36 — 35)
eleginoideq%)
Antimora rostrata 29.5 + 4.3 (22 — 36) 29.6 £ 4.3 (23 - 36) 29.55 @2 - 36)
(%)
Taoniussp. B 11.9+125(0-27) 12.6 £12.4 (0 - 27) 11.2 H£01® - 27)
(Voss) (%)
Kondakovia 31.7+9.3 (14 - 50) 30.1+9.6 (14 — 48) 33.3@@9 - 50)

longimana(%)

Trip duration in the last foraging trip was sigod#ntly greater in individuals that
showed greater consistencydiC in RBC and plasma (Table 5). No differencesiin tr
characteristics were found between sexes. Abseohltes of residuals for short-term in
8°C was negatively correlated with trip durati¢h §, = 5.0,P = 0.032, r = -0.368; Fig.
5). However, when split by sex, this relationshigsvgignificant only in males (Males: n
= 18,P < 0.001, r = -0.592; Females: n = 6= 0.525, r = -0.172). No relationships
were found between foraging consistency in tropénel and any foraging behaviour
parameters recorded during the previous trip.
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Table 5. Comparison of foraging parameters of wanderingtatisses showing high or
low levels of short-term consistency in residdf&C (foraging habitat), and for all birds.
Some data transformed before analysis. Civil tWiliggut-off between daylight and
darkness). Values are mean = SD (sample size)ifisaymt results in bold.

All birds More consistent Less consistent T-value P
(short-term in (short-term in
residuals**C) residuals**C)

Trip duration (days) 6.4 +5.0 (35) 76+4.4(17) 5.1+5.3(18) -2.4 0.020
Latitude (point of -47.3+7.2((30) -46.2+7.2(13) -48.1 + 7.3 (17)

inflection)

Longitude (point of -44.0+8.1(30) -48.1+9.6 (13) -42.6 £ 6.1 (17)

inflection)

Maximum distance 1071 +793 (30) 1338+738(13) 867 +794 (17) -1.8 0.087
from colony (km)

Percentage of time spen62.4 + 14.1 (35) 58.3+12.1(17) 66.3+15.2(18)1.8 0.080
flying overall
Percentage of time spent9.3 + 14.6 (35) 64.6+15.3(17) 73.7+12.9(18)2.0 0.059

flying during daylight

Percentage of time spen7.6 £ 17.4 (35) 53.5+14.2(17) 61.4+19.7 (18)1.5 0.142
flying during darkness

Number of prey 16.3+14.1(22) 25.9+14.6(10) 8.3+7.0(12) .5-3 0.003
ingestions overall

Number of prey 3.311.6(22) 3.2+1.4(10) 3.311.8(12) 0.2 83hB
ingestions per day

No relationships were found between the age or boasys index (BMI) and their level
of short- and long-term consistencydhC (age:F1.s= 0.0,P = 0.835, r = 0.042 and
F126=2.7,P =0.115, r = 0.305, respectively; BM¥; 3,=0.8,P = 0.382, r = 0.158 and
F13s= 0.0,P = 0.946, r = 0.012, respectively) or short-termgistency ins*°N (age:
F126=0.6,P=0.436, r = 0.153; BMIF; 33=0.1,P = 0.817, r = 0.041).
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Figure 5. Relationship between Leg (trip duration) and short-term consistency in
residual 5*°C of wandering albatrosses (estimated from the latesovalue of the
residuals between red blood cells (RBC) and plasmesiduals'C values; n = 34).

Discussion

Our results suggest that there is a high levehoftsterm consistency within individuals
in the use of particular water masses and in twpéavel (proportion of fishvs
cephalopods) in wandering albatrosses during clgeking at South Georgia. The
correlations in stable isotope ratios between whffe tissues (RBC and plasma for
short-term, and feathers and RBC for long-term) bayhlight particular details of
seabird ecology, such as the degree of foragingapstion. Previous work has shown
foraging specialization in a large range of speaieainly reflecting high site fidelity or
a consistent pattern in foraging behaviour (daggéos: Weimerskirch et al. 2005; Cook
et al. 2006; Elliott et al. 2009; stable isotop€hkerel et al. 2007; Anderson et al. 2009;
Jaeger et al. 2010a; or in combination: Phillipglet2009; Weimerskirch et al. 2009;
Votier et al. 2010). However, as far as we are ayaurs is the first study to estimate

the proportion of consistent individuals within @ppilation.
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Wandering albatrosses are top predator speciesicong varying proportions of prey
according to local or regional resource availapi{Review in Cherel and Klages 1998;
Xavier et al. 2004; Weimerskirch et al. 2005). Howre focusing at an individual level,
perceptible preferences in diet were found withie $tudy population at South Georgia.
Analyses of regurgitates showed that several bedsnainly (> 80% of prey items by
mass) on fish or on cephalopods in their last {d@.9 and 34.3%, respectively),
whereas others (22.8%) consumed both prey in difteproportions. SIAR mixing
model estimated that fish were the most consumsaolree in the short-term based on
analysis of stable isotope ratios in blood (Fig.Fwever, the relative contribution to
the diet from different prey species varied consily among individuals. For some
individuals the proportion of cephalopods was high&ccording to Bolnick et al.
(2007) the use of a narrow range of resources bly galividual (specialization) might
minimize intra-specific competition. Specializatiam particular prey items does not
seem to be related to sex in wandering albatrogses South Georgia, because no
differences were found between males and femaleatim of the components found in
regurgitates or in the diet predicted by the SIARIng model, although Weimerskirch

et al. (1997) showed that males deliver fish mdtencthan females at Crozet Islands.

A high, positive correlation i%*3C (corrected for trophic fractionation) between RBC
and plasma (Fig. 4a) indicates that individual weamdy albatrosses foraged in
isotopically similar areas in the short-term. Hoeg\t does not mean necessarily that
individuals show fine-scale site fidelity, but thtey consistently use the same water
mass. 8°N values were also strongly correlated in RBC arasma (Fig. 4c),
suggesting short-term consistency in trophic le®&ilch relationships, however, are
partly attributable to temporal overlap in the $ydis of plasma and RBC (Votier et al.
2010). Nevertheless, the correlationdiC between feathers and RBC indicates that
individuals exhibit longer-term consistency in habiuse that persists over many
months, sincé>C in RBC represents the breeding period (at ledstvaveeks before
sampling), and in body feathers represents theigusvnon-breeding season. This
relationship was stronger in males than females@borated by the relative proportion
of consistent individuals; Fig. 4f). These resw@ts in accordance with differences in
813C values in feathers, which suggest sexual sedoegat habitat during the non-
breeding season (Weimerskirch and Wilson 2000; efaeg al. 2009; Phillips et al.
2009). Presumably males are more likely to foragesistently in isotopically similar
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water masses throughout the year, whereas femalgsshift their distribution further
to the north, to exploit warmer waters during tlb@lreeding season, which may reduce
competition for resources (Weimerskirch and Wil2000; Phillips et al. 2011).

A significant degree of foraging consistency witlirpopulation does not necessarily
mean that all individuals are consistent. Our eatiom of the proportion of individuals
that were consistent was conservative, by selectithg those with very small residuals
(absolute value < 0.2) from the fitted regressiae.| Still, there were high proportions
of individuals that showed short-term consistentchabitat use (43%) and trophic level
(37%), and longer-term consistency in habitat 2884). Therefore, this characteristic
may be widespread in this population and relatextisg. In this context, we explored
relationships between short-term foraging consesteand several other characteristics,
including diet and foraging behaviour recorded gsiata loggers in order to clarify this
phenomenon. In terms of diet, our results showsdhthe more consistent individuals,
around 42% were specialists on fish, 29% on ceploale, and 29% were generalists.
Consistent generalists must consume similar prapwtof all prey items over time in
order to show similar isotope values. On the otieand, the great majority (78%) of
individuals classified as generalists neverthelssesmed to have specialised on a
particular prey category during the last trip, lths® the single conventional diet
sample collected on their return. However, thedéeviduals must, in fact, be generalists
that fed on different prey during previous week$isTunderlines the problem in
determining the ratio of specialists to generalistsn a “snapshot” diet analysis,
particularly as a generalist predator might haygested one prey species immediately
prior to capture and collection of stomach contéWarburton et al. 1998). In contrast,
stable isotopes are much more suitable for analyg@mporal diet consistency from
days to weeks or months, depending on the tissuplsd (Araujo et al. 2007).

Similar to other studies of marine predators, wentbdifferences in foraging behaviour
at an individual level (see Weimerskirch 2007 fewiew), in this case, linked to
foraging consistency. Presumably the significamtetation of trip duration with short-
term consistency i6'°C (plasmavs. RBC; Fig. 5) simply reflects a greater proportion
of RBC that was synthesized during the trip in ®itbdat have been at sea (feeding on
the same carbon source/in the same water madshiger. On the other hand, birds that
made short trips would have produced more of tR&C during previous trips where

they could have been feeding somewhere differeavelheless, it is equally possible
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that differences in trip duration could indicateaiging behaviour segregation between
the more and the less consistent individuals imdorg habitat (mainly males),
corroborated by the significant correlation of tdpration with short-term consistency
in 83C, as a result of more targeted specializationleAst around 43% of birds were
consistent and selective in foraging habitat dutorger trips. Performing shorter trips
at smaller spatial scales, the immediate prey ameouate is expected to play a major
role and prey predictability is assumed to be senaih contrast with longer trips
(Weimerskirch 2007), as birds travelling longertaixes to find food may consistently
seek specific water masses, in order to refill rtr@ndition and compensate for
travelling longer distances. Consistency in forggoehaviour during the chick-rearing
period has rarely been investigated in the pastpiaviously reported for other species
(Quillfeldt et al. 2008; Woo et al. 2008; Jaeger abt 2010a). Thus, short-term
consistency in foraging habitat of wandering albsges, particularly males, during the
chick-rearing period could be related to the regiylahat many birds perform longer
trips to specific water masses. This suggestian &ccordance with the fact that many
seabird species concentrate their efforts on pgergisand predictable food sources
(Weimerskirch et al. 2005; Woo et al. 2008; Vogeal. 2010).

The adaptive significance of the foraging specitss observed in wandering
albatrosses remains unclear. Some studies cleartyodstrate that intra-population
variation is due to age or sex, while others aitelt to individual preference (Bolnick

et al. 2003). Despite no significant differencesalmsolute value of residuals in the
short-term between sexes, the slight tendency ghemi short-term consistency in
habitat use by males, as well as significant diffiees in5*°C values in RBC could

reflect sexual segregation in habitat use duringketearing (Weimerskirch et al. 1997,

this study). This has also been inferred for the-bgeeding season from differences in
stable isotope ratios in feathers (Jaeger et 89 2his study), and considered to reflect
habitat specialisation, possibly driven by compegitexclusion of females by males
(Phillips et al. 2011). However, the variation imog-term consistency in the foraging
niche was unrelated to sex, indicating that othetdrs were responsible. We found no
evidence that foraging niche consistency was reélati¢h age and hence probably not
with experience. However, we only sampled breedidglts (11-33 years), and not
immature birds. Weimerskirch et al. (2005, 2007y arecomte et al. (2010) found

differences in behaviour between age classes, agdested that younger birds may
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have different foraging strategies, perhaps reagylfrom a poorer knowledge of the
foraging habitat. However, there was apparentlydifference in foraging success of
young compared with older birds. Moreover, in thesent work, there was no
relationship between foraging consistency and badgs index, suggesting that the

specialists and generalist have similar levelsaofybcondition.

Foraging consistency in wandering albatrosses isanconsequence of experience in
adult breeders and does not appear to confer aantaye in terms of body condition, so
it remains unclear why there are such a high nurabeonsistent individuals within the
population. The advantages may relate to improvésném several traits such as
reproductive success, chick food delivery rateshick condition which requires further
investigation. It may also contribute to reducerargpecific competition among

individuals.

In summary, we observed that: (i) wandering allsstes from South Georgia showed
high short-term consistency at both habitat use @oghic level, and long-term
consistency in habitat use; (ii) the degree ofvittlial consistency in both habitat use
and trophic level within the population was arod® in the short-term, and 29% in
the long-term habitat use; (iii) foraging consistgmvas not related to age or body mass
index and so is not a consequence of experiencedaes it affect body condition; and
(iv) consistency in habitat use tended to be greater long time periods in males than
females. As well as documenting the existence dfvidual specialization, further
studies should explore the relative incidence iffetent populations, species and

communities, and the implications for fecundity auavival.
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Abstract

Breeding seabirds are central-place foragers amefitre exploit food resources most
intensively around their colonies. When nestingraggtions are close to one another
density-dependent competition is likely to be higiatentially promoting foraging
segregation. However, little is known about dietaryd spatial foraging difference
between closely adjacent colonies, particularlyvigale-ranging foraging species. The
extent of foraging segregation between two subfdetin a wide-ranging seabird, the
Cory’s shearwatergCalonectris diomedgaseparated by only 2 km, was assessed on a
small Island in the North Atlantic in order to ewvate the effects of at-sea intra-specific
competition for food resources. During the 2010ckhiaring period a total of 43
breeding adults of both sexes were sampled at sabhcolonies. A GPS logger was
deployed on each individual and removed after sgviaraging trips at sea. Blood
samples (plasma and red blood cells) were colletted each tracked individual for
stable isotope analysis (SIA) and breeding parametere monitored during the whole
season (from May to October). Results suggestddsfiaial segregation was apparent
in short (= 1 day) but not in long (2 days) foraging trips. Birds from different sub-
colonies did not only forage at different locatiprexploring areas with different
oceanographic conditions in the short trips dutihg chick-rearing period, but also
showed significant differences i8*°C of red blood cells, suggesting foraging
segregation in habitat use during the incubationoge Interestingly, no differences
were found in the exploited habitat between bindsnf both sub-colonies during the
chick-rearing period, suggesting that birds conegetl their feeding activity in small
concentrated patches of similar habitat. We prowedeence that widely-ranging
seabirds from two sub-colonies exhibited colonyesfpe foraging areas during short

trips, most likely to reduce intra-specific competi.

Key-words: feeding ecology, GPS tracking, individual specstian, intra-specific

competition, stable isotopes

Introduction

Competition between conspecifics, which is freglyeténsity-dependent, may result in

the partitioning of resources between individualgmmups (Wakefield et al. 2009). As
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seabirds are presumably not territorial at seaadispecific competition for food in
pelagic seabirds is difficult to demonstrate (Fsm& Birkhead 1984, Lewis et al.
2001), but there is evidence that it may drive dorg segregation among neighbouring
colonies in several seabird species (e.g. Maselkl. 2010; Wiley et al. 2012). High
intra-specific competition is mainly attributed krge colonies during the breeding
season, which could result in prey depletion inrtiaeinity and longer foraging ranges
to obtain food (Furness & Birkhead 1984, Lewis bt29001, Garthe et al. 2011).
Breeding seabirds are central-place foragers, ngadopulations to exploit resources
around their colonies under the influence of disttion of prey (Phillips et al. 2009),
for which may be drivers or proxies local oceanpfra conditions (e.g. bathymetry,
sea-surface temperature, chloroptyyltoncentration; Masello et al. 2010). Therefore,
we can expect segregation both in foraging areaspaay between geographically
distant breeding populations, which may lead toedification of foraging tactics
among populations. To minimize intra-specific cotitp®, Cairns (1989) predicted
that seabird colonies should be spaced so thatdlosier foraging areas do not overlap.
In this study we tested the hypothesis that dudeasity-dependent competition for
food, foraging segregation occurs between geogtafhi proximate seabird sub-
colonies. In accordance to Cairns (1989) predicts@veral studies (e.g. Grémillet et al.
2004; Yamamoto et al. 2011; Wiley et al. 2012) destated foraging segregation
between colonies in pelagic seabirds, but these weparated by tens or hundreds of
kilometres. Studies demonstrating spatial foragiegregation among seabirds of the
same species, breeding in colonies as close a2.8 km from each other, are very
scarce (Wanless and Harris 1993; Masello et al0OR0lhose authors studied Blue-eyed
ShagsPhalacrocorax atricepgand three different penguin species which genelsalle
smaller foraging ranges at sea. To our knowledgstidies have examined segregation

between closely spaces colonies of more wide-r@gpecies.

Large populations of Cory’s shearwaté&lalonectris diomedea borealisreed in the
Azores, a chain of nine islands aggregated in tgreaps (western, central and eastern)
straddling the mid-Atlantic ridge over a distandeabout 600 km. Corvo Island is the
smallest (ca. 17 kinFig. 6) and it holds greater densities of Cosfiearwater than any
other in the archipelago (mean = 2732 birds'kifurness et al. 2000). Given the high
density of birds nesting on Corvo, it is an appiatersite to test for between-sub-colony
foraging segregation. The most appropriate peroodddress this issue is during the
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early chick-rearing period, when birds’ foragindoef is highest and most intensively
concentrated in the vicinity of the colony (Granadest al. 2000, Paiva, Geraldes,
Ramirez, Meirinho, et al. 2010a). We expected tatsity-dependent competition is
likely to be more intense close to Corvo, therefeegregation is more likely to occur

during short than during long foraging trips.

Specifically, we hypothesized that: (1) centralegldoragers reduce competition by
partitioning available space (i.e. geographicalatmm) and habitats (i.e. a set of
environmental conditions) during the early chicksieg period; and (2) individuals
(according to sub-colony and sex) display dietagregation throughout the breeding
period (incubation and chick-rearing). Our goatdsmeasure differences and patterns
associated with spatial distribution at sea, hahise and diet to determine whether
small-scale differences in breeding location cquotentially be related to intra-specific
differences in foraging ecology at sea. In ordetest our hypotheses we tested for
foraging segregation using conventional dietaryang, stable isotope analysis (SIA)
and individual movement data. We used these teabsitp evaluate the effects of at-
sea intra-specific competition for food resourcesneen two sub-colonies of Cory’s
shearwater from the same population separated by 2hkm. Cory’'s shearwater is
dimorphic in size and bill dimensions (Granadei@3, Ramos, Granadeiro, et al.
2009) suggesting possible at-sea foraging diffe@senbetween sexes that could
confound the sub-colony differences. We therefametrolled for potential differences
between males and females. We used a combinati@P& loggers, SIA of multiple
tissues with different turnover rates, conventiordiet samples, environmental
covariates and breeding success, to address spadiaitat and dietary segregation

between sub-colonies.
M aterials and methods

Fieldwork was conducted in Corvo Island (39°40'N°"@5’'W; Fig. 6) in the Azores
archipelago, Portugal, during the 2010 chick-reaperiod. The islands of the Azores

have relatively narrow peri-insular shelves andsameounded by deep, oceanic waters.
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Figure 6. Location of the Cory’s shearwat€alonectris diomedeaub-colonies (A and
B) studied at Corvo Island, Azores, Portugal (399431°06'W).

A total of 43 breeding adults of two sub-coloniésCory’s shearwaters separated by 2
km on Corvo Island (sub-colony A (Fajd): 14 malad & females, sub-colony B (Pao
de Acucar): 10 males and 10 females; Fig. 6) wanepded during a period of 35 days,
from 30 July to 2 September. The time between capnd recapture ranged from 2 to
30 days (14.9 = 5.5 days). Captured birds wereedngveighed both on capture and
recapture, and wing and tarsus length were meas8edwas already known for the
majority of birds; however, the bill was also maasl (culmen, bill height at the gonys
and at the base) to determine the sex of remaininag (using a discriminant function
established by Granadeiro 1993). A GPS logger watoged on birds attending chicks,
and removed after several foraging trips (detdilthe devices below). Birds from the
two sub-colonies were tracked simultaneously (FF)g.Blood samples (0.5-1 ml from
the tarsal vein) were collected from each bird aptare and recapture using 25 gauge
needles and, within 2-3 h, separated into plasnthrad blood cells (RBC) using a
centrifuge (15 min at 3000 rpm). Hematocrit waorded and samples were then stored
frozen until preparation for SIA. Stomach contemtsre sampled from 20 tracked
individuals of both sub-colonies by water-offloaglinfollowing Wilson (1984). We
weighed chicks (age between 6-40 days) reareddmkdd adults every two days to
estimate linear chick growth. In addition, all sdeapbirds were monitored every day
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from May 26 until hatching to determine laying dratching date using a burrow-scope
(elongated remote camera). Afterwards, the presesfcadult and/or chick was

monitored every week until October 21 to deternfiedging success. Deployment or
retrieval of devices, collection of samples aneask took 10-15 min and birds were

returned immediately to their nests.
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Figure 7. Number of Cory's shearwatef3alonectris diomede#racked per day from
each sub-colony during the early chick-rearinggqueof 2010 in Corvo Island.

Tracking data collection

Each bird was fitted with a GPS logger (CatTraq IZD; Perthold Engineering LLC).
The plastic case was removed and replaced by a Torghthermo-retractile rubber
sleeve reducing the total weight to 17 g. This esponded to 1.6-2.6% of studied
individuals’ mass, which is below the 3% of aduksa reported to have no deleterious
effects on seabird species during short-term depéoys (Phillips et al. 2003; but see
Vandenabeele et al. 2012), including Cory’s shetega(lgual et al. 2005). The GPS
loggers were attached to feathers in the mantiemegith Tes& tape and set to record
the birds’ position (median error of < 10m) evergni. We tracked birds continuously
from 2 to 17 days (12.7 + 3.7 days)
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Environmental data

We characterized Cory’'s shearwater habitat usegusinee environmental indices:
bathymetry (m), August 2010 mean chlorophyll-a @nration (Chl, mg nm°) and sea
surface temperature (SST, °C) (Paiva et al. 201Badhymetry data were extracted
from a grid of 0.01° (approx. 1 km) from
http://www.ngdc.noaa.gov/mgg/global/global.html| (welected the ETOPO1 blended
product). Chla and SST data were downloaded for a spatial resalof 0.04° (approx.
4 km) of Aqua-MODIS mapped products from http://aeeolor.gsfc.nasa.gov/cgi/13.

Diet sampling and identification

All regurgitates came from breeding individuals;disi with empty stomachs were not
considered in the analysis. Following Xavier et(2D04), regurgitates were separated
into oil and solid fractions. Each solid componéigh and cephalopod) was sorted,
counted and weighed separately, and individual jieays identified to species-level

whenever possible. Fresh squid and fish (with beakkotoliths attached, respectively)
were stored frozen for SIA.

Stable isotope analyses

Stable isotope ratiosS'?C and5'°N) of plasma and RBC retain information on diet
(carbon source and trophic level) from a few daysrgo sample collection, up to the
previous 3-4 weeks, respectively (Hobson and Cl&%3, Votier et al. 2010). In each
individual, we analysed™C (%o) andsN (%) in RBC from initial capture and plasma
from recapture (between 2 and 30 days differenneprder to minimize overlap

between the samples (Votier et al. 2083JC (%o) andd™N (%o) of fresh prey items

obtained from stomach contents were also analysedccréate a basis for the
interpretation of the tissues’ isotopic signatumad construction of mixing models (see

data analysis below).

Samples were freeze-dried and homogenized priorSt&. Because high lipid
concentrations in plasma and in flesh from presngtean lead to depletéd®C values,
lipids were removed using successive rinses inlackioroform-methanol solution
(Cherel et al. 2005). Nitrogen and carbon isot@i®s were determined via Finningan
conflo Il interface to a Thermo Delta V S mass $meneter coupled to a Flash EA1112

Series elemental analyser. Approximately 0.3 mgaah sample was combusted in a tin
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cup for the simultaneous determination of nitrogewl carbon isotope ratios. Isotope
ratios are presented in the usdatotation based on the PeeDee Belemnite (PDB) for
carbon and atmospheric, NAIR) for nitrogen, and expressed as %.C or 6*°N =
[(Rsampld Retandard — 1] x 1000, wherdR = 3C/“C or ™N/*N, respectively. Replicate
measurements of internal laboratory standards gaitiele) indicate precision < 0.2%o
for bothd'*C ands™N.

Data analysis

As Cory’s shearwaters typically use a dual foragtrgtegy to exploit the environment
(Magalhdes et al. 2008; Paiva et al. 2010b; butPdekips et al. 2009), we expected
differences in the habitats explored by individub&tween short and long foraging
trips. Although birds did not exhibit bimodality this study either in trip duration or
maximum distance from colony (see Fig. 8), all gsial were performed separately for
long & 2 days) and short (= 1 day) foraging trips, sideasity-dependent competition
is likely to be more intense during shorter tripart longer trips.

The nonparametric fixed kernel density (FKD) estimnavas used to calculate the 25,
50 and 75% density contour areas, and respectieasatkm), of each trip using
functions (‘kernelUD', *getvolumeUD, “getverticesht and “kernel.ared) of the
adehabitatpackagel{ = 0.03 for short tripdy = 0.13 for long tripsgrid = 500; Calenge
2006) under R 2.14.0 (R Development Core Team 20&RS locations at the colony
were excluded from analyses and we only used fogagoint kernels, which
exclusively represented the areas where birds presimed to be foraging (determined
by trip sinuosity index> 3; adapted from Grémillet et al. 2004). The irdpecific
overlap in the estimated foraging range among iddads within each sub-colony and
among individuals between sub-colonies was assdsBeding Fieberg and Kochanny
(2005). The 25, 50 and 75% FKD overlap were catedldor each bird (within and
between sub-colonies) using the functideerheloverlap of the adehabitatpackage
(meth= “VI”; Calenge 2006) under R 2.14.0. Spatial reggtion was assessed by
determining that FKD (25, 50 and 75%) overlap amingyviduals between sub-colony
A and B was smaller than the FKD (25, 50 and 75%Ylap among individuals within

each sub-colony.

Zones of area-restricted search (ARS) were estanéde each trip applying first-

passage time (FPT) analysis (see Fauchald and & 268 for more details) and using
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functions (‘as.ltraj’, “fpt’, “varlogfpt” and “meanfpt) of the adehabitat package
(Calenge 2006) under R 2.14.0 and some custom-funtttions. Usually, positions
which corresponded to when the bird was sittinghenwater result in very small-scale
ARS zones (< 100 m diameter), increasing the vaeian FPT and reducing the ability
to detect larger-scale ARS zones (Weimerskirch.e2G07). To address this problem,
we removed bouts on the water (speed < 9 Kjrehd interpolated locations to obtain a
distance interval of 1 km for FPT analysis (Pina2808). Following the
recommendations of Pinaud (2008), FPT analysis pegormed in two steps: (1) to
detect large-scale ARS we run the analysis on t@evpath, estimating the FPT every
25 km for a radius from 1 to 300 km; (2) to detect small spatial scavents we run
again FPT analysis every 1 km for anvarying between 1 and 50 km. The plot
representing variance in log (FPT) as a functiom aflowed us to identify the ARS
scales by peaks in the variance. In this calculati®T was log transformed to make
the variance independent of the magnitude of thenm#d>T (Fauchald & Tveraa 2003).
The mean scale at which variance in FPT peakeldeaindividual level was 3.2 + 2.6
km during short trips and 17.5 £ 11.3 km duringddnips; there was no significant
differences between the two sub-colonies (shgpstrsub-colony A = 3.2 £ 2.9, sub-
colony B =3.1 1.7, ANOVA: E4= 0.0, P =0.86; long trips: sub-colony A = 16.1
11.9, sub-colony B = 19.5 + 10.5 ANOVA:;1 k = 0.7, P = 0.41). The centroid of
geographic position at each ARS zone (latitude landitude) was calculated for each

trip and used to assess differences between sobieslin the exploited zones.

Given the geometry of the two colonies within Cotstand (sub-colony A, east side;
sub-colony B, west side), we tested whether theding site had an effect on direction
adopted by birds for each foraging trip. FollowiRgbson et al. (2004), the bearing
(degrees) of the most distant location recordedngueach trip from each sub-colony
was calculated to evaluate the probability that tieserved distribution of trip
directions would occur under the null hypothesisnofdifference in the direction of
foraging trips between sub-colonies. Foragingdiiection was compared between sub-
colonies with a Watson-Williams test for circulaatd using functions ¢raus.rad,
“graus.cir¢, “plot.circular” and “watson.williams.te$) of the circular package
(Agostinelli and Lund 2011) under R 2.14.0. To avpseudoreplication, one trip was
randomly selected from each bird.
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Mean values of environmental variables inside tem&l contours and ARS zones of
each trip were extracted using ArcGIS 9.2. With #gxeeption of circular variables,
behavioural indices were modelled using mixed-¢&fe&dNOVA, with sex, colony and

environmental variables treated as fixed effectsiadividual as a random effect.

Mixing models were used to estimate the relativepprtion of different dietary
sources. We adopted a Bayesian multi-source stablepe mixing model (stable
isotope analyses in R: SIAR, functiorsidrsolomcmcvy4 Parnell et al. 2010) to
estimate contributions for each prey to the dieteath individual. All possible
combinations of each source contribution were eranhiusing both isotope values
from RBC on capture and plasma from recapture ¢spownded to incubation and
chick-rearing periods, respectively) for each badd the mean and standard deviation
of each of the three prey sources. There are riebthied fractionation factors available
for Cory’'s shearwaters; hence, we used the avevagees of four seabird species
available in literature: 0.30 and 2.85%. enrichnmfentcarbon and nitrogen, respectively
(Hobson & Clark 1992, Bearhop et al. 2002, Chédfielbson, & Hassani 2005). Due to
potential differences in fractionation factors amapecies, a standard deviation of

1.0%o0 was assumed.

We used the standard residuals of the relationséipveen body mass (mean between
capture and recapture) and wing lendgths= 11.5,P = 0.002, r = 0.478) to estimate
the body mass index (BMI) of 41 sampled birds, Whice assume primarily reflects
body lipid reserves (Sanchez-Guzman et al. 20@4assess whether adults from the
two colonies were in a similar health state. Initolid, the variation in the hematocrit
between the blood sampling on initial capture awhpture was calculated as a proxy
of the individuals’ current health condition stafgee Fair et al. 2007 for a review). The
linear growth rate for each chick was represengetth@ coefficient of the regression line
between chick body mass and age (i.e. the daikgase in body mass), expressed in g
day’ (Ramos et al. 2003).

All data were tested for normality and homoscedagtiforaging area (25, 50 and 75%
FKD) and Chla were logotransformed, bearing (degrees) was transformedauians,
linear chick growth was square root transformed aumdportions were arcsine
transformed, with exception of those obtained fr&MAR mixing model. If no
transformation normalized data, non-parametricstesre used. Values are means + SD
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unless otherwise stated. Circular data analyse® werformed under R 2.14.0. All
other statistical tests were performed with Staas?.0 (StatSoft. Inc. 2004).

Results

We obtained a total of 368 foraging trips from Adividuals. The frequencies of trip
duration for the entire data set showed a cleanadal distribution during the study
period, during which 310 (84.2%) were one day trzde by 42 individuals and 58
(15.8%) were> 2 day trips made by 32 individuals (Fig. 8).
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Figure 8. (a) Frequency distribution of trip duration (dagsid (b) maximum distance
from colony (km) for all 368 Cory’s shearwateCalonectris diomedeéoraging trips
recorded in August 2010 during the chick-rearingqgeein Corvo Island.

Spatial segregation

During long trips, birds from Corvo headed excletyvnorth to forage in areas such as
the mid-Atlantic ridge and surrounding seamountg.(dltair and Chaucer), with a
maximum distance of 1265 km (347 + 244 km) and aimam trip duration of 9 days.
Short trips were mostly confined to the colony sumdings, within a maximum
distance of 216 km (62 + 39 km).

Birds from the two sub-colonies demonstrated ispaeific spatial segregation at sea
during short trips; a significant greater overlapswdetected among individuals within
each sub-colony (75, 50 and 75% FKD: 19.5 + 4.0%2 * 3.1% and 8.2 + 2.2%,
respectively) than among individuals between the sub-colonies (75, 50 and 75%
FKD: 16.2 + 4.2%, 10.5 + 3.0% and 6.0 = 2.1%, resipely) at 75, 50 and 25% FKD
(ANOVA: all P < 0.001). In addition, FPT analyses indicated thatindividuals from

the two sub-colonies foraged at significantly diffiet longitudes (hence distinct ARS
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zones) during short trips (sub-colony A: -30.8 4°9V, n = 143; sub-colony B: -31.0 +
0.4°W, n = 1423 40 = 6.5,P = 0.015), while no differences were found in ladi¢
(sub-colony A: 39.8 + 0.4°N, n = 143; sub-colony33:8 + 0.4°N, n = 147%; 40= 0.0,

P = 0.91). On the other hand, neither spatial noagimg segregation were detected
during long trips; the overlap among individualghin each sub-colony (75, 50 and
25% FKD: 10.6 + 4.3%, 4.3 = 2.3% and 0.7 £ 0.6%spextively) did not differ
significantly with the overlap among individualstiveen the two sub-colonies (75, 50
and 25% FKD: 11.2 + 5.0%, 4.6 + 2.5% and 0.7 £ 0.6%75, 50 and 25% FKD
(ANOVA: all P > 0.05); moreover, no significant differences werend in the ARS
zones (latitude and longitude) determined by FPalyses during long trips (ANOVA:
all P > 0.05). No spatial segregation was detected lmtveales and females within
each sub-colony during either short or long tripsIQVA: all P > 0.05). Overall, the
spatial segregation was high in short trips, wheiels largely foraged on their
respective sides of Corvo (sub-colony A, east ssdé:colony B, west side), in contrast
to long trips where spatial segregation was natated (Fig. 9). Furthermore, we found
that birds from the two sub-colonies travelled iffedlent directions to forage during
short trips (Fig. 10); the bearing from the coldnythe most distant location recorded
differed significantly between both sub-coloniesbi&olony A: mean 84.4° (circular
variance = 38.0°); sub-colony B: mean 251.2° (tarcwariance = 52.5°); Watson-
William test:F1 40 = 8.5,P = 0.006), suggesting a difference in colony-spediraging
areas between breeding sites during short tripav€rsely, no significant differences
were found in the direction of long trips (sub-aofoA: mean 16.1° (circular variance =
16.7°); sub-colony B: mean 4.2° (circular variarc®6.5°); Watson-William tes€; 3o

= 0.5,P = 0.50; Fig. 10).
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Figure 9. Spatial distribution of Cory’s shearwatetglonectris diomedeareeding in
two sub-colonies of Corvo Island during the chiekting period (sub-colony A: upper
panel; sub-colony B: lower panel) in lorig 2 days) and short (= 1 day) foraging trips.
Dark, medium and light shades represent 25, 50 @B&% kernel utilization,
respectively, i.e., the areas where the birds gpest of their foraging time.

Differences were also found in the foraging areasnd short trips, where birds from
sub-colony A apparently foraged over larger arbas those from sub-colony B at 50%
FKD (sub-colony A: 61 + 32 kfan = 156; sub-colony B: 53 + 25 K = 149:F; 4=
5.1,P = 0.031) and 25% FKD (sub-colony A: 23 + 14%m = 156; sub-colony B: 19 +
8 knf, n = 149;F; 40 = 7.8,P = 0.009), but not at 75% FKD (sub-colony A: 1583
km? n = 156; sub-colony B: 153 + 204 kmm = 149;F; 4 = 0.1,P = 0.72). On the
other hand, no differences were detected at 78n8025% FKD between sub-colonies
in the foraging areas during long trips (ANOVA: BI> 0.05), and between males and
females during both short and long foraging tripgsIQVA: all P > 0.05).
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Figure 10. Bearing showing the direction from the breeding $a the most distant
location recorded of Cory’'s shearwaté€alonectris diomededreeding in two sub-

colonies of Corvo Island and tracked during thekimearing period for long and short
foraging trips.

Oceanographic habitat

FKD (75, 50 and 25%) showed that oceanographic npetexrs (SST, Chh and
bathymetry) diverged significantly between the aresited by the individuals of the
two sub-colonies during short trips (ANOVA: &ll< 0.05; Fig. 11). Overall, birds from
sub-colony B utilised shallower and warmer areat greater Chh during short trips.
Interestingly, there were no significant differesge the oceanographic parameters at
ARS zones estimated by FPT analyses (ANOVA:Ralk 0.05) during short trips,
suggesting that although individuals from the twib-solonies passed through areas
with different oceanographic conditions they fordge patches of similar habitat. No
differences were found in oceanographic paramedstisnated by FKD (75, 50 and
25%) between sub-colonies during long trips (ANO\&A: P > 0.05). However, FPT
analyses indicated that birds from sub-colony Biged in areas with greater Ghthat
those from sub-colony A (sub-colony A: 0.129 + @Q8®g/nT, n = 34; sub-colony B:
0.167 + 0.064 mg/fa n = 24;F130= 5.6;P = 0.031, Fig. 11) during long trips. There
were no significant between-sex differences in tbeeanographic conditions
experienced during either short or long trips,reated by FKD (75, 50 and 25%) and
FPT analyses (ANOVA: alP > 0.05).

Chapter 2 | 61



short trips long trips

24.1 236
(] 75% FKD
&= 50% FKD 24
] 25% FKD
I ARS 232

N
s
o

226

23.0

E 228

E 224
! ! 222

Temperature (°C)
S
©

N
w
®

2201 5] 75% FKD

&5 50% FKD
21.8 | [ 25% FKD
KX ARS
23.7 216
2000 3400
(5] 75% FKD [5] 75% FKD
B 50% FKD =5 50% FKD
[ 25% FKD 3200 | [ED 25% FKD
1800 | IEM ARS i KN ARS

3000
1600 =
. e
2800

2600

1200
2400
1000

Depth (m)
H o H
llIEg
H==H

2200

800 2000
0.096 0.22
grne 2
% E= 50% FKI
0.094 @ 25% FKD 0.20 [[E) 25% FKD
ARS

o o
Q (=3
@ @
o N

M %l : '
|t O

0.080 0.08
Sub-colony A Sub-colony B Sub-colony A Sub-colony B

[=]
o
®
>

Chlorophyll-a concentration (mg/m®)
o o
o o
® &

Figure 11. Differences between sub-colonies (A and B) of Gorghearwaters
Calonectris diomedehreeding in Corvo Island for the oceanographicddons (SST,
Chl a concentration and bathymetry) of foraging areasnduthe chick-rearing period
in short and long foraging trips, calculated uskty 50 and 75% fixed kernel density
(FKD) and zones of area-restricted search (ARShtPoepresent means, bars and lines
represent £ 0.95 and + 0.99 confidence intervaspectively. Significant differences
between the sub-colonies are presented with< (0.05) and ** P < 0.01).

Diet and stable isotope analysis

Complete or partial diet samples were obtained tbynach irrigation from 18 birds.
These mainly comprised fish (98.5% by mass and?®y numerical frequency) and a
small amount of cephalopods (1.5% by mass and ®g%umerical frequency). No
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significant differences were found between sub-ti@® or sexes in the mass proportion
or numerical frequency of each of these compon@vinn-Whitney U Test: alP >
0.05). The three prey species identified in redatgs collected from Cory’s
shearwaters were boarfi€dapros aper blue jack mackerelrachurus picturatusand

cock-eyed squidHistioteuthissp..

Mean5°C and&™N were greater in the cephalopod spetiéstioteuthissp. followed
by the two fish specied,. picturatusand C. apet respectively5*C andd™N in the
plasma and RBC from 43 individual Cory’s shearwsatgere greater than in their prey
(Fig. 12). The mears’*C and "N of Cory’s shearwaters plasma did not differ
significantly between sub-colonies, sex and sulbiogisex (factorial ANOVA: allP >
0.05). However, there were significant differenbesveen sub-colonies &°C, but not

in 8"°N for RBC ¢*°C: F1 3= 5.0,P = 0.032;6™N: F139= 1.9,P = 0.174); birds from
sub-colony B showed enrichment &°C, suggesting some segregation of foraging
habitat during the incubation period. There weso aignificant differences between
males and females in bo#°C and5™°N for RBC ¢*°C: F139= 4.2,P = 0.042;8™N:
Fise= 7.1, P = 0.011); females showed enrichment in batfC and §*®N which
suggests some sexual segregation in isotopic nidbesub-colony*sex interaction was
found in eithe®*C or§™N for RBC.

The SIAR mixing model based on plasma, RBC and wetppe values indicated that
C. aperwas the largest component in the diet of CorysasWwaters during the chick-
rearing and the incubation periods (40.3 and 41.88$pectively) followed byT.
picturatus (31.7 and 31.1%, respectively) amistioteuthis sp. (28.0 and 27.0%,
respectively). No significant differences were fdun the proportions of the three prey
items in the diet of Cory’s shearwaters estimatgdhle model based in plasma isotope
values (hence representing the chick-rearing petetween sub-colonies, sexes and
sub-colony*sex (factorial ANOVA: alP > 0.05). Moreover, there were no significant
differences in the proportions of the three preynis in the diet estimated by the model
based in RBC isotope values (which reflect the ulbation period) between sub-
colonies F,33= 1.9,P = 0.166), and sub-colony*sekf3s= 2.1,P = 0.140). However,
significant differences were found in the propariobased in RBC isotope values

between males and females for all prey items coetbift,3s = 4.3, P = 0.020) or
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independently (factorial ANOVA: alP < 0.01); females ingested mofe picturatus

andHistioteuthissp., and les€. aperthan males.
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Figure 12. Stable isotope ratios of carbatC) and nitrogend°N) (means + SD) in
plasma and red blood cells (RBC) of Cory’s sheagvg&ialonectris diomedehreeding
in Corvo Island during the chick-rearing period,daprey species recorded in
regurgitates.

Body mass index, condition status and breedingesscc

No significant differences were found in BMI betwethe individuals from the two
sub-colonies K1 37 = 3.5,P = 0.068) and there was no interaction of sub-cdisay
(F137=1.5,P =0.222). However, males showed significantly gge&MI than females
(F137=8.4,P = 0.006). There was no effect of sub-coloRy4y= 1.5,P = 0.221), sex
(F1.30=3.2,P =0.080) and no interaction of sub-colony*sé&x 4= 0.4,P = 0.543) on

the haematocrit variation.

Breeding parameters of tracked birds did not disignificantly between the two sub-
colonies at Corvo Island (Table 6). No significdifterences were found in laying and
hatching datesZ(= 0.5,P = 0.60;Z = -1.3,P = 0.19, respectively), although chicks

from sub-colony A hatched on average two days kefloose from sub-colony B. The
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linear chick growth rate did not differ between th® sub-coloniesT(= -0.5,P = 0.60;
Table 6).

Table 6. Breeding parameters of Cory’s shearwatéadonectris diomede@n the two
studied sub-colonies from Corvo Island during tmeeding period of 2010. Sample
size, corresponding to the nests of GPS loggedichails, is shown in parenthesis.

Sub-colony A Sub-colony B
Laying date 1Junx4.6d(12) 1Jun+£6.8d (10)
Hatching date 22 Jul£3.7d (13) 24Jul+4.4d (10)
Fledging success (%) 71.4 (14) 80.0 (10)
Chick growth (g day) 20.4 + 3.4 (14) 21.3+5.2 (10)

Discussion

We used Cory’'s shearwater as a model wide-rangigheh predator to compare
foraging distribution and trophic ecology betweei sub-colonies during the breeding
season on a North Atlantic island. The studied calbnies are much closer to each
other (2 km) than the mean foraging range of trexigs (in this study 62 and 347 km
for short and long foraging trips, respectively)e Werefore expected a large overlap in
foraging areas and in feeding ecology. Althoughdifferences were found during long
trips, our results show a marked spatial foragegregation among birds from the two
sub-colonies for short trips during the chick-regrperiod. We found that geographic
breeding location influenced the travelling direatiof birds during short foraging trips
resulting in colony-specific foraging areas, prdgaim an attempt to reduce intra-
specific competition as predicted by Cairns (198dthough differences were found in
the habitat visited by birds from both sub-colontesing short trips, no differences
were found in the habitat exploited, suggesting theds were feeding in patches of
similar habitat. Consequently, no apparent diffeesnwere detected in the feeding
ecology of birds during the chick-rearing periodt tve observed differences 4f°C of
RBC indicating a potential dietary segregation agirihe incubation period. However,
these differences apparently had no effect on tkeding success and on the health
condition status of birds from both sub-coloniesm® sex-related differences were also

found, mainly in regards to the feeding ecology.
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Although birds from Corvo typically use a dual fgmag strategy, the prevalent
unimodal foraging strategy during the present studwtrasted with the bimodal
strategy observed for this population during thilcinearing period in 2004 and 2007
(Magalhaes et al. 2008, Paiva, Geraldes, Ramirezrio, et al. 2010a). As many
other seabird species, Cory’'s shearwaters use hfdusging strategy when local
resources are poor such as oceanic environmeritsgbuPhillips et al. 2009), although
they increase the number of short trips duringeay chick-rearing period. Unimodal
or bimodal distributions in the length and duratiof the foraging trips may be
determined by distance from the breeding colongramuctive areas (Granadeiro et al.
1998, Navarro & Gonzalez-Solis 2009, Paiva, Geml&amirez, Garthe, et al. 2010),
but an unimodal strategy may also reflect a higheersity of foraging areas available
in waters surrounding the colony simply because pody patchiness (Phillips,
Wakefield, et al. 2009). Thus, the unimodal stratefserved suggests that the 2010
chick-rearing period was a profitable year to rely local food resources at Corvo.
Moreover, growth rates of chicks during this stydyean 20.8 g day) were greater
than those previously recorded in Corvo during ébdy chick-rearing period (14.2 g
day’; Magalhaes et al. 2008).

Kernel and FPT analyses showed that birds from lsotircolonies clearly selected
distinct areas to forage during short trips, but dwring long trips. This was somehow
expected because if segregation arises due to tgelegpiendent competition as
predicted by Cairns (1989), spatial segregation ldvdae more likely close to the
colonies (i.e. at a smaller scale) than furthegldf(i.e. at a larger scale). Recently, some
studies demonstrated partial or complete segregatidoraging ecology for seabird
apex predator species, such as black-browed afisasdhalassarche melanophris
(Huin 2002, Granadeiro et al. 2011), cape ganMasus capensi{Grémillet et al.
2004), hawaiian petrelRterodroma sandwichens@®Viley et al. 2012) and streaked
shearwatersCalonectris leucomelagYamamoto et al. 2011). However, the potential
overlap in foraging areas of such studies is srpaltiicularly during short trips, because
the colonies are separated by tens or hundreddoaidtres. Consequently, there would
be little gain for birds to travel further and fgeain areas already occupied by a more
efficient group of conspecifics from closer colanigiuin 2002). Navarro et al. (2009)
detected partial foraging segregation betweenwloesubspecies of Cory’s shearwater,
C. d. diomedeandC. d. borealissympatrically breeding in a Mediterranean colony
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(however see Gomez-Diaz et al. 2009). To our kndgde only Wanless and Harris
(1993) and Masello et al. (2010) addressed our mgastion and, in accordance to
Cairns (1989) prediction, found partial and/or ctetgspatial segregation in birds from
very close colonies (only 2 — 2.5 km apart). Howetleese authors studied Blue-eyed
Shags (Wanless & Harris 1993) and three differamigpin species (Masello et al.
2010), which are species potentially more limited foraging range than Cory’'s
shearwaters. Wanless and Harris (1993) attributext-colony differences in foraging
and diet during the breeding season to highly Ipedl differences in feeding
conditions, given the extremely limited foragingige of most individuals (ca. 1 km
from the colony). On the other hand, Masello et @010) attributed foraging
segregation to intra-specific competition, but asan effort to reduce predation risk
by fur sealsArctocephalus australishat were present in the island. Our observations
that birds from the two colonies travelled in diéfiet directions to forage during short
trips suggest colony-specific foraging areas deitgethby breeding locations. However,
this was not verified during longer trips, as ngndicant differences were found in the
direction of foraging trips adopted by birds fronotlp sub-colonies. According to
Robson et al. (2004), a simple explanation for theectional persistence within
breeding sites might be that individuals constatiyate a foraging trip on a bearing
consistent with the general orientation of the. Méhough Robson et al. (2004) studied
fur sealsCallorhinus ursinusour results corroborated this hypothesis in aewahging
seabird species during short foraging trips, desghie small area of Corvo Island and
the low altitude of the two studied breeding sitdswever, there are scattered birds
breeding along the cliffs of Corvo Island, incregsdensity-dependent competition for
food around the colony, which could increase spaggregation during short foraging
trips among individuals according to their geogragdireeding location. Although the
potential foraging areas fully overlapped, our hessdemonstrated that birds preferred
adjacent areas to their own sub-colony rather themeighbouring sub-colony during
short trips resulting in colony-specific foragingeas, possibly in an attempt to reduce

intra-specific competition as predicted by Cairb389).

The oceanographic habitat used by study birds wasisantly different between birds
from the two sub-colonies during short trips. Sisipgly, however, differences
detected by kernel analysis (explored areas) wetaletected by FPT analysis (ARS
zones), which corresponds to an environment wheeeprobability of prey capture
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should be higher. Therefore, these results sughestbirds from both sub-colonies
explored various wide areas for food but conceatrdheir feeding activity in small
concentrated patches with similar oceanographicacieristics. Top predators appear
to forage at locations that usually congregate mi@kprey due to specific physical
processes, such as oceanographic fronts, curesities, seamounts or upwelling zones
(Bost et al. 2009), which ultimately could have gamcharacteristics, especially at a
smaller scale where short trips occur (Wakefieldalet2009). During long trips no
differences were found either in the habitat oftet areas or ARS zones (although
differences were found in Cld at ARS zones). Cory’'s shearwaters exploited vast
offshore environments, apparently within frontatlaseamount areas (Paiva, Geraldes,
Ramirez, Meirinho, et al. 2010a), but constantlpdeal north on their long foraging
trips. This pattern seems to show little inter-aadneariation, as it was also reported by
other studies in 2004 and 2007 for the same islhagalhdes et al. 2008, Paiva,
Geraldes, Ramirez, Meirinho, et al. 2010Db).

No differences were detected in the diet and stiablepes ratios of plasma between the
two sub-colonies. These results therefore corrabdréhe lack of differences in the
exploited habitat type at ARS zones during bothrtsand long foraging trips. On the
other hand, differences #1°C between sub-colonies were found in RBC, sugggstin
potential segregation of foraging habitats durimg incubation period. Interestingtye
apparent lower energy requirement during the intobgeriod suggests that this should be the
period with a minimal potential for interferencenggetition, in opposition to the early chick-
rearing period Differences were also detected in feeding ecologiwveen males and
females during the incubation period. Females shoemrichment in botts**C and
8™N and ingested significantly moffe picturatusandHistioteuthissp. and les€. aper
(estimated by SIAR) than males. Preference by fraay a higher trophic level during
incubation may be related with specific nutrierqugements to compensate egg-laying
that could potentially create temporary sex diffees in feeding ecology (Lewis et al.
2002, Phillips et al. 2004) and might not be dribgrintra-specific competition.

We found no evidence that foraging segregation éetwbirds from both sub-colonies
affected BMI, health condition status of individuatds, breeding success and chick
growth. Shearwaters present a fixed investmentaaludts may increase foraging effort
and/or reduce parental investment at the expenshiok condition to maintain their

body condition (Navarro & Gonzalez-Solis 2007). & food shortage scenario,
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differences in foraging segregation and highemhsecific competition for food could
potentially lead to differences in the breedingcass between birds from the two sub-

colonies.

In summary, we observed that Cory’'s shearwatersdmmg in very close sub-colonies
in Corvo showed a high spatial foraging segregatimming the chick-rearing period for
short trips, but not for long excursions; and nifedences were found between males
and females. Interestingly, our results suggesdthihids from both sub-colonies visited
areas with different oceanographic conditions dushort trips, but concentrated their
feeding activity in patches of similar habitat. Gequently, individuals from both sub-
colonies did not display dietary segregation durthg early chick-rearing period.
However, our results suggest a potential segregatidoraging habitats between sub-
colonies during the incubation period, but furttetudies should be conducted to

validate this hypothesis.
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Abstract

The Van Valen (1965) ‘niche variation hypothesigisfjulates that populations with
wider niches are more variable than population$ wirrower niches. We determine
whether variations in foraging spatial distributiansea, trophic niche and consistency
in foraging niche of a pelagic seabird species associated in order to test this
hypothesis and identify patterns of consistencpheforaging niche. The extent of such
relationships was assessed using a wide-ranging @eelator, the Cory’s shearwaters
Calonectris diomedeas a model marine species, along a three year €0d{-2012),
during both the pre-laying and chick-rearing pesiow/e used individual movement
data and stable isotope data, analysed using reveitics based in a Bayesian
framework, of 69 adults breeding on a small nergiand in the North Atlantic. Results
confirm that trophic niche expansion arise via @sed variation in spatial distribution
at sea among individuals, providing support forch@ variation hypothesis’ in the
context of foraging ecology. Moreover, we foundttshort-term consistency in the
foraging niche was higher and persistent duringoperwhen the population showed an
intermediate trophic niche width, and absent whephic niche was both extremely
small and extremely large. These results suggedt fibraging consistency is an
important characteristic of this population andepdially of pelagic seabirds in general,
and should be important to understand the dynamicfraging ecology and may
reduce intra-specific competition during periodghwiypical average availability in
food resources.

Key-words: foraging ecology, GPS tracking, individual speegtion, niche variation,

stable isotopes

Introduction

The ecological niche of a population is a fundamlecbncept in ecology, but there are
many niche concepts, each of which emphasizes faralit aspect of a species’
ecological characteristics (see Newsome et al. 2fa@7a review). Concurrently,
foraging niche of a population is still poorly umskeidied, particularly concerning
pelagic seabirds. Classical tools (e.g. conventidiegary analyses and census at sea)

have been widely used to describe the ecologiaaheniof pelagic seabirds but an
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accurate assessment of spatial distribution abedaoraging ecology of seabirds only
recently was possible through the use of recemhini@ogy such as tracking devices and
stable isotope analyses (SIA). According to thehrivariation hypothesis’ (Van Valen
1965) populations with wider niches are more vaeidban populations with narrower
niches. Some studies focusing on morphology or Is@e failed to support the above
theory because they did not found any positiveatation between intra-specific trait
variation and population niche width (e.g. Soulé &tewart 1970; Meiri et al. 2005).
However, focusing on foraging ecology, there ig@eated tendency for more generalist
populations to exhibit higher niche variation thraore specialized populations due to a
higher degree of diet variation (Bolnick et al. ZDOMoreover, diet variation within a
single population can arise via foraging plasti@tyong its individuals, resulting in
resource use diversity (Svanback & Bolnick 200Herefore, in accordance with the
classic ‘niche variation hypothesis’ we should etptat a higher variation in the
foraging spatial distribution among individualsrfradhe same population would lead to
a wider trophic niche of such population. This asgtion must be validated and to our
knowledge no studies have shown relationships lextvilee areas explored by seabird
populations and trophic niche width in the maringvimnment. Recent studies
demonstrated relationships between geographicitosatind stable isotope signatures
for marine predators (e.g. Cherel and Hobson 200i|ips et al. 2009, Jaeger et al.
2010), thus we expect to evaluate whether thisnagsan is true. Moreover, foraging
strategies of individual birds can differ substalhyiand individuals of the same species
may use different resources, resulting in the atgtion of different niches, which
could be consistent over time (see Bolnick et @02for a review). Accordingly, there
has been a recent increase in studies of individoakistency in the foraging niche
within populations (e.g. Bearhop et al. 2006; Vioge al. 2010), suggesting that some
individuals have a narrow foraging niche, helpinge¢duce intra-specific competition
(Svanbéack & Bolnick 2007, Matich et al. 2010, Cetaal. 2012). However, to our
knowledge inter-annual and seasonal variation énctimsistency of foraging niche was
not previously evaluated, and mechanisms that coulkk such trait are not well

understood.

During the breeding season, Cory’s shearwa@aonectris diomedea borealiare
central-place foragers capable of traveling distangp to 5500 km (Magalhaes et al.
2008) in a single foraging trip. Such long tripswever, are more expected in oceanic
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(i.e. lower productive regions) than in neritice(i.higher productive regions) areas,
because of prey patchiness and prey distributi@mgalthe neritic-oceanic marine
productivity gradient (Paiva, Geraldes, Ramirez,rieo, et al. 2010a). Similarly,
longer trips are relatively more frequent during trarly stages of the breeding season,
pre-laying and incubation periods, than duringriages, the chick-rearing period,
when birds must forage within a shorter range oheotto provide food for their chicks
(Paiva, Geraldes, Ramirez, Meirinho, et al. 201G&Jen their wide range in foraging
patterns according to the breeding stage, preydanges and oceanographic conditions
(Paiva et al. 2013), Cory’'s shearwaters are a goodel species to study spatial
variations at sea and their relationships with hiomiche width. Moreover, Cory’s
shearwaters are pelagic species feeding mainlysbnaihd cephalopods (Xavier et al.
2011, Neves et al. 2012), which enable to evalvargtion in feeding ecology of
individual birds according to spatial or temporahnges in the abundance of these main
food sources (Rutz & Bijlsma 2006, Neves et al.Z20&and, consequently, investigate

variation on consistency in the foraging niche witand among individuals.

In this study, we used individual movement data $GRacking) and isotopic signature
(6%*C and$™N) from blood of Cory’'s shearwaters, separated lasmpa and cells, to
detect spatio-temporal variations in the foraginghe of individuals among years and
between periods with markedly different foragingt@ans. We test for relationships
among spatial distribution at sea, trophic nichdtlviand short-term consistency in the
foraging niche along three years (2010-2012), duboth the pre-laying and chick-
rearing periods, thus totalizing six sampling pesioSpecifically, we hypothesized that
variability in the foraging ecology within a poptitan of a pelagic marine species drive
(1) spatial distribution at sea, (2) trophic nickielth, and (3) short-term consistency in
the foraging niche of individuals. Our goal wasm@asure differences and patterns
associated with foraging ecology and population adiyits to determine whether
variations in spatial distribution at sea, troplmiche and short-term consistency in

foraging niche are associated.
Materials and methods

Fieldwork was conducted in Berlenga Island, Port(®@°24’'N, 009°30°'W), during the
pre-laying (April-May) and chick-rearing (August{8ember) periods of Cory’'s
shearwaters along 2010, 2011 and 2012. A populaticabout 800 breeding pairs of
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Cory’s shearwaters is estimated to breed in Beddslgnd (Lecoq et al. 2011), a small
neritic island with ca. 78.8 ha and 11 km in thest®en coast of Portugal. This island is
situated within a large continental shelf charazést by shallow waters and high
marine productivity due to the coastal upwellingttihasts from April to September
(Sousa et al. 2008).

Sample collection

A total of 69 breeding adults were sampled alon02®011 and 2012 (pre-laying
period: 10, 8 and 12, respectively; chick-rearimgiqd: 19, 11 and 9, respectively). A
GPS logger was deployed on each bird and removed hfto 18 foraging trips at sea
(details of the devices below). In order to exantine relationship between foraging
trips and trophic ecology, blood samples (~0.5-Xrorh the tarsal vein) were collected
from each bird on recapture (and on capture araptace during the 2010 chick-rearing
period) and, within 2-3 h, separated into plasmd asd blood cells (RBC) using a
centrifuge (15 min at 3000 rpm). Hematocrit wasorded as the proportion of RBC in
total blood volume and samples were then storedefrountil preparation for SIA.

Captured birds were ringed, wing and tarsus lemgthe measured, and weighed both
on capture and recapture. In addition, a total ®fn@sts including the nests of all
sampled birds were monitored twice, in May and Béptember, to determine laying
and fledging success, respectively. Deploymenetireval of devices and collection of

samples took 10-15 min and birds were returned idiately to their nest.
Tracking data collection

Each individual bird was fitted with a GPS loggeCa{Traq GT-120, Perthold
Engineering LLC). The plastic case was removedrapthced by a 7 cm long thermo-
retractile rubber sleeve reducing the total wetgtt7 g. This corresponded to 1.7-2.6%
of studied individuals’ mass, which is below theammended 3% threshold reported to
have no deleterious effects on seabird speciesgishort-term (Phillips et al. 2003; but
see Vandenabeele et al. 2012), including Cory'saastaters (Igual et al. 2005). The
GPS loggers were attached to feathers in the meegien with TesA tape and set to
record position (median error of < 10m) every 5 nBirds were tracked continuously
from 1 to 19 days (10.3 + 4.7 days).
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Stable isotope analyses (SIA)

Stable isotope analyses of carbon and nitrogen penfermed to estimate and compare
trophic niche width among years and between periBdsrhop et al. 2004, Newsome
et al. 2007, Jackson et al. 2011). Carbon stabteps value §3C) mainly reflects the
foraging habitat of consumers, while nitrogen stdbbtope valued°N) is mainly used
to define trophic position of consumers. Plasma BB{L retain information on diet
from a few days prior to sample collection (hentasma reflects choices made during
tracking), up to the previous 3-4 weeks, respeltii®ecause of the differing turnover
rates of plasma and RBC we were able to investighee effect of short-term
consistency in the foraging ecology (Votier et2010, Ceia et al. 2012). We analysed
8%C (%0) andd™N (%o) in plasma and RBC from each breeding aduthad and
tracked. For specifications how the samples weepared for SIA and nitrogen and

carbon isotope ratios were determined see Chapter 2
Breeding success and bird condition status

We determined laying success (number of eggs laidmber of nests) and breeding
success (number of fledged birds / number of eggh bf Cory’'s shearwaters, as it
should be a good proxy of breeding conditions amyeays including the accessibility
of main food resources. The standard residualdefrélationship between body mass
(mean between capture and recapture) and tarsgtl@n ;= 104.1,P < 0.001,r =
0.598) were used to estimate the body mass indis})(8f all sampled birds, an index
primarily reflecting body lipid reserves (Sancheaz@an et al. 2004), to evaluate
whether breeding adults were in a similar healétestin addition, the haematocrit was
calculated, which in conjunction with other physigical indicators such as body mass
index, can be a useful indicator of the currentithezondition status of the individuals

(see Fair et al. 2007 for a review).
Data analysis

GPS data were separated into individual foragimgstby calculating the time from

when the birds departed the colony until their met@GPS locations at the colony were
excluded from analyses. Then, the relocations (®etwconsecutive tracking points)
were filtered on running flight speed; accordinghnliouzao et al. (2009) we only used

GPS relocations which exclusively represented thasawhere Cory’s shearwaters were
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searching for food (10 — 15 km‘hand active feeding (2 - 10 km*h Finally, a
distance-to-colony filter of 2 km was applied, tanove relocations while flying over
the colony before landing.

The nonparametric fixed kernel density (FKD) estionavas used to calculate the 25,
50 and 75% density contour areas fknof each bird using functions kgrnelUD,
“getvolumeUD, “getverticeshr and “kernel.ared) of the adehabitatpackage if =
0.18,grid = 500; Calenge 2006) under R 2.15.2 (R Developr@en¢ Team 2011). The
intra-specific overlap in the estimated foragingga among individuals within each
period was assessed following Fieberg and Koché2095). The 25, 50 and 75% FKD
overlap were calculated for each bird using thection “kerneloverlap of the
adehabitatpackage heth= “VI”; Calenge 2006) under R 2.15.2. We also dweieed
the maximum distance from colony (km) and geograplaisition at maximum distance
from the colony (latitude and longitude) of eactdlib investigate the effect of latitude,

longitude and foraging range on foraging niche.

To analyse stable isotope data in the contextaddsc niche (i.e. trophic niche) among
the periods, we adopted the recent metrics basedBayesian framework that allows
robust comparison to be made among data sets cangrdifferent sample sizes
(Stable Isotope Bayesian Ellipses in R: SIBER; Sanket al. 2011; but see Syvaranta et
al. 2013). The standard ellipse area correctediiuall sample sizes (SEAc, an ellipse
that has 95% probability of containing a subsedyesgmpled datum) was adopted to
compare among years and between periods (see daeksd 2011 for more details).
We used the computational code to calculate theieaedtom SIBER using functions
(“standard.ellipseand “convexhull) implemented in the package SIAR (stable isotope
analyses in R: SIAR; Parnell et al. 2010) underF 2.

All foraging variables and SIA results were complaaenong periods using a Kruskal-
Wallis test. To test for homogeneity of varianae$othd *C ands*>N, which provides

a measure of trophic niche width (see Bearhop.€20£)4 for more datails), we used a
Levene’s Test. Similarly, a Levene’s Test was usetést for the assumption of equal
variances in foraging variables as a measure éatiam in foraging patterns. We only
used individuals wherein we have collected therggdanformation (tracking data and
SIA simultaneously) to achieve our goals focusingtwe variability at individual level
and not at the population level. Thus, althoughréiatively small sample size in each
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sampling period could not provide reliable estirmaté total home-range area and
trophic niche width of the whole population in egmriod (see Syvaranta et al. 2013;
Soanes et al. 2013), it should have a minor infteesn the assessment of variability in
trophic niche and spatial distribution at sea oa #tudied individuals in different

periods (see Layman et al. 2007), and test whétiegrare associated.

To obtain an estimate of short-term (within abooe anonth) consistency in carbon
source and trophic level, we regressed stablepsotatios in plasma on those in RBC
(Votier et al. 2010, Ceia et al. 2012). Integratidmprey isotopes into blood components
is a continuous, dynamic process, and the analgéeshort-term consistency were
performed using the same blood sample, separategliasma and RBC, which could
lead to a temporal overlap in the synthesis ofdhesues. To evaluate how the same
blood sample could affect short-term consisten® @ue to possible high overlap) we
collected samples in capture and recapture duheg2010 chick-rearing period and
then we regressed stable isotope ratios in plasoma fecapture on those in RBC from
capture, in an attempt to reduce overlap betweenwo blood components. Because
the results did not show apparent differences, mhg twok blood samples once at each
period to reduce stress on birds. Based on thesétsave were able to compare short-
term consistency in foraging niche (i.e. shiftérophic level and carbon source) among

periods and its relationship with foraging patteahsea and trophic niche width.

All data were tested for normality and homosceddasgtiforaging area (25, 50 and 75
FKD) and maximum distance from the colony wereidoggansformed to assess
relationships among the six studied periods, awopgtions were arcsine transformed.
When transformation did not normalize the data-parametric tests were used. Values

are presented as means + SD.
Results
Spatial distribution at sea

From 2010 to 2012 we obtained a total of 394 fargdrips from 69 individuals. The
longest trip recorded in terms of duration was agsdduring the 2012 pre-laying period
and the farthest trip distanced 3236 km from tHergp (trip length = 7135 km) during
the 2011 pre-laying period (Fig. 13).
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Figure 13. GPS locations showing spatial distribution durfogaging trips of Cory’s
shearwatersGalonectris diomedgabreeding in Berlenga Island during the pre-laying
and chick-rearing periods in 2010, 2011 and 20h2 dashed lines connecting the mid-
Atlantic Ocean to Berlenga represents part of lforgging trips that were lost due to
battery loss.
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Although birds explored a larger area (25, 50 aBé #=KD) during the pre-laying
period than during the chick-rearing period in bd@11 and 2012 (Table 7), differences
among all periods were only significant at 75% F&Duskal-Wallis testHs g9 = 12.2,

P = 0.033). However, highly significant differendesthe homogeneity of variance for
areas explored among all periods at 25, 50 and FR% (Levene's test: alP < 0.01)
indicates wide range of variances in the foragirgaaamong the six periods, with a
particularly high variance for the 2011 pre-layipgriod (Table 7). Differences were
also found in the overlap in the estimated foragingps at 25, 50 and 75% FKD among
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all periods (Kruskal-Wallis test: aP < 0.01); the overlap among birds within each
period was greater during the chick-rearing thathan pre-laying period, especially in
2012. Overall, these differences were related \hin type of habitat explored (i.e.
neritic vs. oceanic), as revealed by highly sigaifit differences in foraging trips at
maximum distance from the colony among all perimdbngitude, but not in latitude
(Table 7).

Trophic niche width

The 5°C and§™N of Cory's shearwaters’ plasma, which providesimdication of
recent meals (i.e. during the tracking period)feddd significantly among all periods
(Kruskal-Wallis test: allP < 0.01; Table 8). However, we highlight that Cery’
shearwaters exhibited substantial differences anadingeriods in the homogeneity of
variances for bott**C and 8*°N of plasma (Levene's Test: @ < 0.001), which
provides a measure of trophic niche width (see lBgaet al. 2004). A wide range of
variances in botl™*C and&™N of plasma and RBC suggest a variable trophicenich
width among periods. Specifically, SEAc index irad&s a greater isotopic niche area
during the 2011 pre-laying period and a lower ipatmiche area in the 2012 chick-
rearing period (Fig. 14).

Overall, SIA results matched those of foraging paeters: along the six studied periods
we found significant relationships between the liopniche width and spatial
distribution of birds; specifically, SEAc index le@son plasma was positive correlated
with 50% FKD area (F;= 21.9, P = 0.0097= 0.846), 75% FKD area {g= 20.6, P =
0.010, f = 0.838) and maximum distance from colony {E 25.7, P = 0.007,%r=
0.866). Moreover, positive correlations were folnetween SEAc and 25, 50 and 75%
FKD standard deviations (at < 0.05) with relevance to 50% FKD(f= 144.7, P <
0.001, f = 0.973, Fig. 15), indicating that a higher vadatin the area explored among

individuals led to trophic niche expansion of tlopplation.
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Table 7. Comparison of foraging parameters of Cory’'s shasevg Calonectris diomedgabreeding in Berlenga Island during the pre-laying
and chick-rearing periods in 2010, 2011 and 20Eu&s are means + SD. PL = Pre-laying period, @Riek rearing period. Significant results

are in bold.

h=0.18 2010 2011 2012 Kruskal-Wallis test Levetess

PL(n=10) CR((n=19) PL(n=8) CR(n=11) PL((n=12) R(=9) Hseqy P Rses P

Mean 25% FKD (krf) 2189 + 2414 + 2424 + 1759+ 716 1914+ 1379+ 7.4 0.19 3.6 0.007
2275 1450 2136 2161 685

Mean 50% FKD (krf) 6331 + 6898 + 11062+ 4650+ 6031 + 3981 + 9.7 0.08 5.4 <0.001
6565 4536 10652 1905 7653 2877

Mean 75% FKD (krf) 15830 * 15724 + 39882+ 9898 + 13433 8708 + 12.2 0.033 4.6 0.001
16722 11331 46963 4080 18554 6754

25% FKD overlap (%) 4.5+3.2 53+23 32+25 7822 3.7+28 9.7+3.3 18.8 0.002 1.2 0.34

50% FKD overlap (%) 13.3+75 13.3+37 9.8+6.1124+5.38 11.7+76 247+48 22.2 <0.001 3.5 0.008

75% FKD overlap (%) 22.2+115 222+52 1558926.2+105 220+13.3 41.8+6.3 27.2 <0.001 3.7 0.006

Mean max distance  341.4 + 4559 + 1510.2+ 2024+ 423.2 + 147.2 + 16.0 0.007 10.2  <0.001

from colony (km) 380.7 478.8 1233.7 136.0 836.4 86.2

Latitude (° at max 38.3+15 400+24 399+23 40.3+20 3984&@ 383+1.1 8.9 0.11 0.9 0.47

distance)

Longitude (°atmax  -124+46 -13.7+59 -268+ -9.1+0.6 -13.6+9.7 -94+03 221 <0.001 10.8  <0.001

distance) 15.3
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Table 8. Stable isotope ratios of carbodtiC) and nitrogend°N) in plasma and red
blood cells (RBC) of Cory’s shearwatefSalonectris diomedgabreeding in Berlenga
Island during the pre-laying (PL) and chick-rearif@@R) periods in 2010, 2011 and
2012 . The area of the standard ellipse (SEAc)thedayman metric of convex hull
area (TA) are also shown (see Jackson et al. 201ihdre details on these metrics of
isotopic niche width). Values are means + SD. Sigat results are in bold.

2010 2011 2012 Kruskal-Wallis test Levene's test
PL CR PL CR PL CR Hs.69) P Rs.63) P
(n=10) (n=19) (n=8) (n=11) (n=12) (n=9)

Plasma
8°C (%) -195+ -181+ -189 -182+ -19.2+ -184 30.3  <0.001 13.3  <0.001
1.2 0.6 +0.8 0.3 0.4 +0.2
"N (%) 13.8+ 134+ 136 143+ 136+ 128 17.3 0.004 8.1 <0.001
0.8 0.6 +14 04 1.1 +0.2
SEAC 1.37 0.85 234 0.26 1.50 0.12
TA 1.95 2.25 344 041 2.57 0.20
RBC
8°C (%) -18.3+ -188+ -185 -185+ -185+ -186 5.7 0.34 53  <0.001
0.7 0.5 +06 0.2 0.4 +0.2
8N (%) 12.6+ 128+ 125 135+ 13.0+ 124 205 0.001 4.1 0.003
0.8 0.5 +09 0.2 0.8 +0.2
SEAC 1.11 0.46 1.48 0.3 0.71 0.16
TA 1.88 0.46 225 0.26 1.59 0.23
Pre-laying Chick-rearing
o o
N 27
Z z
]
-21 -20 -19 -18 17 =21 -20 -19 -18 17
8'3C (%o) Plasma 8'3C (%o) Plasma

Figure 14. Isotopic niche area based on stable isotope réitdg ands™N) in plasma
of Cory’s shearwatersC@lonectris diomedgabreeding in Berlenga Island during the
pre-laying and chick-rearing periods in 2010 (b)a@d011(red) and 2012 (green). The
area of the standard ellipses (SEAc, 95% creditterval) were represented by the solid
bold lines (ellipses) and the layman metric of anwull area (TA) by black dotted
lines (see Jackson et al. 2011 for more detaithese metrics of isotopic niche width).
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Figure 15. Relationship between 50% FKD (fixed kernel densky?) standard
deviation and area of the standard ellipse (SEAsget on plasma for the six sampling
periods of Cory’s shearwateiGdlonectris diomedgareeding in Berlenga Island.

Short-term consistency in the foraging niche

Dissimilar patterns in short-term consistency ire tforaging niche of Cory’s
shearwaters were detected among years and betwr@mdgp Although, significant
positive relationships were found §°N and in§°C between RBC and plasma of
individual adults during both the pre-laying andickkrearing periods (Fig. 16),
indicating short-term foraging consistency durimpgafic periods where relationships
were detected, some differences were detected antomgsix sampling periods.
Specifically, significant positive relationships regound ind*>N and ind*C during the
pre-laying period in 2010 and 2012 (except 35iC), but not in 2011. On the other
hand, during the chick-rearing period these reteinps were not detected in 2012 for
both3'°N ands*°C.
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Figure 16. Relationships ir5*°N (upper panel) and**C (lower panel) between red
blood cells (RBC) and plasma of Cory’s shearwa€alonectris diomedgabreeding
in Berlenga Island during the pre-laying (left pwrend chick-rearing (right panel)
periods in 2010, 2011 and 2012.

Overall, these results suggest a principally higaristerm consistency in the foraging
niche within the population, but with exceptionisias those during the 2011 pre-
laying and 2012 chick-rearing periods. Interesynghe lack of consistency in these
two periods matched the highest and lowest valdesaiopic niche area, spatial

distribution at sea and overlap in the estimateddimg range.
Body mass index, condition status and breedingesscc

No significant differences were detected in BMI amgematocrit values of Cory’s

shearwaters among the six periods (Table 9). Homvedaging success and breeding
success of Cory’s shearwaters on Berlenga showedfisant differences among years
(Table 9), which were mostly attributed to a higlagting and breeding success in 2012

than in the other two years.
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Table 9. Comparison of body mass index (BMI) and haematoérCory’s shearwaters
(Calonectris diomedgabreeding in Berlenga Island during the pre-layargl chick-
rearing periods in 2010, 2011 and 2012 and intezahcomparison of laying success
and breeding success. Values are means + SD (sainp)e

2010 2011 2012 Statistical
PL CR PL CR PL CR comparison
BMI -0.25+ -0.08+ 036+ -0.61+ 046z 0.26 + Fee3=2.0

1.03(10) 1.12(19) 0.82(8) 0.91(11) 0.45(12) 1.15(9) P=0.10
Hematocrit 0.45 + 0.49 + 0.49+ 049+ 0.50 + 0.48 + Fie3= 0.3
0.16 (10) 0.11(19) 0.07(8) 0.05(11) 0.09(12) 0.04(9) P=0.91

Laying 47.7 (65) 49.2 (65) 80.0 (65) % =17.9
success (%) P <0.001
Breeding 77.4 (31) 50.0 (32) 96.2 (52) “%=33.1
success (%) P <0.001
Discussion

Our results provide evidence that an increasedatran in the foraging patterns of
pelagic seabird species, namely in the spatialiligion at sea, can lead to trophic
niche expansion (Fig. 15) supporting the ‘nichéatan hypothesis’ (Van Valen 1965).
Moreover, our findings suggest that short-term @iaecy in the foraging niche of
Cory’s shearwaters, and possibly related pelagezisp, is an intrinsic trait affecting
the foraging ecology of the population that couldagpear due to sporadic and

extraordinary extrinsic factors (e.g. variabilityavailable food resources).

During the present study, Cory’s shearwaters ptedea great foraging plasticity
among periods, particularly between pre-laying ehidk-rearing periods, as expected
and demonstrated before in other studies (Navatr@le 2007, Paiva, Geraldes,
Ramirez, Meirinho, et al. 2010a). However, the agtity in foraging patterns also
varied within periods and was greater in the 20fetlpying period and minor in the
2012 chick-rearing period. Interestingly, amongeotiiery long trips, we recorded an
extraordinary trip that distanced 3236 km from ¢bkony in the 2011 pre-laying period.
Such long trips are expected from populations bngedn oceanic islands (e.g.
Magalhdes et al. (2008) documented a mean maximstande from the colony of

1570 km during long trips of birds breeding in #astern Azores, North Atlantic), but
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to our knowledge this was the Cory’s shearwatemthgst trip ever recorded during the
breeding season, and particularly relevant becthiseis a neritic environment. The

dramatic variation in the distribution and foragibghaviour of Cory’'s shearwaters
during the 2011 pre-laying period (in relation tee tother studied periods) could be
derived to low abundance of their pelagic fish paéyng the Portuguese neritic system
(Paiva et al. 2013).

According to our expectations, our results shoviredl & wide-ranging foraging area led
to a wider trophic niche of this pelagic seabirgyation. Accordingly, when birds
foraged farther from the colony the trophic niclledended to expand as suggested by
the positive significant relationship between maxmdistance from colony and SEAc.
However, we highlight the strong relationship ofiaion in the foraging area among
individuals with their trophic niche along the grriods, which is less influenced than
previous parameters by sample size; low standarigtitens values in the area explored
(25, 50 and 75% FKD) strongly suggest more evetmiligion of trophic niches (SEAc
values). These results are in line with communitgievmetrics of trophic structure
described by Layman et al. (2007), that relate midsphic niche occupied to a greater
amount of trophic diversity among individuals. Hastance, Bolnick et al. (2007)
confirmed across a diverse set of taxa, that menelized populations also tend to be
more ecologically heterogeneous due to higher diiation than more specialized
populations, in accordance to Van Valen (1965) kiypsis. However, our study
suggests that a given population with more vaiitgbih spatial distribution at sea
among its members show wider trophic niche than ghme population with less
variability in foraging areas, corroborating thatdging niche variation apparently is a
widespread phenomenon within the same populatidrichwms related with their diet,
and ultimately with variation in foraging areas amgoindividuals, supporting Van
Valen (1965) hypothesis.

Niche variation among individuals may have sevenaplications affecting whole

population dynamics (Bolnick et al. 2011), incluglithe individual specialization in the
specific resources used (Svanback and Bolnick 2003,study). Our results showed
that short-term consistency in the foraging nich€ory’'s shearwaters was relatively
high along the study, highlighting individual predaces among birds (Fig. 16);
interestingly, however, in two periods short-teramsistency in the foraging niche was

not verified. During the 2011 pre-laying period athé 2012 chick-rearing period, no
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relationships were detected either PN and §°C between RBC and plasma of
individual adults, indicating greater variation kit individuals than among individuals.
Bolnick et al. (2010) found that individual and pdgtion niche widths are decoupled;
in fact, our results suggested that variation withidividuals was greater than variation
among individuals when population niche was high@étll pre-laying period) and
smallest (2012 chick-rearing period). Most probabiythe 2011 pre-laying period birds
that performed very long trips did not show shertst consistency because previous
trips were presumably not in the same area duadmalies at very large scales. On the
other hand, in the 2012 chick-rearing period bipgsformed shorter trips with high
overlap in foraging areas among birds, resultindess variance among individuals.
Because they probably preyed on the same presurfebllyut superabundant resources
during the 2012 chick-rearing period, the populatiiche tended to be narrower than if
they preyed on a broad spectrum of items (Beartiad. €004). Therefore, when all
individuals use similar resources, typical from Jloampetition environments
(Svanback & Bolnick 2007), the variances in SIA nieytoo small or hidden from the
effects of selection on resource use required tectieonsistency and, thus, variation

within individuals may be higher than variation argandividuals.

To our knowledge, this is the first study to addresnsistency in the foraging niche
across several years in a seabird population. €sults suggest that birds varied their
individual foraging strategies according to extienfactors, particularly between the
2011 pre-laying period and the 2012 chick-reariegqul. In fact, our data showed a
small breeding participation in 2011, in opposititm 2012, suggesting contrasting
breeding conditions that could be derived by fowdilability. We found no evidence

that condition status of birds was affected amoegry and periods; however, it is
believed that shearwaters present a fixed investmmaintained body condition by

reducing parental investment and consequently reguareeding success (Navarro &
Gonzalez-Solis 2007). Apparently birds preferredaiage farther in the 2011 pre-
laying period because of lack of resources arotedcblony in contrast with the 2012
chick-rearing period, when birds preferred to ferag adjacent areas to colony. Intra-
specific competition should favour niche width empi@an of a single population via

greater between-individual variation (Svanback &riszk 2007, Bolnick et al. 2010).

Our results matched with this hypothesis becauseCibry’'s shearwater niche width

was smaller in the 2012 chick-rearing period whexgpposedly intra-specific
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competition was smaller (corroborated with a higbeerlap in the foraging area)
possibly attributed to high abundance of food reses in contrast with the 2011 pre-
laying period. Interestingly, foraging niche comsmy (i.e. greater variation among
individuals than within individuals) in Cory's sheaters was relatively high and
persistent along all other periods, suggesting tthiattrait may play an important role
among members of a pelagic seabird population dyaiag intra-specific competition
during periods of typical average food resourcedd@ns. In this case, birds may have
a narrow foraging niche (i.e. individuals use asatbof their population’s niche)
helping to reduce intra-specific competition as destrated in other seabird species
such as northern gannét®rus bassanugvotier et al. 2010) and wandering albatrosses

Diomedea exulan&eia et al. 2012).
Conclusions

Our results confirm a strong positive relationshgtween spatial distribution at sea and
trophic niche width of a pelagic seabird populatidinis relationship is particularly
relevant considering variation in spatial distribotat sea among individuals, i.e. low
standard deviations values correspond to a mone @etribution of trophic niches and
vice-versa. Therefore, our results support theh@igariation hypothesis’ (Van Valen
1965) in the foraging ecology point of view. Weaafeund that short-term consistency
in the foraging niche is an intrinsic trait of Cwryshearwaters; apparently, the
advantages of such trait may relate with an attampeduce intra-specific competition
among individuals. However, our results showed tmwatsistency was not verified in
circumstances of very small variation in the spatistributions and small trophic niche
width. Interestingly, consistency was also not fiedliin the opposite extreme patterns.
Thus, consistency in foraging niche (i.e. individymeferences) appears to be an
individual’s trait that should drive the dynamidsGory’s shearwater foraging ecology,
and possibly related pelagic species; it seems douroonly under determined
environmental conditions that we defined as typicald availability conditions, but

further studies must be conducted to validatehimothesis.
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Abstract

This study investigated the extent to which thesfi#ty of a generalist and
opportunistic species allows individuals to shtieit feeding ecology and foraging
behaviour throughout the annual cycle and betweem years of contrasting food
availability during the breeding season. The sptioporal variations in the foraging
niche of an overpopulated and problematic gull sgseat Berlenga Island (Portugal),
the yellow-legged gulLarus michahelliswere assessed using blood (plasma and cells)
and different feathers for stable isotope analy8&%C and§°N) from 52 breeding
adults in two consecutive years (2011 and 2012)addition, Global Positioning
System (GPS) loggers were deployed on 11 indivel@add removed after several
foraging trips, to infer the foraging behaviour the species. Results suggest inter-
annual differences in the feeding ecology and fioigdpehaviour of birds during the
breeding season that were associated with theadié#l of food resources around the
colony. These differences in food availability aygrdly had an impact on the body
condition. Despite the high feeding plasticity asgbortunistic behaviour of yellow-
legged gulls, individual birds exhibited short- dndg-term consistency in the feeding
ecology, with exception of the period between thetev and pre-laying. Therefore, our
results support the hypothesis that individual fieggreferences throughout most of the
annual cycle are an intrinsic characteristic o$ thopulation and potentially of related

opportunistic and generalist species.

Key-words: activity patterns, generalist seabirds, foragingcggdization, habitat use,
GPS tracking, stable isotopes

Introduction

The distribution and size of colonies and the diistion of seabirds at sea is typically
correlated with hydrographic features (e.g. ocedroats and upwelling areas) and
marine productivity, but also with the activity 66hing vessels. However, foraging
strategies of species can differ substantially &ad/ according to factors such as
foraging behaviour, morphology, and bioenergetresulting in the exploitation of

different niches. Among all seabird species, g(larus spp.) are some of the most

plastic, exploiting different habitats/resourcegy(enarine, coastal and terrestrial) and
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combining diet items of different origins (e.g. @ and anthropogenic sources) as
demonstrated by several studies (e.g. Schwemmea&h& 2008; Moreno et al. 2009;

Ramos et al. 2011). The generalist and opportenisthaviour of most gull species

allow individuals to modify relatively easily theforaging strategies (i.e. exploited

habitat/resource, diet and spatial or temporatitigion) according, for instance, to the
reproductive role or to the competition for fooda(Ros et al. 2011, Ramirez et al.
2012). Some research into how inter-annual andose@asvariation of resources

influence foraging and fitness of generalist angasfunistic species, such as gulls and
skuas, have been performed, but particular incielencindividual specialization over

time (individual consistency) is currently scartait(see Watanuki 1992, Votier et al.

2004, Sanz-Aguilar et al. 2009).

To determine the major factors contributing to dapan change, one needs to
understand the variation in foraging patterns witimd among individuals (see Bolnick
et al. 2003 for a review) as well as the foods usedhniques such as data-loggers and
stable isotope analysis (SIA) are very useful ttectespatio-temporal variations in the
ecological niche of target populations likely asatad with changes in the availability
of resources. Opportunistic species may owe thaicess to the fact that diet can
change very quickly according to resource avaitgbdr to their nutrient requirements
(Rutz & Bijlsma 2006; Ramirez et al. 2012), andréfiere may have implications for
the consistency of their diet and exploited hab@atong seasons or contrasting years.

Flexibility in foraging is particularly relevant fopopulations of yellow-legged gull
Larus michahellis which have increased dramatically throughout Beran recent
decades, with several ecological and social impaltss increase has been mainly
attributed to the great ability of gulls to adapt human-altered environments by
opportunistically exploiting both terrestrial (ergfuse dumps) and marine (e.g. fishery
discards) resources (Ramos, Ramirez, et al. 200@aeno et al. 2009). Previous
studies used diet (e.g. Munilla 1997; Ramos eR@09b; Matias & Catry 2010) and
SIA (e.g. Ramos et al. 2009a, 2011; Moreno et@0)92 to infer the feeding ecology of
this species. However, to our knowledge this is firet study to address individual

foraging consistency and to provide tracking datalie yellow-legged gull.

Here, we tested for foraging consistency and ingatad the foraging behaviour of

yellow-legged gull breeding adults from Berlendgae(largest breeding colony of this
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species in Portugal), in two consecutive years 128id 2012) with markedly different
baseline diet and oceanographic conditions. Togethgh conventional dietary
sampling and individual movement data, multiplsuess with different turnover rates
were sampled for SIA to test for spatio-temporatiateon of resource exploitation
along seasons and between years. By determiningsthapic compositiond¢*C and
8'°N) of blood, separated into plasma and cells, @athers formerly grown during the
summer and wintering seasons, we characterizednfigegtology during different
periods of the annual cycle of the yellow-legged ¢(Quillfeldt et al. 2010, Ramos et
al. 2011). We evaluated short- (during breedingll dong-term (along seasons)
consistency in the feeding ecology (trophic leved dabitat/resource use) of yellow-
legged gull individuals (Bearhop et al. 2006, Vot al. 2010, Ceia et al. 2012). We
expected low consistency in their feeding ecolayyce they are very plastic and able
to rapidly switch diet and habitat/resource usec8ally, we predict that seasonal and
inter-annual variation in resources drive (1) theaging niche and feeding ecology of
population, (2) short- and long-term consistencyhi feeding ecology of individuals,
(3) foraging behaviour and effort, and (4) conditistatus of birds. Our goal was to
investigate the extent to which the extreme plagtiof yellow-legged gulls allows
individuals to react to seasonal and, eventuafiigriannual variations during breeding
and non-breeding periods.

Materials and methods
Study area and study species

Fieldwork was carried out during the incubationigerof yellow-legged gulls during
2011 and 2012 at Berlenga Island, Portugal (39°2008°30°'W). A large population
of about 8500 pairs of yellow-legged gull is estietato breed in Berlenga Island, a
small neritic island of ca. 78.8 ha about 11 km th# western Portugal coast. This
island is situated within a large continental sladlaracterized by shallow waters and
high marine productivity due to coastal upwellifgo(sa et al. 2008). We selected
Chlorophyll a concentration (Ché, mg m®) and Sea Surface Temperature (SST, °C)
variables to characterize marine environment usgdyddlow-legged gulls between
years. Both environmental predictors were downlddade a spatial resolution of 0.04°
(approx. 4 km) of Aqua-MODIS mapped products from
http://coastwatch.pfeg.noaa.gov/coastwatch/CWBrows€180.jsp. Mean composites
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of remote sensing data up to 100 km around thengoliopom January to June in 2011
and 2012 (spatial and temporal scale that have fmerd to relevant to characterize
marine habitats based on the longest trip recoashedthe temporal dynamism of these
variables), were used to detect differences betweams in the marine environment
used by the individuals during pre-laying and iratidn periods. Chla was logg
transformed to better fit a normal distribution.tB@ariables were compared by month
between years using a t-test followed by a Bonfercorrection.

Sample collection

In May-June, 52 breeding adults (26 each year) thitee egg clutches were caught on
the nest and sampled. Blood samples (0.5-1 ml thentarsal vein) were collected from
each bird using 27G needles and, within 2-3 h, reépéa into plasma and red blood cells
(RBC) using a centrifuge (15 min at 3000 rpm). Hatrarit was recorded and samples
were stored frozen until preparation for SIA. Tlaengling scheme involved collecting
4-5 randomly selected breast feathers and the dipthe F' primary (P1) and 8
secondary (S8), which were stored in sealed plésigs for later SIA. Additionally, a
GPS logger was deployed on 11 birds (four in 20dd seven in 2012) and removed
after 3 to 25 foraging trips at sea (details of diegices below). Stomach contents were
collected from 19 sampled individuals (five in 20a4hd 14 in 2012) by water-
offloading, following Wilson (1984). Captured birdere weighed and wing length was
measured. Deployment or retrieval of devices adi@éaimon of samples took 10-15 min.

per bird.
Diet sampling and stable isotope analysis

All regurgitates came from breeding individuals.ckEacomponent (fish, crustaceans,
refuse and terrestrial invertebrates) was sortetliadividual prey items identified to
species-level whenever possible. The prey spedestified in regurgitates collected
from gulls were the fish species Atlantic horse keael Trachurus trachurusand blue
whiting Micromesistius poutasspand the pelagic crab species Henslow’s swimming
crab Polybius henslowiiRefuse was represented to a large extent by (ckatken,
beef scraps and organs from unknown species). \8fe faund occasional terrestrial
prey (terrestrial invertebrates) namely insectegb&nd ants), spiders and snails. Fresh

crustaceansR. henslowij, fish (T. trachurus with otoliths attached; we were not able
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to collect freshM. poutasso)y refuse and terrestrial invertebrates were sténezen for
SIA.

Different tissues have different turnover rates dhdrefore can reflect temporal
changes in trophic position and habitat/resouree (us., a change in isotopic niche;
reviewed in Newsome et al. 2007). Carbon stabl®ovalue §°C) mainly reflects
the habitat/resource use of consumers, while reétrostable isotope valué'tN) is
mainly used to define trophic position of consumépecifically, we analysed™C
(%0) andd™®N (%o) in plasma, RBC, S8, P1 and breast feathers fach breeding adult
sampled. Plasma and RBC retain information on fdogh a few days prior to sample
collection, up to the previous 3-4 weeks, as repredive tissues of incubation and pre-
laying period, respectively (Hobson & Clark 1993tMr et al. 2010). On the other
hand, analyses on specific feathers provide uniggetopic information of a
spatiotemporal period, unrelated with the samptiagod (Quillfeldt et al. 2010, Ramos
et al. 2011). We collected P1 and S8 to represenpteceding summer and wintering
seasons, respectively (Ramos et al. 2011). We asbtimat breast feathers represented
the overall diet during the non-breeding seasocalige body feathers moult throughout
the non-breeding season (Arcos et al. 2002). Iritiadd we analysed'*C (%.) and
8'°N (%) of fresh prey items obtained from stomachtents to create a basis for the
interpretation of the isotopic signatures of tissaed further construction of mixing

models.

Samples (plasma, RBC and prey items) were freaee-énd homogenized prior to
SIA. Because high lipid concentrations in plasmd ianflesh from prey items can lead
to depleted5C values, lipids were removed using successiveesing a 2:1

chloroform-methanol solution (Cherel et al. 2008)ior to SIA, feathers were cleaned
of surface contaminants using successive rinses2ri chloroform-methanol solution,
dried at 60°C for 24 h and then homogenized. Feci§pations how nitrogen and

carbon isotope ratios were determined see Chapter 2
GPS tracking

During the two years study, 11 breeding adults viited with a GPS logger (CatTraq
GT-120, Perthold Engineering LLC). The plastic case removed and replaced by a 7
cm long thermo-retractile rubber sleeve reducimgttital weight to 17 g. The total mass

of the device was below 3% of adult mass (1.6-2,3%)ecommended by Phillips et
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al. (2003). The GPS loggers were attached to femihethe mantle region with Té%a

tape and set to record position (median error &0r) every 2 min, to have a detailed
report of the behaviour of gulls. We tracked bimtinuously from 2 to 8 days
(median = 5 days), the data from which were usedld@termine seven foraging

behaviour and effort parameters (see data andigtisv).
Bird condition status

We used the standard residuals of the relationséiyween body mass and wing length
(F150= 104.1,P < 0.001,r = 0.822) to estimate the body mass index (BMlalf
sampled birds, an index primarily reflecting bogd reserves (Sanchez-Guzman et al.
2004). We used the haematocrit value that in catijon with other physiological
indicators, such as BMI, can be a useful indicafathe current health condition status

or energy expenditure of individuals (see Faile2@07 for a review).
Data analysis

To estimate contributions for each dietary soucehie diet of each individual, we
adopted a Bayesian multi-source stable isotopenmimiodel (stable isotope analyses in
R: SIAR; Parnell et al. 2010) under R 2.15.2 (R &epment Core Team 2011). All
possible combinations of each source contributi@mewexamined using both isotope
values §'°C ands™®N) from plasma (corresponded to the incubationguenivhen birds
were tracked) for each bird, and the mean and atdndeviation of each of the four
food sources collected from regurgitateéB. trachurus P. henslowii refuse and
terrestrial invertebrates). Isotopic dataloftrachuruswere pooled, since no differences
were found between 2011 and 2052°C: F13= 2.5,P = 0.21;5"N: F13= 0.8,P =
0.43). ForP. henslowiiwe used the values from samples collected in 26&@ause no
crustaceans were found in the diet of gulls in 2(EE results). Finally, we combined
all items composed by refuse in a single categod the terrestrial invertebrates in a
distinct food source. There are no diet-blood fomation factors available for yellow-
legged gulls; hence, we used the average valudsadiionation between prey and
whole blood of four seabird species, from contobliexperiments, available in the
literature: 0.30 and 2.85%. enrichment for carbod aitrogen, respectively (Hobson &
Clark 1992, Bearhop et al. 2002, Cherel, HobsonHé&ssani 2005). A standard
deviation of = 1.0% was adopted, considering paatrdifferences in fractionation

factors among species. SIA results were compartelea years using an ANOVA or a
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Mann-Whitney U Test. To test the homogeneity ofiarszes in botts**C and§™N,
which provides a measure of niche width (see Beagial. 2004 for more details), we
used a Levene’s Test. However, to analyse stabteps data in the context of isotopic
niche width between years and among seasons amdgewe adopted the recent
metrics based in a Bayesian framework (Stable pgo&ayesian Ellipses in R: SIBER;
Jackson et al. 2011), which allows for robust st&tl comparisons. The area of the
standard ellipse (SEAc, an ellipse that has 95%antity of containing a subsequently
sampled datum) was adopted to compare between gedrtheir overlap in relation to
the total niche width (both years combined), anBagesian estimate of the standard
ellipse and its area (SBAto test whether group 1 is smaller than groupe g, the
proportion of ellipses in 2011 that were lower tH012; see Jackson et al. 2011 for
more details). We used the computational code loulzde the metrics from SIBER
using functions (Standard.ellipsg “convexhull and “siber.ellipse® implemented in
the package SIAR (Parnell et al. 2010) under R.2.15

To obtain an estimate of short-term consistencyw@en pre-laying and incubation
periods) in carbon source and trophic level, weasged stable isotope ratios in plasma
on those in RBC. For long-term consistency, weasggd stable isotope ratios in RBC
on those in S8 (between wintering season and pregaeriod), RBC in P1 (between
summer season and pre-laying period) and S8 inbBtivéen summer and wintering
seasons). Sind8C has a trophic component, we used the residudtseatelationships
with 8"°N in the same tissue categorised by year (20112848: plasma, RBC, S8 and
P1; P all < 0.05) to determine the degree of repeatghiii 5°C, independently of
trophic effects (Bearhop et al. 2006, Votier et24110, Ceia et al. 2012). The analyses
of short-term consistency were performed usingrpéaand RBC, which could lead to a
temporal overlap in the synthesis of these tisagemtegration of prey isotopes into
body tissues is a continuous, dynamic process. @nother hand, overlap between
samples in the analyses of longer-term (i.e. wéhttiers) will be negligible as the
selected feathers for this analysis were synthésizalifferent seasons. Two outliers
that had a significant influence on the resultsrésiduals*®C in S8 and P1 in 2011 (-
1.7 and -2.6, respectively) were excluded fromehasalyses. Based on these results we
were able to compare the consistency in foragioticgof yellow-legged gulls between

years and among seasons and periods.
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The nonparametric fixed kernel density (FKD) estonavas used to calculate the 25,
50, 75 and 95% density contour areas of each tsipgufunctions (kernelUD),
“getvolumeUD, “getverticesht and “kernel.ared) of the adehabitatpackage i{f =
0.05, grid = 500; Calenge 2006) under R 2.15.2. GPS datagainthe colony were
excluded from analyses and we defined foragingstfipm the time when the birds
departed from the colony until their return. Theeda&p with land in the estimated
foraging range was calculated based on the FKD.

Our measurements of foraging behaviour and effomprised: (1) geographic position
at maximum distance from the colony (latitude amrpitude); (2) trip duration (days);
(3) maximum distance from colony (km); (4) trip ¢g¢h (km); (5) area covered (95%
FKD; km?); (6) number of trips per day; and (7) proportiof trips where birds
exclusively foraged at sea. Variables (1) to (5)rewealculated for each trip and
compared between years creating variance comporient&dNOVA designs with
random effects (mixed-ANOVA). The year was includesl a fixed factor and bird
identity as a random effect to control for pseugbecation, because more than one
foraging trip per individual was recorded. Variablg) and (7) were calculated per
individual and compared between years with a Maritiéy U Test. All data were
tested for normality and homoscedasticity; trip adion was log, transformed,
maximum distance, trip length and area covered vgeueare root transformed and

proportions were arcsine transformed.
Results
Diet and stable isotope analysis

In 2011 and 2012 combined, we obtained four foodrees collected in regurgitates
from gulls: fish, crustaceans, refuse and term@stimvertebrates. The crustaceans
(represented b¥. henslowil were not found in regurgitates of yellow-leggadigyin
2011, but occurred in 58.3% of the gulls sampledt tbontained food in 2012.
Moreover, in 2011 we did not observe henslowiiin gull pellets present in the colony,
nor during several boat trips around the islandygssting thaf. henslowiiwas not
available during the incubation period of 2011cdémtrast, during 2012 this species was
extremely common in the pellets and in the searatahe colony during the same
period. This pattern matched with monthly differemin the patterns in Chland SST,
between 2011 and 2012, up to 100 km around thengdletest, Bonferroni correction:
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all P < 0.01; Fig. 17). The significantly lower value®©hla in May 2011 and its abrupt
decline in 2011 contrasted to 2012 (Fig. 17b) wihe®. henslowiwere abundant.
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Figure 17. Mean mensal composites of (a) Sea Surface Temper@@ST) and (b) lag
Chlorophyll a concentration (Ché) up to 100 km around the Berlenga Island, from
January to June in 2011 and 2012.

ThesC ands™®N values of the four food sources differed sigmifitty (Kruskal-Wallis
Test; 85°C: H3 15 = 9.6,P = 0.022:5"N: Hs 15 =13.0,P = 0.005) in at least one of the
isotopes, with exception d?. henslowiiand refuse (Table 10). However, differences
were found in the homogeneity of their varianceboth3'*C and3*>N (Levene's Test;
8%C: F17 = 6.1,P = 0.042;8"°N: F,; = 52.4,P < 0.001); the high variances in refuse

indicated the wide isotopic spectrum of items inges

Table 10. Stable isotopic signature of carbon and nitrogeeam SD) of the four food
sources recorded in regurgitates collected frorfoyelegged gulls Iiarus michahellis
breeding in Berlenga Island during the incubatieniqu. Terrestrial invertebrates were
included insects, spiders and snails.

Prey source n o 85C (%) 8N (%)
T. trachurus 5 -186+06 11.9%+0.6
P. henslowii 4 -17.8+06 6.2+x0.2
Refuse 5 -171+11 6.9%+4.3

Terrestrial invertebrates 4-23.7+40 152+3.2

SIAR mixing model outputs revealed significant edifnces between 2011 and 2012 in
the relative proportion of food sources ingestégh = 4.6,P = 0.007), particularly in
the consumption dP. henslowii(F; 50 = 8.0,P = 0.007), which was the most consumed

item in 2012 (Fig. 18)T. trachuruswas ingested in similar proportions in both years
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(33.9% in 2011 and 34.4% in 2012), but there wsisang difference in the ingestion of
P. henslowii(28.5 and 39.9%), refuse (19.2 and 12.3%) ancks@ial invertebrates
(18.4 and 13.4%). These differences are based aonaervative estimation, i.e.
consideringP. henslowii similarly available during both years. Assumingatti®.
henslowiiwas not consumed by birds during the incubatiatogeof 2011 (as our data
indicates), the estimated percentage$.dfachurus refuse and terrestrial invertebrates
for 2011 were 45.1, 38.2 and 16.7%, respectively.

2011 2012
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Figure 18. Range of possible proportions of the four maindf@ources in the diet of
yellow-legged gqulls l{arus michahellis breeding in Berlenga Island during the
incubation period (based on C and N isotopic signest of plasma) in 2011 and 2012.
Terrestrial invertebrates were composed of insegglers and snails. Decreasing bar
widths represent 50, 75 and 95% Bayesian credibititervals computed by Stable
Isotope Analysis in R (SIAR; Parnell et al. 2010).

Inter-annual consistency in feeding ecology atgbpulation level

The §°C and&™N of yellow-legged gulls’ plasma, which provides smlication of
recent meals (i.e. during the incubation period)l, mot differ significantly between
2011 and 2012 (Mann-Whitney U Test®C: Z = -0.4,P = 0.65;8"°N: Z = 1.6,P =
0.11). However, gulls exhibited substantial intervaal differences in the homogeneity
of variances in botl**C andd'N (Levene's Testy**C: F150 = 5.0,P = 0.030;5"N:
Fi150 = 7.8,P = 0.007), which provides a measure of niche wigie Bearhop et al.
2004). In fact, SIBER analysis revealed that yellegged gulls occupied an isotopic
niche area two times higher in 2011 than in 20I2A& p = 0.014; Fig. 19a; Table 11),

with a 28.6% overlap in niche width between the fwars.
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Significant differences were found for RBC (i.epmesenting the pre-laying period)
between years i8N (F150= 14.6,P < 0.001), but not i6**C (F1s0= 1.0,P = 0.33): in
2011 birds showed enrichment §°N, suggesting inter-annual differences in the
consumption of food sources from different tropkevels. These differences were
revealed in the occupancy of the isotopic nicheaire which the inter-annual overlap
was only 1.3% during the pre-laying period, althoun differences were found in the
area (SEA; p = 0.093; Fig. 19b; Table 11).

No differences were found for S8 (i.e. winter die€tween years in bot°C (F1s0=
0.2, P = 0.63) ands™N (F1s0 = 3.1,P = 0.08). The isotopic niche area was similar
between years (SEAp = 0.547; Fig. 19c; Table 11), with an overlap df3%. These
results suggest inter-annual consistency in thdigeecology of this population during

winter.

On the other hand, there were significant diffeesnfor P1 (i.e. summer diet) between
years ind*C (F1s0 = 9.1,P = 0.004), but not is**N (F150 = 0.1,P = 0.81); birds
showed depleted™*C values in the summer season of 2010, suggesiteg-annual
differences (between 2010 and 2011) in habitatineso use. In fact, the summer
isotopic niche overlap between these two yearsoms 16.7%, although the area was
similar (SEAs; p = 0.746; Fig. 19d; Table 11).

Table 11. Stable isotope ratios of carbosiiC) and nitrogen 8°N) in plasma, red
blood cells (RBC), 8 secondary (S8),%1primary (P1) and breast feathers of yellow-
legged gullsl(arus michahellis breeding in Berlenga Island in 20Ii< 26) and 2012
(n = 26). The area of the standard ellipse (SEAc)tardayman metric of convex hull
area (TA) are also shown (see Jackson et al. 201thére details on these metrics of
isotopic niche width). Values are means + SD.

83C (%o) 8N (%o) SEAC TA
Tissue type 2011 2012 2011 2012 2011 2012 2011 2012
Plasma -189+08 -187+05 129+15 122#1.3.03 151 8.09  4.60
RBC -19.3+0.7 -19.2+06 127+1.4 11.4+11 .18 139 7.28  4.69

8" secondary -172+05 -17.1+0.7 13.2+x16 1107 2.43 241 8.06 10.75
1°' primary -17.7+09 -17.0+x08 140x11 13928 259 2.99 825 1191

Breast feathers -17.4+x04 -17.2+06 13.0%£1.23.3+x1.0 152 1.45 4.51 4.44
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No differences were found between year8*iC (Mann-Whitney U TestZ = -1.8,P =
0.08) andd™N (F1s0 = 1.1,P = 0.29) of yellow-legged gulls’ breast featherd)iah
provides an average picture of the diet along thebreeding season. SIBER indicated
that the isotopic niche area was similar betweems/éSEA; p = 0.461; Fig. 19¢e; Table
11). Moreover, the overlap between the two yeafsl@2011 and 2011/2012) was
47.8%, which suggests inter-annual consistency he teeding ecology of this
population during the non-breeding season.

Short- and long-term consistency in feeding ecoladkin a year

Similar patterns in short- and long-term consisyent feeding ecology of yellow-
legged gulls were detected in both years. Stroggifesant positive relationships were
found in 3*°N and in residual>C (hereafters*3C) between RBC and plasma of
individual breeding adults in both years (Fig. 20akhese results suggest short-term
foraging consistency (along the pre-laying and bation periods) within individuals in
relation to both the use of the same habitat/resoand trophic level. In relation to
longer-term consistency, significant relationshipsre found between P1 and RBC in
8'°N in both years (Fig. 20c), but not &°C, which suggests consistency in trophic
level between the summer season and the pre-lgyergpd. On the other hand,
significant relationships were found between P1 88dns"C in both years (Fig. 20d),
but not ind™N, which suggests consistency in habitat/resouseebetween the summer
and the wintering seasons. Interestingly, no sicgmit relationships were found in
either™N or 8'*C between S8 and RBC, for any of the two yearschhieans greater
variation within individuals than among individualdence, birds apparently became
less consistent between the winter season and nidaying period, where they

probably begin to exploit different food sources &abitats.
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Figure 19. Stable isotope ratioS'fC and5'®N) in (a) plasma, (b) red blood cells

(RBC), (c) 8" secondary (S8),

(d)*primary (P1) and (e) breast feathers of yellow-

legged gulls I(arus michahellis breeding in Berlenga Island in 2011 (black) afd2
(red). The area of the standard ellipses (SEAc, 8&8dible interval) were represented
by the solid bold lines (ellipses) and the laymaetrio of convex hull area (TA) by
black dotted lines (see Jackson et al. 2011 forerdetails on these metrics of isotopic
niche width). (i = 26 in each year).
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Figure 20. Relationships between (&)°N values in red blood cells (RBC) and plasma,
(b) residuald™>C values in RBC and plasma, @pN values in i primary (P1) and
RBC and (d) residuai*>C values in P1 and"8secondary (S8) of yellow-legged gulls
(Larus michahellisbreeding in Berlenga Island in 2011 (blue) anti2(red).

Habitat selection and foraging behaviour

We obtained 103 foraging trips from 11 individug8011: 25 trips from four
individuals; 2012: 78 trips from seven individual$) both years, birds showed a
unimodal distribution in trip duration; althoughettmode class (< 0.2 days for both
years) was much higher in 2012 (86%) than in 2048%). However, in terms of
maximum distance from the colony (= 98 km), birdswsed a dual foraging strategy in
both years with modal classes of 0-10 (83%) and@®m (9%) in 2012 and 0-10
(36%) and 60-70 km (12%) in 2011, which means foedging effort was higher in
2011.

The spatial patterns of foraging habitat selectidgfered markedly between 2011 and
2012. In 2012 birds preferred to forage at sea gdwem 2011 they preferred to forage
inland. In fact, the maximum longitude during triwas significantly different between
years, but not latitude (see Table 12), denotitgriannual spatial segregation based on

the type of habitat explored (marine vs. terreBtrialthough birds used terrestrial and
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coastal habitats to forage in both years, suchefsseé dumps (e.g. Leiria, Vilar,
Azambuja and Rio Maior) and fisheries leftoverg(d2eniche harbour and Costa da
Caparica seashore), they did it more frequentB0hl than in 2012; 25% FKD showed
that the overlap with terrestrial habitat was 35.8%2011 and only 0.8% in 2012 (i.e.
the overlap with Berlenga Island), which correspahdo the two feeding areas
identified based on 25% FKD: (1) the area adjaterhe city of Peniche in 2011 (14
km from the colony; Fig. 21a), and (2) the marineaaadjacent to the colony in 2012
(Fig. 21b).

Figure 21. Foraging distributions of yellow-legged gullsafus michahellis breeding
in Berlenga Island during the incubation perioday 2011 and (b) 2012. Decreasing
kernel polygon shades represent 25, 50, 75 andfé&f#ging home ranges.

Differences in the foraging behaviour and forageftprt of birds between 2011 and
2012 (Table 12) were even more obvious than difflees in the spatial patterns.
Specifically, the foraging trips were shorter (splgt and temporally), and the area
covered by birds during foraging trips was sigrifidy smaller in 2012 than in 2011.
Differences were also found in the mean numberips tper day and in trips where
individuals forage exclusively at sea; both wemgngicantly greater in 2012 than in
2011.
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Table 12. Comparison of foraging trip parameters performgdyéllow-legged gulls
(Larus michahellis breeding in Berlenga Island during the incubaf@miod in 2011
(25 foraging trips from four birds) and 2012 (7&dging trips from seven birds).
Values are means = SD per individual, but stagsttomparison was performed per trip
(with year as a fixed effect and bird identity asaadom effect), with the exception of
trips per day and trips to the sea, in which vajesindividual were compared between
years with a Mann-Whitney U-test. Significant reéswalre in bold.

2011 2012 Statistical comparison
Maximum latitude 39.35+0.13 39.38+0.03 F;9=0.2,P=0.704
Maximum longitude -9.33+0.06 -947+0.11 F,;4=88,P=0.016

Trip duration (days) 0.29 £0.06 0.15+0.11 F;9=6.7,P=0.030
Maximum distance (km) 22.1 +7.2 11.7+94 F,;9=84,P=0.019

Trip length (km) 67.5+17.9 37.0+£319 F;9=6.9 P=0.029
95% FKD area (kf) 751 +119 337 +314 F;9=9.6,P=0.013
Trips per day 1.1+£0.2 26+23 Z=-23,P=0.023

Trips to the sea (%) 22.9+20.8 75.2+35.7 Z=-20,P=0.047

Bird condition status

BMI and haematocrit values of yellow-legged guli§eded significantly between 2011
and 2012: individuals presented greater BMI andelolhaematocrit (lower proportion
of RBC) in 2012 than in 2011 (Table 13). Positiigngicant relationships were found
between the consumption &. henslowiiestimated with the SIAR model and BMI
(F150=5.2,P=0.027r = 0.307), and between trip duration and haemat(fesp = 7.5,

P = 0.023,r = 0.675). These relationships suggest a higher BMirds that consume
moreP. henslowiiand lower haematocrit values in birds that pertadrshorter trips.

Table 13. Comparison of body mass index (BMI) and haematasriyellow-legged
gulls (Larus michahelliy breeding in Berlenga Island during the incubatp@miod in
2011 and 2012. Values are means + SD (sample size).

2011 2012 Statistical comparison

BMI -0.45 +0.82 (26) 0.45 +0.96 (26) F1q = 13.1, P < 0.001
Haematocrit (%)  0.46 +0.05 (26) 0.42 +0.05 (26) F1s = 10.3, P = 0.002
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Discussion

We used yellow-legged gull as a model of a gerstralid opportunistic species to infer
the consistency in feeding ecology at the poputatiad individual levels in a small
North Atlantic neritic island. Contrary to our exgations, our results show a high level
of short- and long-term consistency in the feedaglogy of yellow-legged gulls at
both the individual and population levels, in pautar between some stages of their
annual cycle (see below). The foraging behaviotfgrieand niche width of yellow-
legged gulls differed markedly between 2011 and22@iatching the strong variation in
oceanographic conditions and in the availabilityled main prey specieB, henslowij
between years. Such differences between years bathajor consequences for the
overall patterns of short- and long-term consisgemt the feeding ecology of
individuals, but had a significant influence ondooondition status.

It is well documented that the pelagiabP. henslowiiis an important component of
the diet of the yellow-legged gull (Moreno et aD08), which, despite its spatial and
temporal unpredictability (Munilla 1997), may bestimost important marine prey in
Iberian Atlantic waters during the breeding seasfigna et al. (2008) suggested that
the spatial structure ¢f. henslowiipopulations during the adult pelagic phase in @bas
and surface waters in Galicia (Spain), as it gatleshoals at high densities, is related
with their feeding behaviour and oceanographic atteristics; the density oP.
henslowiiwas positively correlated with Chaland should be influenced by outwelling,
upwelling and downwelling regimes. Our results ssgjgthatP. henslowiiwas not
commonly available during the 2011 incubation peérad the yellow-legged gulls at
Berlenga, in contrast with 2012, most probably doethe different oceanographic
conditions recorded between both years (partiqul@tl a, which was significantly
lower in May 2011, i.e. during the incubation peéjioEven when considering thBt
henslowiiwas equally available in both years during theubation period, the SIAR
mixing model revealed a higher significant consuorpin 2012. Becausk. henslowii
and refuse lacked differences in baiffC and N, SIAR could not precisely
differentiate their relative proportions. We weret rable to perform sulphur stable
isotope analyses, as its inclusion in SIAR coulgnowe this analysis by giving more
discriminating power to differentiate refuse aRd henslowii (Moreno et al. 2009,

Ramos et al. 2011). However, due to its distinggiorand importance to the yellow-

Chapter 4 | 109



legged gqulls’ diet, both food sources were congdeindependently as their

homogeneity of variances differed significantlybioth isotope ratios.

Yellow-legged gulls showed inter-annual differengethe feeding ecology during both
the incubation and pre-laying periods. A significaigher isotopic niche area in 2011
than 2012 (twice higher) during the incubation perand inter-annual differences in the
homogeneity of variances in bo#°C and&™N in plasma were detected. The broad
spectrum of trophic levels in refuse and the smaafiances in5**C and&'N of P.
henslowiiappeared to be the basis of the differences fooechuse populations where
individuals mostly consume prey over a narrow sp@ctof trophic levels will tend to
show less isotopic variance than those which feea droad spectrum of items from
different trophic levels (Bearhop et al. 2004). NVR. henslowiilargely available in
2012, birds concentrated their foraging effort auhe colony, consuming easily
obtained crabs, in contrast with 2011 where birdsfgored to forage farther inland,
consuming more refuse, as SIAR and tracking dat@lsorated. During the pre-laying
period, inter-annual differences were found in dloeupancy of the isotopic niche area,
mainly driven by greater significari®°N values in 2011. We have no data to
corroborate the availability oP. henslowiiduring this period. However, the trace
availability of P. henslowiiin 2011 during the pre-laying and chick-rearingiqas (i.e.
during the breeding season) in contrast to 2012rea@rted by another on-going study
based on pellets and chick regurgitates in Berldgigad (Hany Alonso, pers. comm.)
and by local fishermen (Rui Filipe, pers. commheTnavailability of a very accessible
resource such aB. henslowiiapparently motivated the birds to consume iterosmfr
higher trophic levels, in order to satisfy energeti nutritional demands (Schwemmer
& Garthe 2008). On the other hand, no differencesviound in the feeding ecology of
yellow-legged gulls during the non-breeding seadmiween years. Inter-annual
differences in habitat/resource use, but not irphio level, were detected at the
population level during the summer season (i.eP1in Ramos et al. 2011). However,
these differences vanished throughout the non-brgesgtason, and in the winter season
yellow-legged gulls exhibited a similar foragingciné between years. Since birds are
confined to a limited foraging area around the pglauring the breeding season,
foraging opportunities should be more limited dgrthe breeding than during the non-
breeding season (Ramos et al. 2011). Thus, therélif€es in prey availability during
the breeding season between years, particulatheironsumption d?. henslowii may
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be the cause of such inter-annual differencesandgbtopic niche of yellow-legged gulls

during the pre-laying and incubation periods.

Correlations in stable isotope ratios between ihffe tissues can highlight particular
details of seabird ecology, such as the degreerafjing specialization (Bearhop et al.
2006, Votier et al. 2010, Ceia et al. 2012). Thiboyelegged gull is widely considered
to be a generalist top predator species in itsews@ ecosystem, but our results
document short- and long-term consistency in fegeéicology within individuals along
seasons in two consecutive years at Berlenga. érantire, a similar pattern in the
consistency levels was found although both yearsvetd markedly different patterns in
prey availability and oceanographic conditions dgiihe breeding season. Specifically,
we detected (1) a high level of short-term conaisgewithin individuals in the feeding
ecology (i.e. in habitat/resource use and in tropdwvel) between the pre-laying and the
incubation periods; (2) long-term consistency iaptric level between the summer
season and the pre-laying period; and (3) long-tesnsistency in habitat/resource use
between the summer and the wintering seasons. Tre=sdts suggest individual
preferences in both habitat/resource use and phitcdevel of this highly opportunistic
and generalist species at specific stages of itaarcycle. Therefore, this characteristic
may be widespread in this population and relatettisg and could be driven mostly by
traits affecting the individual (e.g. individualespalization, intra-specific competition)
rather than by traits affecting the whole populat(e.g. environmental conditions), as
demonstrated in other species such as penguinsCbeagel et al. 2007), albatrosses
(e.g. Ceia et al. 2012), guillemots (e.g. Woo et28l08), gannets (e.g. Votier et al.
2010) and skuas (e.g. Anderson et al. 2009). Horyegeeater variation within
individuals than among individuals from the winggason to the pre-laying period, as
no relationships were found between S8 and RBCafyr of the two years, strongly
suggests that the general feeding pattern changadwhe population. These results
are in accordance with Ramos et al. (2011) whighomed a change in dietary
preferences between breeding and non-breeding resea@so the same species in the
Mediterranean. However, our study suggests thahgtchanges in feeding ecology of

the whole breeding population occur from the wirsiesison to the pre-laying period.

Although the sample size of tracked birds was iredt low in both years, our results
suggested substantial inter-annual variation iagorg behaviour and effort of yellow-

legged gulls during the incubation period in Begansland. There were differences in
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both spatial and temporal patterns of the trips @nds frequency. Apparently, this
variability was strongly related to the availalyliof P. henslowii which differed
markedly between the two years. The unavailabititythis food resource in 2011
induced birds to make longer trips to find foodrtigallarly to the city of Peniche and its
harbour, most probably to scavenge on fishery Vefte and refuse waste as our SIAR
model indicates. On the other hand, in 2012 birdslensmaller and more frequent at-
sea trips around the colony due to the high dessitf P. henslowii Therefore, our
results suggest that foraging behaviour of thisooppmistic species is influenced to a
large extent by prey conditions (namely availapitif P. henslowii around the colony.
Similarly, Schwemmer et al. (2013) found that fonggbehaviour of lesser black-
backed gullsLarus fuscuswas influenced by the availability of swimming losa
Liocarcinusspp. near from their colony in the North Sea; tes, inter-annual variation
in foraging tactics determined by prey availabivtxas demonstrated by Garthe et al.

(2011) for a more specialized species, the northarmetMorus bassanus

Although an increase of food availability enhanbe=eding performance whereas adult
survival is not normally affected (Pons & Migot B)90ro et al. 1999), our results
suggest that a change in food supply and foragat@biour, but not in individual food
preferences, of yellow-legged gulls influenced tbedition status and energy demand
of birds. The greater BMI in 2012 than in 2011 asdoositive significant relationship
with the consumption dP. henslowiiestimated by the SIAR model, clearly suggest an
increase of body condition when this resource veasoonly available, highlighting its
importance in the diet of the yellow legged gulluiMia 1997; this study). Although
changes in haematocrit could be caused by a nuofbéifferent natural factors (see
Fair et al. 2007 for a review), the significant Ewhaematocrit value (together with
greater BMI) in 2012 than in 2011, and its positretationship with trip duration,
suggest differences in physiological performanceiads related to foraging effort and
energy expenditure. Similarly, other studies hapmorted greater haematocrit values in
birds when the work load was experimentally incegasluring reproduction as a
response to raised oxygen demands due to expeahyemduced effort (Horak et al.
1998, Fargallo et al. 2001).
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Conclusions

As expected, our study confirms that opportuniatid generalist behaviour of yellow-
legged gulls permits individuals to react to seasand inter-annual variations in
resources, during the breeding and non-breedingossa by exploiting different

foraging niches. Inter-annual changes in prey abdity around the colony during the
breeding season influenced variation in niche widtld foraging behaviour on the
population of yellow-legged gulls. This variabilityas strongly related with the prey
crabP. henslowiithat, when present around the colony, appearsttasaa key-species
for yellow-legged gulls by improving their conditiostatus and reducing foraging
effort. Results suggest that birds changed gragltiadlir feeding behaviour throughout
the year according to extrinsic factors, such a&sr#sources available, and intrinsic
factors, such as individual preferences and enexgyirements. However, they showed
an abrupt change in the feeding ecology at the latipn level between winter and the
pre-laying period, suggesting this last period laes inost susceptible in their annual
cycle. Yellow-legged gulls showed high short-teramgistency in the feeding ecology
during the breeding season and long-term consigteimc trophic level and

habitat/resource use along seasons. Similar pattefnndividual consistency were
found in both years, thus highlighting individualetling preferences in the ecological

role of this opportunistic species.
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General Discussion

“The saddest aspect of life right now is that sceemgathers knowledge faster than

society gathers wisdom.”

Isaac Asimov






The present study focused on understanding theoggobf top predators at the
individual level, an area in which the knowledgesgarce for the general diversity of
taxa and particularly for seabirds. Existing stedieggest that individual specialization
is a widespread phenomenon across a diverse s@tathat poses many important but
unanswered questions, and the ecological implicatiof such trait are not well
understood (see Bolnick et al. 2003 for a review)this context, seabirds are good
model species to test hypotheses concerning traptecactions and niche variation.
Here, | used three seabird species with differbatacteristics, exploiting four different
marine habitats, to document the existence of iddal variation in resource use
throughout time, and demonstrate the role of imtligi specialization in such variation.
In this study, specialization is not limited to i@tdconsisting of a single prey item, but
the observed specialization results from a consigtexture of resource use over time,
i.e. prey consumption and habitat use. This waditstestudy to estimate the proportion
of individuals that are consistent in their foragimiche within a population of
wandering albatross (chapter 1), evidencing thigt ¢haracteristic may be widespread
in other seabird species. In fact, it was shown ihdividual foraging consistency is
also an important characteristic of Cory’s sheagwat pelagic seabird species breeding
in a neritic temperate region (chapter 3), andprssingly, also in a generalist and
opportunistic species, the yellow-legged gull (dbka@). This study also demonstrates
that a wide-ranging species, the Cory’s shearwateeding in very close sub-colonies
in an oceanic temperate region exhibited colonyifipe foraging areas and,
consequently, a high spatial foraging segregatietwéen individuals of the two sub-
colonies during short foraging trips around theoogl (chapter 2). Overall, this study
demonstrates that inter-individual variation ina@ge use occurs within all the studied
populations and species, which is necessary farralaselection and hence adaptation.
By extension, individual specialization may play mmportant role in the foraging
dynamic of the populations by reducing intra-speci€ompetition, but further
investigation is required in order to understandwvhecological implications at
individual level may relate to improvements in gabetraits such as reproductive
success, body condition or foraging effort. Suclplioations could vary according to
the species and spatio-temporal variation of thaufadions and respective incidence of

individual specialization.
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This study provides an overall picture of thredetént seabird species exploiting four
different marine environments. Trophic relationshimay differ depending on the
exploited habitat and its respective food webs)diaing into different resources used
by individuals and, ultimately, in variation of thesotopic niche due to changes in
trophic levels and baseline nitrogen and carbonagiges owing to an isotopic gradient
(e.g. oceanic/neritic, pelagic/benthic, latitud)n@lewsome et al. 2007). Responses of
the seabird populations to changes in food avdithalvithin species with lower ability
to switch diet (wandering albatross and Cory’'s shater) compared to more
opportunistic species (yellow-legged gull) emphediztheir higher vulnerability.
However, vulnerability may also be higher in speaiéth smaller foraging ranges such
as terns and gullsS{erna spp. andLarus spp.), when compared with less range-
restricted species (Catry et al. 2013). In facg pmesent study highlights that inter-
annual changes in marine prey availability arouradolony during the breeding season
influenced variation in niche width and foraginghbeiour of a more range-restricted
species, the yellow-legged gull, which apparendlg An effect on the body condition of
birds. Notwithstanding, inter-annual differences pgrey availability also influenced
niche width and spatial distribution at sea of Corghearwater with apparent
consequences in breeding success of birds, buviderees were found that condition
status of birds was affected. No relationships wetend between foraging variables
and bird condition status (body mass index and béaert values) of either Cory’s
shearwater or wandering albatross. On the othed,i@ncerning yellow-legged gulls,
positive relationships were found between body miadex and the consumption of
Polybius henslowi(the main prey at Berlenga Island), and betwegnduration and
haematocrit. Therefore, this study supports thea itleat Cory’'s shearwaters, and
possibly other procellariiform species such as wendering albatross, invest on
maintaining body condition disregarding parentalestment and, consequently,
reducing breeding success (Navarro & Gonzalez-20603).

Our knowledge on the distribution of marine spe@asormally provided by ship-based
surveys, which are often logistically constraingalticularly concerning pelagic species
patchily distributed over vast ocean areas (e.gnptan 1992). This study provides
important clues for the use of each studied spemsemdicator of changes in marine
environments. For instance, consistency in habgattended to be greater in males than

in females of wandering albatrosses over long geri@.e. during breeding and non-
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breeding seasons), thus males can reflect morableliinformation on marine
environment around the colonies along years. Howewve must be cautious in the
selection of breeding locations when using birdsirmkcators, because small-scale
differences in breeding location could potentidiad to differences in the spatial
distribution of birds at sea, even in wide-rangspgcies such as Cory’s shearwater. The
strong positive relationship between spatial disiion at sea and niche width of Cory’s
shearwater found in the present study supportsnilkbe variation hypothesis’ (Van
Valen 1965) in the context of foraging ecology;sths an important finding as it
confirmed that trophic niche expansion occurs wviareéased variation in spatial
distribution at sea among individuals, and fututelees may better assess each of these
variables. This is the first study (to my knowlefige provide tracking data for the
yellow-legged gull, an opportunistic species uguakploiting both terrestrial and
marine anthropogenic resources; data showed hezmonstrated that foraging
behaviour of yellow-legged gulls during the bregdseason is strongly associated with
the availability of natural marine resources arotimel colony and, consequently, this
species could be used as an indicator of marinegesaat a local scale. Along with the
potential use of studied species as bioindicatbraarine environments, the relevance

of this work for its management and conservatiostbe also highlighted.

Some degree of individual foraging specializatiaswreviously documented in a large
range of marine taxa, such as invertebrates (eugo®s and Hughes 1991), fishes (e.g.
Matich et al. 2010), sea turtles (Thomson et al20marine mammals (e.g. Tinker,
Bentall & Estes 2008) and seabirds. Among the rattelividual specialization over

time on foraging strategies, locations or nichegehlaeen described (e.g. Votier et al.
2010; Woo et al. 2008; this study), but remainslesnrcwhy there are such a high
number of specialized and consistent individualhiwiseabird populations. Woo et al.
(2008) suggest that the answer may be relatedrpdeal changes in the predictability
of resources and Svanbéack & Persson (2004) shdvegdnidividual specialization may

fluctuate with population density through feedbankchanisms via resource levels.
This study agrees with the hypothesis that indiaideariation in resources use may
fluctuate over time (i.e. among years and periaus) population of Cory’s shearwaters
depending on resources availability; individual gistency in Cory’s shearwaters was
higher during periods with a regular availabiliyfood resources and lower when food
availability was either abundant or scarce (chapjetHowever, no evidences of such
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oscillations were found in the patterns of indivatlgonsistency of yellow-legged gulls
between two years of contrasting food availabilggd oceanographic conditions
(chapter 4). Fluctuations in individual consistemtyesource use may occur depending
if a seabird species/population is more or lesiapeed. Opportunist and generalist
seabird species, like yellow-legged gulls, may @nésa more stable individual
consistency due to the high plasticity of indivitdmrds, which allows individual
feeding preferences and adjustments to seasonaht@nehnnual variations in resources
by exploiting different foraging niches, as an epéfitation of a type B generalization
(see general introduction). On the other hand, arenspecialized species like Cory’s
shearwaters, fluctuations on consistency may ba&telto temporal changes in the
availability and predictability of resources andugh more vulnerable to extrinsic
factors, as suggested by Woo et al. (2008) andi#in& Persson (2004). Results also
suggest that birds were more specialized over ghenibds of time than over long
periods of time, presumably because prey distidmstivere more predictable over short
time-scales (Weimerskirch 2007). Therefore, thisdgtsupports the hypothesis that
many seabirds concentrate their efforts on perdisteredictable food sources and
habitats, particularly over small temporal scaléd/eifnerskirch et al. 2005,
Weimerskirch 2007). This was more evident in waimdpalbatrosses and less evident
in yellow-legged gulls; in species such as wandgaibatrosses this may have a greater
impact because they are totally dependent on ressuthat they can find at sea,
contrasting with yellow-legged gulls’ individual dding preferences that may
perpetuate over longer periods due to the expioitaif stable resources such as refuse
dumps.

The ecological implications of individual speciaiion at individual level remain
unclear. Similarly to other studies of specialiaatin seabirds (Votier et al. 2004; Woo
et al. 2008), no evidences were found that ind@idypecialization over time confers an
advantage in terms of birds’ condition status arekting success. However, Votier et
al. (2004) found some differences in the foragiffgreand breeding performance (i.e.
hatching dates) associated to dietary specializaifogreat skuas, a generalist species.
The present study shows that individual consistemag high and stable across two
years of contrasting food availability in yellowglged gulls, although birds differed in
foraging behaviour and body condition status. Thiggests that the ecological
implications of individual specialization at indikial level could be more conspicuous
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in generalist species (type B generalization) timmore specialized species, making
them more suitable to study this issue. The ratienbecause inter-individual variance
is supposedly higher in a generalist populatioretfpthan in a generalist population
type A or a specialist population, leading to pblesimprovements in several ecological
traits due to substantial advantages in speci@izain certain resources (e.g. higher
energetic content, lower foraging effort). Neveltiss, whatever are the ecological
implications at the individual level, it was showrat individual specialization plays an

important role in the foraging dynamic of seabiapplations. Similarly to other studies

(Svanbéck & Bolnick 2007, Matich et al. 2010, Vandanden et al. 2010), this study
emphasises the increasing evidence that individpalialization may contribute to

reduce intra-specific competition among individygiarticularly on seabird species.
Futureresearch

As one validated hypothesis leads to many otheotigses to be tested, this study
raises an important number of specific hypothebes deserve further investigation
along with those that were tested and validatedregtire more support. The most
prominent result is that many seabird populatioresy rpresent a high number of
specialized and consistent individuals that cowtibe stable across space or time, but
it remains unclear which are the ecological impiaas at the individual and population
level. This study supports the idea that individspkcialization within a seabird’s
population has an important role on its ecologyading behaviour and dynamics,
namely in contributing to reduce intra-specific gmttion among individuals.
However, | agree with Furness and Birkhead (1984) leewis et al. (2001) that this
hypothesis is difficult to demonstrate in seabirdecause they are presumably not

territorial at sea, and hence it requires furthgestigation.

Following raised hypothesis is related with thesufislar inter-annual patterns of
individual consistency found in Cory’s shearwaténgt not in yellow-legged gulls. As
previously discussed, individual consistency mayctfiate less in more generalist
seabird species/populations than in more specthipecies, but further studies must be
conducted to validate this hypothesis. Another issye highlighted in this study is
‘which conjecture is responsible for the fluctuatiof individual consistency within a
population?’ This study agrees that it could be predictability of resources as
suggested by Woo et al. (2008) and Svanbéack & Ber$2004), but specifically
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suggests that individual consistency could be loareabsent when food resources are
either very abundant or scarce around the coloofesiore specialized populations,
although this hypothesis also needs validationragdires further investigation.

Together with the hypotheses raised in this stmagny other unanswered ecological
questions require future research as trophic ioter@s among individual conspecifics
and their relationships with the marine environmere particularly complex.
Examining the degree of individual specializatiothim seabirds’ populations provides
a better understand of such relationships. As waslldocumenting the existence of
individual specialization, further studies shouldplere the timescale at which an
individual’'s specialization is consistent, investig the relative incidence in different
populations, species and communities, and, finaligntify the mechanisms that
generate inter-individual variation. Given the lonigtory of diet analyses in seabird
ecology, there are a substantial number of apptgpdata sets waiting to be analyzed
in conjunction with recent powerful techniques sashstable isotope analyses, logger
devices and software that would permit a wide rasfgéeoretical hypotheses for niche
variation to be tested and validated.

General Discussion | 122



References

Agostinelli C, Lund U (2011) R package ‘circulacircular statistics (version 0.4-3).
URL https://r-forge.r-project.org/projects/circular

Anderson OR, Phillips RA, Shore RF, McGill RA, Mciadd RA, Bearhop S (2009)
Diet, individual specialisation and breeding ofwroskuas Catharacta antarctica
lonnberg): an investigation using stable isotopes. Polatdgjly 32:27-33

Araudjo MS, Bolnick DI, Machado G, Giaretta AA, d&eis SF (2007) Using d13C
stable isotopes to quantify individual-level dietriation. Oecologia 152:643—654

Arcos J, Ruiz X, Bearhop S, Furness R (2002) Mgrtewrels in seabirds and their fish
prey at the Ebro Delta (NW Mediterranean): the milerawler discards as a source
of contamination. Marine Ecology Progress Seriek 281-290

Bearhop S, Adams CE, Waldron S, Fuller RA, Macleb(?004) Determining trophic
niche width: a novel approach using stable isotapalysis. Journal of Animal
Ecology 73:1007-1012

Bearhop S, Phillips RA, McGill R, Cherel Y, Daws®@#A, Croxall JP (2006) Stable
isotopes indicate sex-specific and long-term irdinal foraging specialisation in
diving seabirds. Marine Ecology Progress Series1Elt-164

Bearhop S, Waldron S, Votier SC, Furness RW (20Bartors that influence
assimilation rates and fractionation of nitroged aarbon stable isotopes in avian
blood and feathers. Physiological and Biochemicalldgy 75:451-458

Bolnick DI, Amarasekare P, Aratjo MS, Blrger R, irevJM, Novak M, Rudolf VH,
Schreiber SJ, Urban MC, Vasseur DA (2011) Why spegific trait variation
matters in community ecology. Trends in Ecology ®okition 26:183—-192

Bolnick DI, Ingram T, Stutz WE, Snowberg LK, Lau QRaull JS (2010) Ecological
release from interspecific competition leads toodgted changes in population
and individual niche width. Proceedings of the R&@ciety B 277:1789-1797

Bolnick DI, Svanback R, Aradjo MS, Persson L (20@®mparative support for the
niche variation hypothesis that more generalizegufadions also are more
heterogeneous. Proceedings of the National Acadenfciences of the United
States of America 104:10075-10079

Bolnick DI, Svanback R, Fordyce JA, Yang LH, David, Hulsey CD, Forister ML
(2003) The ecology of individuals: incidence andpiications of individual
specialization. The American Naturalist 161:1-28

Bolnick DI, Yang LH, Fordyce JA, Davis JM, Svanba¢k (2002) Measuring
individual-level resource specialization. Ecology336—2941

References | 123



Bond AL, Jones IL (2009) A practical introductiandtable-isotope analysis for seabird
biologists: approaches, cautions and caveats. E&inithology 37:183-188

Bost CA, Cotté C, Bailleul F, Cherel Y, CharrassiB, Guinet C, Ainley DG,
Weimerskirch H (2009) The importance of oceanog@jionts to marine birds
and mammals of the southern oceans. Journal onl&ystems 78:363—-376

Burrows MT, Hughes RN (1991) Variation in foragibghavior among individuals and
populations of dog whelk$\lucella lapillus natural constraints on energy intake.
Journal of Animal Ecology 60:497-514

Butchart SH, Stattersfield AJ, Bennun LA, Shutes, 3cakaya HR, Baillie JE, Stuart
SN, Hilton-Taylor C, Mace GM (2004) Measuring glblv@nds in the status of
biodiversity: red list indices for birds. PLoS Bigly 2:€383

Cairns DK (1989) The regulation of seabird colomges a hinterland model. The
American Naturalist 134:141-146

Calenge C (2006) The package “adehabitat” for treofRwvare: A tool for the analysis
of space and habitat use by animals. EcologicaléMiog 197:516-519

Catry T, Ramos JA, Catry I, Monticelli D, GranaaedP (2013) Inter-annual variability
in the breeding performance of six tropical seabpdcies: influence of life-history
traits and relationship with oceanographic paramsetdarine Biology 160:1189—
1201

Caut S, Angulo E, Courchamp F (2009) Variation iscdmination factorsA15N and
A13C): the effect of diet isotopic values and amilans for diet reconstruction.
Journal of Applied Ecology 46:443-453

Ceia FR, Phillips RA, Ramos JA, Cherel Y, Vieira,Rfichard P, Xavier JC (2012)
Short- and long-term consistency in the foragincheiof wandering albatrosses.
Marine Biology 159:1581-1591

Cherel Y (2008) Isotopic niches of emperor and Adgdenguins in Adélie Land,
Antarctica. Marine Biology 154:813-821

Cherel Y, Hobson K (2007) Geographical variatiorcatbon stable isotope signatures
of marine predators: a tool to investigate theirafpng areas in the Southern
Ocean. Marine Ecology Progress Series 329:281-287

Cherel Y, Hobson KA, Guinet C, Vanpe C (2007) Stalsbtopes document seasonal
changes in trophic niches and winter foraging imtlial specialization in diving
predators from the Southern Ocean. Journal of Ahtnalogy 76:826—836

Cherel Y, Hobson KA, Hassani S (2005) Isotopic dismation between food and

blood and feathers of captive penguins: implicatitor dietary studies in the wild.
Physiological and Biochemical Zoology 78:106-115

References | 124



Cherel Y, Hobson KA, Weimerskirch H (2005) Usinglde isotopes to study resource
acquisition and allocation in procellariiform saalsi Oecologia 145:533-540

Cherel Y, Klages N (1998) A review of the food dbatrossesin: Robertson G, Gales
R (eds) Albatross biology and conservation. SurBmatty & Sons, Chipping
Norton: 113-136

Christel 1, Navarro J, Castillo M, Cama A, Ferrer(2012) Foraging movements of
Audouin’s gull (arus audouinij in the Ebro Delta, NW Mediterranean: A
preliminary satellite-tracking study. Estuarine,aStal and Shelf Science 96:257—
261

Cook TR, Cherel Y, Tremblay Y (2006) Foraging testof chick-rearing Crozet shags:
individuals display repetitive activity and divipgtterns over time. Polar Biology
29:562-569

Cury P, Bakun A, Crawford RJ, Jarre A, Quifiones FBAannon LJ, Verheye HM
(2000) Small pelagics in upwelling systems: pageshinteraction and structural
changes in “wasp-waist” ecosystems. ICES JouwfaMarine Science 57:603—
618

Dias MP, Granadeiro JP, Phillips RA, Alonso H, @& (2010) Breaking the routine:
individual Cory’s shearwaters shift winter destioas between hemispheres and
across ocean basins. Proceedings of the Royalt@&:1786—-1793

Elliott KH, Woo KJ, Gaston AJ (2009) Specialization Murres: the story of eight
specialists. Waterbirds 32:491-506

Fair J, Whitaker S, Pearson B (2007) Sources aatran in haematocrit in birds. Ibis
149:535-552

Fargallo J, Leon A De, Potti J (2001) Nest-mainteeaeffort and health status in
chinstrap penguinsPygoscelis antarcticathe functional significance of stone-
provisioning behaviour. Behavioral Ecology and $bmlogy 50:141-150

Fauchald P, Tveraa T (2003) Using first-passage imthe analysis of area-restricted
search and habitat selection. Ecology 84:282—-288

Fieberg J, Kochanny CO (2005) Quantifying home-eaogerlap: the importance of the
utilization distribution. Journal of Wildlife Managhent 69:1346-1359

Forero MG, Bortolotti GR, Hobson KA, Donazar JA,rigdoti M (2004) High trophic
overlap within the seabird community of ArgentineBatagonia: a multiscale
approach. Journal of Animal Ecology 73:789-801

Frederiksen M, Edwards M, Richardson AJ, Hallidag,NWanless S (2006) From

plankton to top predators: bottom-up control of arime food web across four
trophic levels. Journal of Animal Ecology 75:125968

References | 125



Fritz H, Said S, Weimerskirch H (2003) Scale-demencdierarchical adjustments of
movement patterns in a long-range foraging sealftrdceedings of the Royal
Society of London B 270:1143-1148

Furness RW, Birkhead TR (1984) Seabird colony ithgtions suggest competition for
food supplies during the breeding season. Natute635—656

Furness RW, Camphuysen CJ (1997) Seabirds as mopoitéthe marine environment.
ICES Journal of Marine Science 54:726—737

Furness RW, Greenwood JJ (1993) Birds as monitbrenvironmental change.
Chapmann and Hall, London. 356 pp.

Furness RW, Hilton G, Monteiro LR (2000) Influenadscoastal habitat characteristics
on the distribution of Cory’'s shearwate@alonectris diomedean the Azores
archipelago. Bird Study 47:257—-265

Furness RW, Monaghan P (1987) Seabird ecologykiaGlasgow. 164 pp.

Garthe S, Montevecchi WA, Davoren GK (2011) Interwaal changes in prey fields
trigger different foraging tactics in a large maripredator. Limnology and
Oceanography 56:802—-812

Gomez-Diaz E, Gonzéalez-Solis J, Peinado M (200@uRtion structure in a highly
pelagic seabird, the Cory's shearwa@alonectris diomedeaan examination of
genetics, morphology and ecology. Marine EcologygRess Series 382:197-209

Granadeiro JP (1993) Variation in measurements ofy’€ shearwater between
populations and sexing by discriminant analysisigitig & Migration 14:103-112

Granadeiro P, Bolton M, Silva MC, Nunes M, Furné®d/ (2000) Responses of
breeding Cory’'s shearwat@alonectris diomedeto experimental manipulation of
chick condition. Behavioral Ecology 11:274-281

Granadeiro P, Nunes M, Silva MC, Furness RW (1998xible foraging strategy of
Cory’'s shearwateiCalonectris diomedealuring the chick-rearing period. Animal
Behaviour 56:1169-1176

Granadeiro JP, Phillips RA, Brickle P, Catry P (2DAlbatrosses following fishing
vessels: how badly hooked are they on an easy r¢al3 ONE 6:€17467

Grémillet D, DellOmo G, Ryan PG, Peters G, Ropgeotidert Y, Weeks SJ (2004)
Offshore diplomacy or how seabirds mitigate intpaefic competition: a case
study based on GPS tracking of Cape gannets fraghib@uring colonies. Marine
Ecology Progress Series 268:265-279

Hampton | (1992) The role of acoustic surveys ie tissessment of pelagic fish

resources on the South African continental shalfit® African Journal of Marine
Science 12: 1031-1050

References | 126



Hecht T (1987) A guide to the otoliths of South€rcean fishes. South African Journal
of Antarctic Research 17:2-87

Hobson KA (2009) Trophic Interactions Between Coramés and Fisheries: Towards a
More Quantitative Approach Using Stable Isotopesatétbirds 32:481-490

Hobson KA, Clark RG (1992) Assessing avian dietsiqistable isotopes IlI: factors
influencing diet-tissue fractionation. The Conddri89-197

Hobson KA, Clark RG (1993) Turnover of d13C in gi&dl and plasma reactions of
blood: implications for nondestructive sampling amian dietary studiesAuk
110:638-641

Horak P, Ots I, Murumagi A (1998) Haematologicahltte state indices of reproducing
Great Tits: a response to brood size manipulakanctional Ecology 12:750-756

Huin N (2002) Foraging distribution of the blacletred albatrossThalassarche
melanophris breeding in the Falkland Islands. Aquatic Conagown: Marine and
Freshwater Ecosystems 12:89-99

Igual JM, Forero MG, Tavecchia G, Gonzalez-Solisldrtinez-Abrain A, Hobson KA,
Ruiz X, Oro D (2005) Short-term effects of datagegs on Cory’s shearwater
(Calonectris diomedgaMarine Biology 146:619-624

Inger R, Bearhop S (2008) Applications of stabt#ape analyses to avian ecology. Ibis
150:447-461

Jackson AL, Inger R, Parnell AC, Bearhop S (201@n@aring isotopic niche widths
among and within communities: SIBER - Stable Iset@ayesian Ellipses in R.
Journal of Animal Ecology 80:595-602

Jaeger A, Blanchard P, Richard P, Cherel Y (20089hd/carbon and nitrogen isotopic
values of body feathers to infer inter- and intreividual variations of seabird
feeding ecology during moult. Marine Biology 1563821240

Jaeger A, Connan M, Richard P, Cherel Y (2010) bfsstable isotopes to quantify
seasonal changes of trophic niche and levels ofulpipn and individual
specialisation in seabirds. Marine Ecology Progfeses 401:269-277

Jaeger A, Lecomte VJ, Weimerskirch H, Richard PeréhY (2010) Seabird satellite
tracking validates the use of latitudinal isoscapesiepict predators’ foraging
areas in the Southern Ocean. Rapid Communicationdlass Spectrometry
24:3456-3460

Kelly JF (2000) Stable isotopes of carbon and g#roin the study of avian and
mammalian trophic ecology. Canadian Journal of dgpl78:1-27

Layman CA, Aprington A, Montafia CG, Post DM (200Zan stable isotope ratios
provide for community-wide measures of trophic stinwe? Ecology 88:42-48

References | 127



Lecomte VJ, Sorci G, Cornet S, Jaeger A, FaivrdiBoux E, Gaillard M, Trouvé C,
Besson D, Chastel O, Weimerskirch H (2010) Pattefreging in the long-lived
wandering albatross. Proceedings of the Nationad@my of Sciences of the
United States of America 107:6370-6375

Lecog M, Geraldes P, Andrade J (2011) First corepteinsus of Cory’s shearwaters
Calonectris diomedea borealigeeding at Berlengas Islands (Portugal), inclgdin
the small islets of the archipelago. Airo 21:31-34

Lewis S, Benvenuti S, Dall’Antonia L, Griffiths Rjoney L, Sherratt TN, Wanless S,
Hamer KC (2002) Sex-specific foraging behaviourairmonomorphic seabird.
Proceedings of the Royal Society of London B 2687:8.693

Lewis S, Sherratt TN, Hamer KC, Wanless S (2001)d&we of intra-specific
competition for food in a pelagic seabird. Natut@:816—819

Louzao M, Bécares J, Rodriguez B, Hyrenbach K, RyiArcos J (2009) Combining
vessel-based surveys and tracking data to idekéify marine areas for seabirds.
Marine Ecology Progress Series 391:183-197

Louzao M, Pinaud D, Péron C, Delord K, Wiegand Teiwerskirch H (2010)
Conserving pelagic habitats: seascape modellingarofoceanic top predator.
Journal of Applied Ecology 48:121-132

MacArthur RH, Pianka ER (1966) On optimal use opatchy environment. The
American Naturalist 100:603—-609

Magalhdes M, Santos R, Hamer K (2008) Dual-foragih@ory’'s shearwaters in the
Azores: feeding locations, behaviour at sea andi¢atpons for food provisioning
of chicks. Marine Ecology Progress Series 359:283-2

Masello JF, Mundry R, Poisbleau M, Demongin L, \td@fc, Wikelski M, Quillfeldt P
(2010) Diving seabirds share foraging space ane tiwithin and among species.
Ecosphere 1:1-20

Matias R, Catry P (2010) The diet of Atlantic Yeldegged Gulls I(arus michahellis
atlantis) at an oceanic seabird colony: estimating preglatapact upon breeding
petrels. European Journal of Wildlife Research 66:869

Matich P, Heithaus MR, Layman CA (2010) Contrastipgtterns of individual
specialization and trophic coupling in two maringer predators. Journal of
Animal Ecology 80:294-305

Matthews B, Mazumder A (2004) A critical evaluatiohintrapopulation variation of
d13C and isotopic evidence of individual specidgima Oecologia 140:361-371

Meiri S, Dayan T, Simberloff D (2005) Variabilitynd sexual size dimorphism in
carnivores: testing the niche variation hypothdswology 86:1432-1440

References | 128



Montevecchi WA, Garthe S, Davoren GK (2006) Biopbgk influences on seabird
trophic assessmentlh Management of Marine Ecosystems, pp. 118-130.bld.
Boyd IL, Wanless S, Camphuysen CJ. Cambridge UsityelPress, UK

Moreno R, Jover L, Munilla I, Velando A, Sanperg2D09) A three-isotope approach
to disentangling the diet of a generalist consuntiee yellow-legged gull in
northwest Spain. Marine Biology 157:545-553

Munilla 1 (1997) Henslow’s swimming crali®¢lybius henslowjias an important food
for yellow-legged gullsl(arus cachinnansin NW Spain. ICES Journal of Marine
Science 54:631-634

Navarro J, Forero MG, Gonzalez-Solis J, Igual JMcdes J, Hobson KA (2009)
Foraging segregation between two closely relatedarstaters breeding in
sympatry. Biology letters 5:545-548

Navarro J, Gonzalez-Solis J (2007) Experimentalemse of flying costs in a pelagic
seabird: effects on foraging strategies, nutriiosete and chick condition.
Oecologia 151:150-160

Navarro J, Gonzalez-Solis J (2009) Environment&trdgnants of foraging strategies
in Cory’s shearwater€alonectris diomedeaMarine Ecology Progress Series
378:259-267

Navarro J, Gonzéalez-Solis J, Viscor G (2007) Niomial and feeding ecology in Cory’s
shearwate€alonectris diomededuring breeding. Marine Ecology Progress Series
351:261-271

Navarro J, Votier SC, Aguzzi J, Chiesa JJ, Foref®, RRhillips R a. (2013) Ecological
segregation in space, time and trophic niche ofpanitc planktivorous petrels.
PLoS ONE 8:e62897

Nelson JB (1980) Seabirds: their biology and ecplétamlyn, London, UK. 224 pp.
Neves V, Nolf D, Clarke M (2012) Spatio-temporalrigtion in the diet of Cory’s
shearwaterCalonectris diomedean the Azores archipelago, northeast Atlantic.

Deep Sea Research Part 1 70:1-13

Newsome SD, Rio CM del, Bearhop S, Phillips DL (208 niche for isotopic ecology.
Frontiers in Ecology and the Environment 5:429-436

Oro D, Pradel R, Lebreton J-D (1999) Food avaiighbénd nest predation influence life
history traits in Audouin’s gulll.arus audouinii Oecologia 118:438—-445

Paine R (1988) Food webs: road maps of interactionsgrist for theoretical
development? Ecology 69:1648-1654

Paiva V, Geraldes P, Marques V, Rodriguez R, GagthRamos J (2013) Effects of

environmental variability on different trophic ldgeof the North Atlantic food
web. Marine Ecology Progress Series 477:15-28

References | 129



Paiva VH, Geraldes P, Ramirez |, Garthe S, Ramo420A0) How area restricted
search of a pelagic seabird changes while perfaynairdual foraging strategy.
Oikos 119:1423-1434

Paiva VH, Geraldes P, Ramirez I, Meirinho A, GarfheRamos JA (2010a) Foraging
plasticity in a pelagic seabird species along amegoroductivity gradient. Marine
Ecology Progress Series 398:259-274

Paiva VH, Geraldes P, Ramirez |, Meirinho A, GartBe Ramos JA (2010b)
Oceanographic characteristics of areas used by’'s<Cehearwaters during short
and long foraging trips in the North Atlantic. Miagi Biology 157:1385-1399

Parnell AC, Inger R, Bearhop S, Jackson AL (2016)rSe partitioning using stable
isotopes: coping with too much variation. PLoS OMNES672

Parsons M, Mitchell I, Butler A, Ratcliffe N, Fretlkesen M, Foster S, Reid JB (2008)
Seabirds as indicators of the marine environm&®&ES Journal of Marine Science
65:1520-1526

Passos C, Navarro J, Giudici A, Gonzalez-SolisO1@® Effects of Extra Mass on the
Pelagic Behavior of a Seabird. The Auk 127:100-107

Pedro PIl, Ramos JA, Neves VC, Paiva VH (2013) Badtpresent trophic position and
decadal changes in diet of Yellow-legged Gull ie thzores Archipelago, NE
Atlantic. European Journal of Wildlife Research

Phillips RA, Bearhop S, McGill RAR, Dawson DA (200%table isotopes reveal
individual variation in migration strategies andbhat preferences in a suite of
seabirds during the nonbreeding period. Oecolo§ta7B5-806

Phillips RA, McGill RAR, Dawson DA, Bearhop S (20185exual segregation in
distribution, diet and trophic level of seabirdsisights from stable isotope
analysis. Marine Biology 158:2199-2208

Phillips RA, Silk JRD, Phalan B, Catry P, CroxalP J2004) Seasonal sexual
segregation in two Thalassarche albatross speaesipetitive exclusion,
reproductive role specialization or foraging niaieergence? Proceedings of the
Royal Society of London B 271:1283-1291

Phillips R, Wakefield E, Croxall J, Fukuda A, Hidudd (2009) Albatross foraging
behaviour: no evidence for dual foraging, and kaditsupport for anticipatory
regulation of provisioning at South Georgia. Marigeology Progress Series
391:279-292

Phillips RA, Xavier JC, Croxall JP (2003) Effectssatellite transmitters on albatrosses
and petrels. The Auk 120:1082-1090

Pianka ER (2011) Evolutionary ecology. Addison Vegst" edition, San Francisco,
USA. 512 pp.

References | 130



Pinaud D (2008) Quantifying search effort of movemgmals at several spatial scales
using first-passage time analysis: effect of theucstire of environment and
tracking systems. Journal of Applied Ecology 4594 —

Pons J-M, Migot P (1995) Life-history strategy bétherring gull: changes in survival
and fecundity in a population subjected to variéeeding conditions. Journal of
Animal Ecology 64:592-599

Quillfeldt P, McGill RAR, Masello JF, Weiss F, Stge 1J, Brickle P, Furness RW
(2008) Stable isotope analysis reveals sexual awittommental variability and
individual consistency in foraging of thin-billedipns. Marine Ecology Progress
Series 373:137-148

Quillfeldt P, Voigt CC, Masello JF (2010) Plasticiversus repeatability in seabird
migratory behaviour. Behavioral Ecology and Soctdgy 64:1157-1164

Ramirez F, Navarro J, Afan I, Hobson KA, DelgadoFarero MG (2012) Adapting to
a changing world: unraveling the role of man-madbitats as alternative feeding
areas for Slender-billed gulCfroicocephalus geneiPloS one 7:€47551

Ramos JA, Granadeiro JP, Phillips RA, Catry P (209ght morphology and foraging
behavior of male and female Cory’s shearwaters.Jtwedor 111:424-432

Ramos JA, Moniz Z, Sola E, Monteiro LR (2003) Rejuctive measures and chick
provisioning of Cory’s shearwatéZalonectris diomededorealis in the Azores.
Bird Study 50:47-54

Ramos R, Ramirez F, Carrasco JL, Jover L (201ligHts into the spatiotemporal
component of feeding ecology: an isotopic apprdacltonservation management
sciences. Diversity and Distributions 17:338—-349

Ramos R, Ramirez F, Sanpera C, Jover L, Ruiz X9@DBeeding ecology of yellow-
legged gullsLarus michahellisin the western Mediterranean: a comparative
assessment using conventional and isotopic metHddsne Ecology Progress
Series 377:289-297

Ramos R, Ramirez F, Sanpera C, Jover L, Ruiz X9R0Diet of Yellow-legged Gull
(Larus michahellis chicks along the Spanish Western Mediterraneastcdhe
relevance of refuse dumps. Journal of Ornitholog:265-272

Robson BW, Goebel ME, Baker JD, Ream RR, Loughi Francis RC, Antonelis
GA, Costa DP (2004) Separation of foraging halatawong breeding sites of a
colonial marine predator , the northern fur se&@allorhinus ursinus Canadian
Journal of Zoology 82:20-29

Rubenstein DR, Hobson KA (2004) From birds to bilies: animal movement
patterns and stable isotopes. Trends in EcologyEaatution 19:256—263

Rutz C, Bijlsma RG (2006) Food-limitation in a geaest predator. Proceedings of the
Royal Society B 273:2069-2076

References | 131



Sanchez-Guzman JM, Villegas A, Corbacho C, MorarM&rzal A, Real R (2004)
Response of the haematocrit to body condition cbsiig Northern Bald Ibis
Geronticus eremitaComparative Biochemistry and Physiology Part R:43—-47

Sanz-Aguilar A, Martinez-Abrain A, Tavecchia G, Mirz E, Oro D (2009) Evidence-
based culling of a facultative predator: Efficacydaefficiency components.
Biological Conservation 142:424-431

Schoener TW (1971) Theory of feeding strategiesnuah review of ecology and
systematics 2:369-404

Schwemmer P, Garthe S (2008) Regular habitat svagcén important feeding strategy
of an opportunistic seabird species at the interfagtween land and sea. Estuarine,
Coastal and Shelf Science 77:12-22

Schwemmer H, Schwemmer P, Ehrich S, Garthe S (2D&83er black-backed gulls
(Larus fuscusconsuming swimming crabsAn important link in the food web of
the southern North Sea. Estuarine, Coastal and Sbieince 119:71-78

Signa G, Cartes JE, Solé M, Serrano A, Sanchez0B8§2Trophic ecology of the
swimming crabPolybius henslowiLeach, 1820 in Galician and Cantabrian Seas:
Influences of natural variability and the Prestige spill. Continental Shelf
Research 28:2659-2667

Smale MJ, Watson G, Hecht T (1995) Otolith atlassotithern African marine fishes.
Ichyological monographs, vol 1. JLB Smith Institafelchthyology, Grahamstown

Soanes LM, Arnould JPY, Dodd SG, Sumner MD, Gre@An(d2013) How many
seabirds do we need to track to define home-ramga?aJournal of Applied
Ecology:1-9

Soulé M, Stewart BR (1970) The “niche-variationypbthesis a test and alternatives.
The American Naturalist 104:85-97

Sousa FM, Nascimento S, Casimiro H, Boutov D (20@@&ntification of upwelling
areas on sea surface temperature images using ¢lustgring. Remote Sensing of
Environment 112:2817-2823

Svanback R, Bolnick DI (2007) Intraspecific competi drives increased resource use
diversity within a natural population. Proceedinfjishe Royal Society B 274:839—
844

Svanback R, Persson L (2004) Individual diet spieeton, niche width and
population dynamics: implications for trophic polgrphisms. Journal of Animal
Ecology 73:973-982

Syvaranta J, Lensu A, Marjomaki TJ, Oksanen S, sJdRke (2013) An empirical

evaluation of the utility of convex hull and stardlallipse areas for assessing
population niche widths from stable isotope dataa3?*ONE 8:e56094

References | 132



Thomson J, Heithaus M, Burkholder D, Vaudo J, WigsiA, Dill L (2012) Site
specialists, diet generalists? Isotopic variatigite fidelity, and foraging by
loggerhead turtles in Shark Bay, Western Austrdifarine Ecology Progress
Series 453:213-226

Tickell WL (1968) The biology of the great albatses Diomedea exulansand
Diomedea epomophordntarctic Research Series 12:1-55

Tinker MT, Bentall G, Estes JA (2008) Food limitati leads to behavioral
diversification and dietary specialization in ségis. Proceedings of the National
Academy of Sciences of the United States of Amekt@%&560-565

Valen L Van (1965) Morphological variation and widbf ecological niche. The
American Naturalist 99:377-389

Vandenabeele SP, Shepard EL, Grogan A, Wilson RP2(2When three per cent may
not be three per cent; device-equipped seabirdsriexge variable flight
constraints. Marine Biology 159:1-14

Votier SC, Bearhop S, Ratcliffe N, Furness RW (20Réproductive consequences for
great skuas specializing as seabird predatorsCoinelor 106:275—-287

Votier SC, Bearhop S, Witt MJ, Inger R, ThompsonN&wton J (2010) Individual
responses of seabirds to commercial fisheries ledasing GPS tracking, stable
isotopes and vessel monitoring systems. Journappfied Ecology 47:487-497

Wakefield E, Phillips R, Matthiopoulos J (2009) @tifying habitat use and
preferences of pelagic seabirds using individualeneent data: a review. Marine
Ecology Progress Series 391:165-182

Wanless S, Harris MP (1993) Use of mutually exelaesioraging areas by adjacent
colonies of blue-eyed shagBhalacrocorax-atricepsat South Georgia. Colonial
Waterbirds 16:176-182

Warburton K, Retif S, Hume D (1998) Generalistssaguential specialists: diets and
prey switching in juvenile silver perch. Environni@nBiology of Fishes 51:445—
454

Watanuki Y (1992) Individual diet differences, patad care and reproductive success
in Slaty-backed gulls. The Condor 94:159-171

Weimerskirch H (2007) Are seabirds foraging for ratpictable resources? Deep Sea
Research Part Il: Topical Studies in Oceanograghf13—-223

Weimerskirch H, Bonadonna F, Bailleul F, Mabille Bel'Omo G, Lipp H-P (2002)
GPS tracking of foraging albatrosses. Science 2%®:1

Weimerskirch H, Cherel Y, Cuénot-Chaillet F, RidoUx(1997) Alternative foraging

strategies and resource allocation by male and leem@ndering albatrosses.
Ecology 78:2051-2063

References | 133



Weimerskirch H, Gault A, Cherel Y (2005) Prey disiition and patchiness: factors in
foraging success and efficiency of wandering atisstes. Ecology 86:2611-2622

Weimerskirch H, Pinaud D, Pawlowski F, Bost CA (2ZPD@oes prey capture induce
area-restricted search? A fine-scale study usin® @GPa marine predator, the
wandering albatross. The American Naturalist 178733

Weimerskirch H, Shaffer SA, Tremblay Y, Costa DRydénne H, Kato A, Ropert-
Coudert Y, Sato K, Aurioles D (2009) Species- aed-specific differences in
foraging behaviour and foraging zones in blue-fdod®d brown boobies in the
Gulf of California. Marine Ecology Progress Ser384.:267-278

Weimerskirch H, Wilson RP (2000) Oceanic respitevimndering albatrosses. Nature
406:955-956

Wiley AE, Welch AJ, Ostrom PH, James HF, Ainley D@yvall F, Holmes N, Hu D,
Judge S, Penniman J, Swindle KA (2012) Foragingregggion and genetic
divergence between geographically proximate coknoifea highly mobile seabird.
Oecologia 168:119-130

Williams R, McEldowney A (1990) A guide to the figioliths from waters off the
Australian Antarctic Territory, Heard and Macqualséand. ANARE Res Notes
75:1-173

Wilson RP (1984) An improved stomach pump for pemsjand other seabirds. Journal
of Field Ornithology 55:109-112

Wilson RP, Cooper J, Pl6tz J (1992) Can we detegminen marine endotherms feed?
A case study with seabirds. The Journal of ExperntaieBiology 167:267—-275

Wilson RP, Pitz K, Grémillet D, Culik BM, Kiersp®M, Regel J, Bost CA, Lage J,
Cooper J (1995) Reliability of stomach temperateteanges in determining
feeding characteristics of seabirds. The Journal Exjperimental Biology
198:1115-1135

Woo KJ, Elliott KH, Davidson M, Gaston AJ, DavorgdK (2008) Individual
specialization in diet by a generalist marine ptedaeflects specialization in
foraging behaviour. Journal of Animal Ecology 782061091

Xavier JC, Cherel Y (2009) Cephalopod beak guidetiie Southern Ocean. British
Antarctic Survey, Cambridge

Xavier JC, Magalhdes MC, Mendoncga AS, Antunes My&lao N, Machete M, Santos
RS, Paiva V, Hamer KC (2011) Changes in diet ofyGmshearwater€alonectris
diomedeareeding in the Azores. Marine Ornithology 39:1734

Xavier JC, Trathan PN, Croxall JP, Wood AG, PodestaRodhouse PG (2004)
Foraging ecology and interactions with fisheries wéndering albatrosses
(Diomedea exulansbreeding at South Georgia. Fisheries Oceanograpt24—
344

References | 134



Yamamoto T, Takahashi A, Oka N, lida T, KatsumataSdto K, Trathan P (2011)
Foraging areas of streaked shearwaters in reldboseasonal changes in the
marine environment of the Northwestern Pacificeirtolony and sex-related
differences. Marine Ecology Progress Series 424:294

Zanden HB Vander, Bjorndal KA, Reich KJ, Bolten AB)10) Individual specialists in

a generalist population: results from a long-tetiable isotope series. Biology
letters 6:711-4

References | 135












