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Abstract

A knowledge of pelagic seabird foraging patterns is important to evaluate key
areas for marine pelagic top predators. The main objective of this thesis was to
describe the sex-driven foraging patterns of a pelagic top predator - Cory’s
Shearwater, Calonectris borealis - breeding in the small island of Berlengas,
Portugal, during the chick-rearing seasons of 2010-2014. We identified the
environmental predictors that determine the selection of foraging areas by
female and male Cory’s Shearwaters and the role of breeding experience in this
process. This medium-term study also assessed, in a scenario of climate
stochasticity, the ecological impacts of climatic conditions in marine
environments and the possible change in the distribution of this species in the
North Atlantic, considering the increase in sea surface temperature and given
the vulnerability of seabird predators to extreme climatic events. We studied the
foraging distribution of fifty-five male and female Cory’s shearwaters with GPS
tracking devices during the chick-rearing period between 2010 — 2014, and
accessed their trophic choices with stable isotope analysis (SIA) of their
plasma. The study sample was also divided between experienced and
inexperienced individuals using the total number of breeding attempts as a
proxy for experience, and the prediction that reproductive success typically
increases with breeding age and experience in seabirds. This study benefited
from a long-term database of the breeding population, such that minimum age,
sex and previous breeding experience were known for most of the individuals.
We found spatial segregation of female versus male Cory’s Shearwaters as well

as inexperienced versus experienced breeders, which increased during the last



couple of years. Males relied heavily on static variables like the bathymetry of
the area, while females were much more explorative, having a different
combination and weighting of important variables (i.e. productivity proxies).
Females undertook much larger foraging journeys than males, in years of
greater environmental stochasticity. Finally, climate stochasticity might have a
significant influence on the spatial distribution of the species, exercising greater
influence on male and experienced individuals (i.e. the group showing a more
static distribution). Nevertheless, the true effects of such large-scale events
cannot be encompassed on such a short-term study, making the continuity of
monitoring the foraging ecology of this species crucial to understand the impact

of climate change on this and other marine taxa.

Keywords: Sex-driven foraging segregation, Breeding experience, Calonectris

borealis.



Resumo

Um conhecimento dos padrfes da ecologia de aves marinhas, representa uma
contribuicdo importante para compreender quais as areas de alimentacao
destas aves e 0 porqué de estas as escolherem. Permite ainda conhecer, de
gque modo é que a presenca de condicbes ambientais adversas influencia o
comportamento destas aves. O principal objetivo desta tese foi descrever os
padrées comportamentais de ambos os sexos de um predador pelagico, tendo
como modelo de estudo a Cagarra, Calonectris borealis, reprodutores na
pequena ilha da Berlenga, Portugal, durante o periodo de desenvolvimento das
crias de 2010 a 2014. Foram identificados os principais fatores ambientais que
influenciam a selecdo e os seus padrées de alimentacdo, e qual o papel do
sexo e da experiéncia de individuos nestas escolhas. Este estudo de médio-
prazo também reflete, num cenario de mudancas climaticas, os impactos
ecoldgicos que estes terdo em ambientes marinhos e a qual a possivel
alteracdo na distribuicdo desta espécie no Atlantico Norte, considerando o
aumento da temperatura da superficie do mar e a vulnerabilidade destes
predadores face a eventos climaticos extremos. Para dar resposta a estes
objetivos, utilizamos dispositivos GPS para acompanhar individuos desta
populacdo durante os quatro anos deste estudo e comparamos os resultados
com a sua ecologia tropica através de analises isotOpicas. Em seguida,
analisamos as diferencas na distribuicAo espacial e comportamental de
cinquenta e cinco individuos pertencentes a esta populacdo de Cagarras
reprodutoras na costa litoral portuguesa. O grupo foi dividido entre individuos
experientes e inexperientes usando 0 numero total de tentativas de

acasalamento como um indicador para a experiéncia, e a suposi¢cao de que o



sucesso reprodutivo normalmente aumenta com a idade e a experiéncia em
aves marinhas. Este estudo beneficiou de um conhecimento de longo prazo da
populacao alvo, sabendo a priori dados como a idade minima das aves, 0 sexo
e o0 historial do sucesso reprodutor para a maioria dos individuos. Através da
andlise de isétopos de azoto e carbono do plasma e sangue destas aves,
inferimos qual o efeito da experiéncia de um individuo na sele¢édo de presas na
sua ecologia trofica. Os resultados confirmam a existéncia de segregacodes
espaciais entre machos e fémeas, assim como de aves experientes e
inexperiente. As principais varidveis ambientais que influenciaram a distribui¢céo
espacial de individuos do sexo feminino foram a distancia a colénia e a
temperatura da superficie do mar, fazendo com que adotem um
comportamento mais exploratorio e peldgico em anos de maior estocacidade.
Por sua vez, nos individuos do sexo masculino essas variaveis dizem respeito
a profundidade da agua e das concentracdes de clorofila a. Os resultados
deste estudo mostram ainda que o aquecimento global pode exercer influéncia
significativa sobre a distribuicdo espacial da Cagarra, especialmente em aves
experientes (que apresentam uma distribuicdo mais estética). No entanto, os
verdadeiros efeitos de tais eventos de grande escala ndo podem ser
englobados num estudo de tdo pequena duragao, tornando a continuidade de
monitorizacdo ecoldgica desta espécie cruciais para entender o impacto das

mudancas climaticas sobre este grupo de animais marinhos.

Palavras-chave: Segregacéo espacial, Experiéncia reprodutiva, Calonectris

borealis
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Chapter | - Introduction




1.1 Marine environment and Marine top predators

Marine environment ecosystems are complex adaptive systems, among the
most diverse on Earth, linked across multiple scales by flow of water and
species movements (Levin and Lubchenco 2008). The immense oceans
encompass habitats ranging from highly productive coastal regions to much
less productive deep-sea environments. Taking into account the size of such
ecosystems, their resources are sparse and scattered over large areas, making
their location largely unpredictable (Weimerskirch et al. 2007). Oceans are
subdivided into several ecosystems based on different characteristics of depth,
oceanography, productivity and populations of organisms that are linked in
trophic food chains and webs (Sherman 1993). They also experience seasonal
patterns in primary productivity, particularly at higher latitudes, leading to
changes in predator distributions. As marine productivity tends to be distributed
heterogeneously, with high productive areas located close to specific locations
such as shelf edges or coastal upwellings (Ainley and Boekelheide 1990; Bakun
1990; Crawford 2007), marine organisms such as fish are found in patches of
different sizes, depending on the process concentrating them and on the
specific behaviour of the species. Oceanographic phenomena such as ocean
currents, winds or river influx introduce varying complexities in the interlinkages
between biotic components and environmental characteristics especially in the
coastal waters (Chen et al. 2004; Tweddle et al. 2010; Wetz and Wheeler
2004). Wind-driven coastal upwellings consists on the rise of cold and deep
subsurface waters that are rich in nutrients, and contribute for an increase in the
density of primary producers such as phytoplankton, which will consequentially

attract zooplankton, followed by zoo — and phyto — planktivorous pelagic fish



which in turn will attract top predators such as large fish, cetaceans or seabirds
(Malik et al. 2015). Such diversity in vertebrate and invertebrate communities
allow top marine predators such as seabirds to specialize, coping with this
unpredictable location of prey by adopting specific foraging strategies perfected
by strong natural selection processes (Hunt & Schneider 1987; Weimerskirch
2007). Within such diverse and dynamic environments, animals seek highly
productive areas, by changing their foraging grounds and strategies,
determined by species dispersal capacity and energy requirements, which may
vary during the annual cycle (Green et al. 2009). Altering foraging grounds also
depends on food availability in order to fulfil their energetic requirements and,
consequently, maximizing fithess (Polovina et al. 2001; Péron et al. 2010).

Top marine predators are important top consumers in marine environments,
having major influence in ecological processes that occur in these ecosystems
(Scheriber and Burger 2001; Werner 2010; Paiva et al. 2013a). Such predator,
including marine mammals, large teleosts, seabirds and sharks, occupy high
trophic levels in marine habitats, and have been declining worldwide (e.g. Estes
et al. 2006; Myers and Worm 2003; Baum et al. 2003; Pauly et al. 1998). Many
studies show that the decline of these populations can have cascading effects
on lower trophic levels on both coastal and pelagic areas (Myers and Worm
2003; Scheffer et al. 2005; Heithaus et al. 2008). In fact, declines in top
predator abundance often alleviate predation pressure on meso-consumers,
which indirectly increase the mortality rate of resource species (Myers et al.
2007; Scheffer et al. 2005). The loss of top predators is thus predicted to cause
numerical increases in meso-consumers and declines in resource species. Due

to the position and importance that top predators undertake in the food chain,



they usually are considered indicators of the status and performance of the
marine ecosystems. These conditions also qualify them as good subjects for
ecological studies and favour the development of research programs aimed at
identifying and analysing any trends that could lead to the better understanding
and management of marine ecosystems, potentially preventing deregulation of
ecological processes and disruption of ecosystem services (Block et al. 2011).
Given the conspicuity of seabirds as marine predators, they play an important
role as sentinel organisms because unexpected changes in their numbers,
health or breeding success provide an alarm that may indicate an unknown

pollution or food supply problem (Furness and Camphuysen 1997).

1.2 Procellariiformes seabirds

The tubenosed seabirds (albatrosses, petrels and shearwaters) are well
known for their pelagic wide-ranging lifestyle. These long-living cosmopolitan
birds spend most of their life at sea and are tied to small oceanic islands only
for breeding (Dell'ariccia et al. 2010). The Procellariiformes order includes four
families: Hydrobatidae (storm petrels), Pelecanoididae (diving petrels),
Diomedeidae (albatrosses), and Procellariidae (shearwaters), and has the most
long-lived species among birds (Bried 2003; Werner 2010). Generally, most
species belonging to this group are colonial and gather annually in large
numbers at somewhat few locations in order to reproduce (Piatt and Sydeman
2007). They present extreme life history strategies, such as the laying of a
single egg per breeding season, followed by a long incubation and chick rearing

period (Warham 1990; Schreiber & Burger 2001).



The evolution of aggregated breeding systems, generally referred to as
colonies, is believed to have benefited from information exchange, cooperation,
efficient defence against predators and several other benefits (Wittenberger and
Hunt 1985; Danchin and Wagner 1997; Brown and Brown 2001). Breeding is
generally considered one of the most energy-consuming phase because of the
high resource expenditure that it involves (egg production, nest attendance etc)
and the constraints that it generates. Pelagic birds are true sea travellers during
most of the year, but during the breeding season are central place foragers that
need to return to the colony regularly, to incubate their eggs or attend their
chicks. During this period, they are forced to commute between their colonies
and pelagic feeding zones at sea to provision their offspring (i.e. central-place
foraging behaviour; Jouventin & Weimerskirch 1990). This strategy imposes
energetic constraints which limit foraging range and thus accessibility of certain
marine habitats. Breeding occurs generally during summer, when productivity is
highest. During the non-breeding season, birds can disperse over wide areas or
migrate to completely different habitats as they no longer need to be central-
place foragers (Shaffer et al. 2006; Bost et al. 2009a; Egevang et al. 2010).

Despite the advantages of breeding in large aggregations, there are
distinct costs such as competition for resources or disease transmission, and
the complex trade-off between costs and benefits leads to large variation in
colony size across species, space and time (Wittenberger and Hunt 1985;
Brown and Brown 2001). Although a great understanding of these animal’s life
style and their functional ecology in environments with high unpredictability of
food resources, has been achieved in the last decades, most of the information

regarding the group is based on the reproductive phase of their life cycles. Such



knowledge has been gathered especially during the chick-rearing period, when
food and energy demand is augmented, and when the birds have their
distribution restricted to the surroundings of their breeding colonies, making
them easier to handle and track (Paiva et al. 2010a; Haug 2015). Throughout
the non-breeding season, seabirds are not bound to return to their nests, and
usually take on migratory routes that can cover many thousands of kilometres
into remote oceanic areas. Due to the inherent difficulty in equipping and
tracking seabirds for a long period of time, and through such distances,
information about the non-breeding period is still relatively scarce (i.e. when

compared to the breeding season; Wilson et al. 2002).

1.3 Environmental variability

It is known that seabirds forage over conspicuous regions, where ocean
productivity is naturally enhanced due to several oceanographic features and
processes, which include upwelling areas associated with continental shelves
(Louzao et al. 2006) or seamounts (Morato et al. 2008b); water mass properties
like temperature (Paiva et al. 2010b) or salinity (Ainley et al. 2005); processes
like tidal currents (Becker et al. 1983; Hunt et al. 1998); fronts (Spear et al.
2001; Bost et al. 2009) and thermoclines (Navarro & Gonzéalez-Solis 2009);
distance to shore (Briggs et al. 1987) or colony (Hunt Jr. 1997); and wind
conditions (Garthe et al. 2009). Tremblay et al. (2009) concluded that the
relative importance of diverse environmental predictors of marine productivity
depend on several factors, such as the species considered, sex, breeding
status, locality and scale of the study. It is most likely that Procellariiformes take

advantage of their dimethyl sulphide (DMS) olfactory capabilities in searching



for advantageous areas (Nevitt 1999; Nevitt et al. 2002), and then might use
visual cues to locate prey at smaller scales (Tremblay et al. 2009).

These processes have been affected greatly by climate change, which is
closely related to large-scale atmospheric phenomena, correlating changes
observed in atmospheric circulation with changes in oceanic circulation. This
typically leads to harsh outcomes in biological processes throughout food webs
all across the oceans. One of the best known large-scale atmospheric
phenomena associated with climate change is the North Atlantic Oscillation
(NAQO) (reviewed by Stenseth et al. 2003). The NAO refers to a north—south
alternation in atmospheric mass between the subtropical Atlantic and the Arctic
and therefore involves desynchronised behaviours between the climatological
low-pressure centre near Iceland and the high-pressure centre near the Azores
(Hurrell et al. 2003). The effects of NAO over the north Atlantic varies regionally
(Stenseth et al. 2003). For instance, along the Portuguese Current system a
negative NAO index indicate a perceptible decrease in the sea surface
temperature (SST), caused by strong winds that toughen the upwelling
phenomenon. This in turn can be related to an overall increase in abundance
and accessibility of marine organisms from lower trophic levels, to top marine
predators (Mann & Lazier 2006).

Paiva et al. (2013a) concluded that dramatic changes in the distribution and
foraging behaviour of Cory’'s shearwaters during 2010, comparatively to
previous years seems to have been mostly related to a climatic event that
occurred during the winter of 2009-2010. This climatic phenomenon was clearly
depicted by a record-breaking negative NAO index (Osborn 2011), which

significantly affected the productivity and decreased the abundance of pelagic



prey fish, which in turn altered the foraging and feeding ecology of Cory’'s
shearwaters and decreased their reproductive success. These negative trends
in the abundance of pelagic prey cause great concern because not only does
the NAO affect these lower trophic organisms but they also suffer the influence
of intensive commercial fishing activities. (Paiva et al. 2013a). Overall, It seems
that for the Portuguese Current system, moderate either negative or positive
values of the extended winter NAO index are indicative of higher prey
availability months latter (i.e. spring-summer), when Cory’s shearwaters are
breeding. While more severe (i.e. far from zero), either negative or positive,
extended winter NAO index values leading to a notorious decrease in prey
availability, and thus an altered foraging pattern and low reproductive success

for Cory’s shearwaters (Paiva et al. 2013a; Haugh et al. 2015).

1.4Trophic markers

Understand and reporting how animals exploit their environment and how
they cope with seasonal variation in resource abundance has been a major
question in ecology (Johnson 1980; Wilcove & Wikelski 2008). Migratory
animals depend on multiple regions (e.g.,non-breeding, breeding and migratory
stop-over sites) and therefore these species may be more vulnerable to
environmental perturbations than sedentary species (Wilcove & Wikelski 2008;
Forman & Godron 1986; Kelly et al. 2005). For example, anthropogenic
alteration within a species’ breeding range may cause decreased breeding
success (Robinson & Wilcove 1994) and disturbance at stop-over sites may

affect the ability to refill fat reserves (Blem 1980; Moore et al. 1995). Hence,



conservation management of animal populations depends on an understanding
of these trophic and spatial ecology behaviours (Aarts et al. 2008).

As previously stated, marine ecosystems are highly heterogeneous
environments in which productivity is controlled by physical features and
processes, and the spatial ecology of seabirds at sea will have a direct
influence on the prey that these animals exploit and consequently on their diet
composition (Haury et al. 1978). The study of seabird foraging behaviour has
always been hampered by the problem of assessing at-sea distribution,
individuals being particularly difficult to track (Votier et al. 2010). Stable isotopic
analysis (SIA) of biological tissues are often used to measure the isotopic
signatures of seabirds and thus interpret their trophic choices. The rationale of
using SIA is generally based on the assumption that when stable isotope
signatures are incorporated in the proteins of consumers, they reflect those of
the proteins in their diet in a predictable manner (Post 2002; Bearhop et al.
2004).

Stable isotope signatures can then be a fundamental alternative to the
conventional ways of analysing diets, i.e. through collecting stomach contents
or faeces (Cherel et al. 2007), and may simplify the monitoring of changes in
marine ecosystems. Stable isotope ratios of Carbon (**C/**C, &C) and
Nitrogen (*>N/*N, &N) are most commonly used in seabird stable isotope
ecology (Ramos and Gonzéalez-Solis 2012). The use of 5N is based on the
trophic richness of N as we go up on the trophic web (Forero and Hobson
2003). According to Bond and Jones (2009), in each trophic level the **N
values increase 3 to 5% due to the production of urea, since the *N is

preferentially excreted in comparison with *>°N. On the other hand, the use of



5"C on the marine environment is based on the **C gradient, because *3C
enriches from offshore to inshore regions, from benthic to pelagic strata of the
water column and with decreasing latitude, allowing "C to behave like a
geographical indicator of foraging habitats (Cherel, Hobson & Weimerskirch
2000; Forero and Hobson 2003, Quillfeldt, McGill & Furness 2005; Cherel et al.
2006).

Depending on tissue-specific isotopic turnover, stable isotope
measurements reflect average dietary records over days (blood plasma) to
years (feathers) and have thus the potential to portrait nutritional variation at
different time-scales (Dalerum & Angerbjorn 2005) as isotopic forms are
fractioned and incorporated in new formed tissue through diet at specific
temporal or spatial scales (Cherel et al. 2007). For instance, feathers allow us to
analyse a period of information correspondent to the time of feather growth but,
in contrast, red blood cells represents a period of a few weeks and plasma to
about 7 days (Cherel et al. 2005; Hobson 2005). To infer geographical positions
with isotopic analyses, the most reliable materials are those that are
metabolically inactive so they retain signatures during a fixed growth period
(Hobson 2005). As reported by Forero and Hobson (2003), keratinous materials
such as feathers are particularly suitable because keratin is metabolically
inactive and conserves dietary signals integrated over the period in which they
grew. Moult patterns of bird feathers are seasonally predictable and consistent
over time (Inger and Bearhop 2008; Ramos et al. 2009).

The great benefit of using such techniques over stomach regurgitations for
instance, is that it provides not only information about the food ingested in the

sort-term (like a snapshot picture of the individual diet) but also the food that

10



was assimilated by tissues (from short- to long-term depending on the tissue).
Conventional dietary analysis are also more prone to misinterpretations of the
proportions of some food sources, due to the diverse rates of digestion of
different prey types. Lastly the gathering of feather and/or blood samples is less
stressful for the bird than the collection of diet samples by flushing their

stomach contents (Paiva et al. 2010a).

1.5 Tracking devices

Seabirds spend most of their time at sea and are challenging to observe
when not attending nests during the breeding season. Although they are
considered the most threatened group of birds worldwide, conservation efforts
were traditionally centred on threats faced at their breeding grounds (Ramirez et
al. 2008) which are beneficial but highly insufficient, lacking the insight of the
quality, location and extent of their feeding grounds which have crucial
importance for the breeding success and survival of these marine top predators
(Davis et al. 2005). Research has been therefore biased toward land-based
observations, with the at-sea biology of smaller species generally limited to
counts of travelling and foraging birds from opportunistic or research vessels
which has also provided insight into the distribution and at-sea behaviour of
these animals. Such studies are time or area restricted and unable to give
detailed insights, such as distinguishing breeding status, sex or even species
(Grecian et al. 2012), limiting the data and insights of the foraging behaviour of
such individuals (Weimerskirch et al. 2005a). Also, the presence of vessels
alters the normal behaviour of the birds and are normally associated with high

costs (Grecian et al. 2012).
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However, knowledge of foraging behaviour is essential to understand both
the ecological roles of seabirds and constraints acting upon them in marine
ecosystems (Wilson et al. 2002). The most productive and cost-effective way to
study the flight and foraging behaviour of birds at sea employs electronic
devices attached to individuals (Wilson et al. 2002; Daunt et al. 2003; Garthe et
al. 2007). A variety of loggers and techniques have been revolutionizing the
study of habitat foraging and selection, being developed and improved during
the last 40 years (Grémillet et al. 2000; Hamer et al. 2007; Weimerskirch and
Wilson 2000), equipped with increasing availability of remotely sensed data,
computation power and the sophistication of analytical methods (Fauchald &
Tverraa 2003; Ballance et al. 2006, Tremblay et al. 2009).

Since 1990 there was an upgrade of the technology used to study seabird
ecology at sea, with the use of satellite telemetry (platform terminal transmitters
[PTTs]), accurate devices (1-3 km) with solar power improved lifespan that do
not require recovery for data processing. (Weimerskirch and Jouventin 1990).
Presently two types of devices are heavily used to study seabirds: Global
location sensing or geolocation (GLS) and global positioning system (GPS).
Geolocation uses changes in ambient light levels to estimate sunrise, sunset,
day length, and hence, longitude and latitude. The spatial resolution of these
devices can be improved with the addition of temperature sensors to record
long range movements (Burger & Shaffer 2008). One of the most recent
tracking devices to come on line are GPS devices. These are unlimited in range
and are capable of much higher resolution and accuracy than satellite
transmitters or conventional radio telemetry (Hulbert and French 2001;

Hunerbein et al. 2000). As with most new technologies, the first GPS data
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loggers were too heavy to deploy on all but very large-bodied seabirds such as
albatrosses (Diomedae; (Waugh et al. 2005; Weimerskirch et al. 2002) and
gannets (Sulidae; (Grémillet et al. 2004). The possibility of recording locations
every second at accuracies within meters of true location and, the rather
inexpensive price and small size of such devices have made them suitable
enough to be used in several seabird species. The latest equipment, with
package sizes in the range of 8-12 g, bring small and medium-sized seabirds (c.
300 g and larger) into the scope of possible applications. Currently, attachment
of miniaturized sensors linked to data loggers has been popularized since these
loggers do not call for long-distance signal reception and are lightweight devices
with unmatched precision useful for identifying key habitat areas. However, as
with GPS or GLS recorders, the limitation is that birds have to be recaptured or
pass close to a remote data-recovery system to download the information, and
thus involves a risk of losing data (Wilson et al. 2007, Burger & Shaffer 2008).
The only time where birds faithfully return to the colony is during the breeding
season, so most of the information available is restricted to this period of their
life cycle. Tracking studies should control for adverse effects of the transmitter
load and biases, and although it has been questioned (Barron et al. 2010,
Kidawa et al. 2011) Burger and Shaffer (2008) propose a guideline, recognizing
that behavioural and fitness changes can be avoided by keeping the transmitter
weight below 3% of the bird’s body weight (Phillips et al. 2003). The studies
performed by using this type of technology has already contributed significantly
to conservation planning and monitoring of several species according to BirdLife

International (www.birdlife.org/).
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1.6Foraging strategies in relation to age and breeding experience

Marine predator foraging behaviour depends largely on the distribution,
abundance and reliability of their prey (Staniland et al. 2006), but also on
intrinsic factors such as body mass, sex (Hindell et al. 1991; Kato et al. 2008)
and breeding stage (Shaffer et al. 2003). As seen before, marine food
resources are scarce and often patchily distributed (Weimerskirch et al. 2007),
with this, clutches of a single egg and the development pattern of chicks,
predominantly the prolonged nestling period resulting from slow growth, and the
large accumulation of fat, are among some of the adaptations to such an
unpredictable environments (Boersma & Parrish 1998). Foraging behaviour and
flexibility in the diet is particularly important, as it allows individuals to exploit
shifting prey diversity and adjust to changing spatio-temporal distributions of
prey (Bowen et al. 2006; Montevecchi et al. 2009). Although studies focusing on
seabirds during the last decades have multiplied immensely, the vast majority of
this work has been focused on breeding individuals (Votier et al. 2011). This
tendency is due to the fact that breeders represent an important part of the
population and are more likely to return to the colony, increasing the chances
for logger retrieval. Seabirds have a long life spans and an extensive period of
immaturity (Burger & Shaffer 2008) corresponding up to 50% of the non-
breeding adults of the population (Klomp & Furness 1992). Generally these
non-breeders attend the colonies along with the breeders for most, if not all the
breeding season, but these inexperienced and failed breeders are not
necessarily forced as central place foragers since they have no duties at the
colony/nest. Therefore the prospect to adapt a more explorative foraging

behaviour at sea and rely on different areas than the rest of the population is
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then possible. Immature individuals normally show higher dispersal rates when
compared with breeders (Huyvaert & Anderson 2004) and it's generally
believed that the lower breeding success of younger birds is at least partially
associated to lower foraging success (Forslund & Part 1995), but there are very
few studies which compare the foraging efficiency of experienced and
inexperienced individuals (Weimerskirch et al. 2005a).

However, there is no golden rule to such tendencies. Some exceptions have
been observed, showing that young inexperienced wandering albatrosses
(Diomedae exulans) had similar foraging success when compared to
experienced adults, differing only on their foraging strategies (Weimerskirch et
al. 2005b). Some exceptions include the aforementioned study, which found
that young, inexperienced wandering albatrosses (Diomedae exulans) actually
had similar foraging success to that of experienced adults, but differed in their
strategies. Inexperienced birds foraged more intensively and found more prey
during the night. In another study by Bunce et al. (2005) on Australasian
gannets (Morus serrator), it was interestingly found that inexperienced breeders
had lower breeding success only when food availability was scarce, though this
was not evident in a later and perhaps more detailed work on the same species
(Pyk et al. 2007). Other studies show that immature gannets (Morus bassanus)
breeding on the British Isles, (Votier et al. 2011) can disperse widely, potentially
exploring other colonies, but mainly acted as central place foragers when
compared with experienced breeders. While first time breeders of black-browed
albatross (Talassarche melanophrys) had lower reproductive success and lower
survival rates when compared with older, more experienced individuals (Nevoux

et al. 2007). With such disperse results, it is believed that foraging efficiency
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develops and increases with age and experience (Zimmer et al. 2011; Le
Vaillant et al. 2013; Gutowsky et al. 2014), possibly leading to the notion that
some species have such an extended period of immaturity that they are efficient
foragers by the time they start breeding (Weimerskirch et al. 2005a;

Weimerskirch et al. 2014).

1.7 Foraging sexual segregation

Segregation of males and females is particularly common in marine central
place foragers during the breeding period, when foraging ranges are restricted
by the need to return repeatedly to the breeding site to care for offspring (Page
et al. 2005, Weimerskirch et al. 2009). Sexual segregation is thought to reveal
competitive exclusion by the dominant sex, or to reflect niche specialisation
(Phillips et al. 2004) but could also be a consequence of differing parental roles
(Thaxter et al. 2009, Elliott et al. 2010) or differences in the nutritional
requirements of males and females as proposed by Lewis et al. (2002). Many
studies show that males and females exploit different prey species or habitats,
reflecting in between-sex differences in isotopic signatures (Bearhop et al.
2006, Phillips et al. 2011).

Foraging segregation can occur at various spatial scales, ranging from
differences in local habitat use to broad geographical distributions (Catry et al.
2005). A recent study by Cleasby et al. (2015) provides clear evidence of sexual
segregation in northern gannets (Morus bassanus), where males and females
differed in their usage of mixed and stratified waters, proving sex-specific
habitat segregation across tidal mixing regimes. Other sexual differences in the

foraging behaviour of seabirds are often related to sexual size dimorphism
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found in many species such as the giant petrels (Macronectes spp; Gonzales-
Solis et al. 2000) Wandering Albatross (Diomedea exulans; Weimerskirch et al.
1993; Weimerskirch 1995) and Gray-headed Albatross (T. chrysostoma; Phillips
et al. 2004). In some seabirds, sexual dimorphism in body mass and wing
morphology is thought to play a functional role in flight performance and is used
to explain differences in distribution of males and females at sea at least for part
of the year (Phillips et al 2004). However, sexual differences in size and shape
may be poor predictors of differentiation in the way male and female seabirds
exploit the marine environment. In some species with considerable sexual
dimorphism, such as the Cory’s Shearwater (Calonectris borealis) recent
studies show that pronounced sexual size dimorphism in bill size, body mass
and wing-length has no apparent connection to foraging behaviour and feeding
ecology, at least during the stage of incubation (Navarro et al. 2009; Ramos et
al. 2009). Therefore inspecting other stages of this species life cycle, is
necessary to understand if sexual segregation and sexual behaviour is due to
sexual dimorphism or environmental factors such as food resources. Moreover,
the influence of sex on the feeding ecology of seabirds may also be related with
the experience of the individual, and, in this study we try also to relate these two
variables, sex and breeding experience, in describing the foraging ecology of

the birds.

1.8 Study questions
We deployed GPS-loggers in male and female (also inexperienced and
experienced) Cory’s shearwaters during September of 2010 — 2014 (i.e. mid

chick-rearing period), in order to disentangle possible intersexual segregation
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on the foraging strategies, at-sea distribution and trophic ecology of this
species. We specifically wanted to answer a three-fold question: (1) Do female
Cory’s shearwaters differ from males in their foraging strategies and
distribution? Until now, most studies reported the inexistence of inter-sexual
differences (e.g. Navarro & Gonzélez-Sélis 2009, Paiva et al. 2010a, but see
Ramos et al. 2009 and Navarro et al. 2009 for a counterpoint), especially during
the chick-rearing phase when the task of provisioning the growing chick is
equally shared between sexes; (2) Will both sexes react differently to life history
trait factors, such as environmental stochasticity and breeding experience? We
expect females to react more obviously to annual changes of productivity in the
colony surroundings, and thus exploit more pelagic waters, like they do during
the pre-laying exodus when they segregate from males (Paiva et a. 2013a,
Haug et al. 2015). Moreover, inexperienced individuals should exhibit higher
values on foraging effort parameters (e.g. maximum distance to colony),
especially during years of poor productivity on the colony surroundings (Haug et
al. 2015); (3) Will the inter-sexual foraging segregation translate into isotopic
segregation and differential body condition between sexes? In this species, like
for other marine predators, spatial segregation usually leads to isotopic
segregation, through the exploitation of different baseline isoscapes (Graham et
al. 2010), through the choice of feeding on isotopically different prey species
(Paiva et al. 2010b) or a combination of both. A higher foraging effort usually
results into lower adult body condition and overall breeding success (Paiva et

al. 2013a).
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Chapter 2 - Methods




2.1 Study Area
2.1.1 Berlengas archipelago

The Berlengas archipelago is located in the Portuguese coast, at
approximately 10Km west of the town of Peniche, in the north Atlantic. The
largest Island of the archipelago is the granitic skerry called Berlenga Island
(39°12°40749N, 09°30°29”W), that reaches an altitude of 88m, with a maximum
length of 1,5Km and a total area of 78,8ha. Two groups of smaller Islets called
Estelas and Farilhdes are also part of the archipelago and, together with
Berlenga, are the three main dry land extensions of the area. The archipelago
reached the status of natural reserve in 1981 by the Portuguese government
and since then, the islands passed through successive improvements on total
area covered and conservation importance, which culminated in June 28th
2011, when the Berlengas Natural Reserve (R.N.B.) was included in the World
Network of Biosphere Reserves (W.N.B.R.), under positive ruling of UNESCO
(Santos et al. 2012).

The entire archipelago presents high biodiversity, with 76 fish species
currently reported in the reserve area (Rodrigues et al. 2008). This, allied with
the favourable combination of bathymetric features and ocean and wind
circulation (namely the Azorean anti-cyclone and the Portuguese continental
shelf upwelling), characterizes the area as rich feeding and breeding grounds
for several seabird species (Paiva et al. 2010b; Werner 2010). Berlenga
features the only breeding populations of pelagic seabirds in continental
Portugal: the Cory’s Shearwater (Calonectris borealis), and the Madeira Storm-
Petrel (Oceanodroma castro), the former only in Farilhdes. Presently, the

archipelago hosts approximately 850 breeding pairs of Cory’s Shearwaters,
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distributed among Farilhdes Islets (500-550 pairs) and Berlenga Island (300
pairs) (Lecoq et al. 2011). The European Shag (Phalacrorax aristotelis), Lesser
Black-backed Gull Larus fuscus, and until recently, the critically endangered
Common Murre Uria aalgae also attended breeders on the island. The most
abundant bird is the Yellow-legged Gull (Larus michahellis) which possibly
undertakes a negative effect on the other seabird populations as stated by
Lecoq et al. (2011) when they registered predation of Cory’s shearwater eggs at
FarilhGes islets. Other limiting factors for the presence of seabirds on Berlenga
Island are the introduced mammals: Black rats, Rattus rattus, and wild rabbits,
Oryctolagus cuniculus (Amado 2007). It is known that the presence of rats and
other introduced mammals can lead to the decrease of population numbers or
even to the extinction of other species including seabirds (Towns et al. 2006;
Jones et al. 2008). The archipelago is not only an important breeding ground
but its marine area is also important during spring (March) and autumn
(September) migrations of the Northern gannet, Morus bassanus, which is
regularly seen in flocks of several thousand individuals. There are also
observations of a Critically Endangered species, Balearic shearwater, Puffinus
mauretanicus, in large flocks passing near Cape Carvoeiro (Ramirez et al.
2008).

In 2011, the Berlengas Natura 2000 site (SPA) was enlarged to include a
significant proportion of its marine area. Linked to this site extension, the
Portuguese nature conservation agency (ICNF) launched an initiative to
develop a management plan for the new area. Unfortunately, the baseline
information proved to be insufficient and clear planned actions were lacking. As

a result, the LIFE + Berlengas, launched on June 1° with a total duration of four
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years was created, coordinated by the Portuguese Society for the Study of
Birds (SPEA), in partnership with the Conservation Institute for Nature and
Forest (ICNF), the Municipality of Peniche (CMP), the Faculty of Social
Sciences and Humanities (FCSH) of the Universidade Nova de Lisboa and with
an external observer the School of Tourism and Maritime Technology (ESTM),
the Polytechnic Institute of Leiria.

LIFE Berlengas aims to monitor the fauna and flora of the archipelago,
control and eradicate invasive species of plants and mammals and implement a
sustainable management strategy of natural values, contributing to the
conservation of a vast area that includes the Natura 2000 network.
Management of seabirds also take place, as monitoring the breeding seabird
species (Cory’s shearwater, Madeira Storm petrel, Cormorant among others) as
well as augmenting the number of artificial nests for Cory’s shearwater and
storm-petrel, individual tracking of species and metal ringing of these birds, are

also included in this project. (http://berlengas.eu/pt/enquadramento).

2.1.2 The Atlantic Ocean

When studying top marine predators such as the Cory’s Shearwater, the
study area is greatly enlarged since most of the tracking data from their
migratory processes extends the surrounding colony area to cover large
portions of the Atlantic Ocean, as individuals are often present in coastal areas
of the North and South America as well as the African coast. Oceanographic
characteristics over such large areas are under influence of several
environmental factors, showing remarkable variations in ecological aspects,

such as sea surface temperature and marine productivity which, in turn, can
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play a significant role in species distribution and behaviour (Warham 1996;
Louzao et al. 2006; Paiva et al. 2010c).

The North Atlantic Basin is under influence of the North Atlantic Gyre, one
of the five major oceanic gyres. It is a circular system of ocean currents that
stretches across the North Atlantic from near the equator almost to Iceland, and
from the east coast of North America to the west coasts of Europe and Africa.
The composing currents of the North Atlantic Gyre include the Gulf Stream in
the west, the Canary Current in the east, the North Atlantic Current in the north
and finally the Atlantic North Equatorial Current in the south, forming a
clockwise rotating subtropical gyre (Barton 2001).

This gyre is particularly important for the central role it plays in the
thermohaline circulation, bringing salty water west from the Mediterranean Sea
and then north to form the North Atlantic Deep Water, as well as nutrient-poor
warm water extracted from subtropical areas by the Gulf Stream, and nutrient-
rich cold water injected into the system via the Arctic Labrador Current (Barton
2001). This cycling profile is not the same throughout the year, with seasonal
variations occurring during summer. This effect is caused by the increase of the
sea surface temperature (SST), and results in a significant shift of productivity
values of areas close to the Portuguese coast towards areas located in the
Arctic Circle (Paiva et al. 2010b; Soares 2013). Consequences such effects on
the at-sea distribution and behaviour of Cory’s Shearwater in the North Atlantic
can be found throughout the literature (e.g. Granadeiro et al. 1998; Paiva 2009;

Roscales et al. 2011), although it's generally focused on the breeding period.
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2.2Study Species

The Cory’s Shearwater (Calonectris borealis) is a colonial, medium sized
long-distance migrant procellariform. Like most other Procellariiformes, they
show no sexual dimorphism in plumage characters, however, sexual
dimorphism in bill size and shape, wing length, and overall body size is
considerable. Nevertheless, accurately sexing a bird by analysing a single
morphometric variable has shown to be almost impossible (Granadeiro 1993,
Thibault et al. 1997, Navarro et al. 2009). Until very recently (2014), we could
consider two subspecies, Scopoli's shearwater and Cory's shearwater (the
Mediterranean Calonectris diomedea diomedea, and the Atlantic Calonectris
diomedea borealis respectively), that are now split into two distinct species
following Del Hoyo et al. 2014 (http://www.birdlife.org/). They are nocturnal on
their breeding grounds, and in late afternoon birds can be observed waiting for
darkness at sea in front of their colonies, in flocks of hundreds or thousands of
individuals, before coming onshore (Warham 1990).

C. borealis migrates through long trans-equatorial migration routes to
move between non-breeding and breeding areas. During the non-breeding
season (December-February) they migrate to productive areas located in the
South Atlantic which are associated with the Benguela, Agulhas, Brazil and
Canary Currents (Gonzéalez-Solis et al. 2007; Ramos et al. 2012). During the
breeding season (March-October) Cory’s shearwater migrate and breed in the
North Atlantic archipelagos such as Berlengas, Azores, Madeira and Canary
archipelagos (Navarro et al. 2007; Paiva et al. 2010b).

Their reproductive behaviour is characterized by a great energetic

investment from both parents, spread throughout the 8 months of the breeding
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cycle, with a long egg incubation period (54 days) and a very long chick rearing
period (90 days). During this period, the parents take alternate foraging trips to
provide food for the young and restock their own nutritional necessities, often
travelling tens to hundreds of kilometres from the breeding site on a single
journey (Magalhdes 2008). Their food regime consists mainly on epi - and -
mesopelagic fish and also on squid (Granadeiro et al. 1998; Xavier et al. 2011).

At the start of the breeding season - pre-laying period - Cory’s
shearwaters begin to attend their nesting colony around one month prior to
laying. These birds present high levels of philopatry, and thus tend to maintain
the same nest of previous years, and couples are also usually faithful for life.
Males will arrive first and attend the colony more frequently than females, partly
in order to protect the selected nest against other conspecifics and copulate.
Thereafter they leave the nesting area to feed, replacing the energy lost during
migration from the non-breeding areas and stocking up on nutritional reserves
that will sustain them through the early stages of the reproductive process
(Werner 2010, Paiva et al. 2013a).

Females embark on an approximate twenty day journey (Jouanin et al.
2001) a pre-laying exodus after copulation, key to build up body reserves to
form and lay their egg. This departure starts in early May and after their return
to the colony, in late May, females lay the egg which will be incubated in shifts
by the breeding pair during almost two months (Paiva et al. 2010b). This dual
effort of biparental care also extends to the high energy demand period of chick-
rearing, after the eggs are hatched (starting at the end of July). To respond to
these high energetic needs, the foraging strategy employed by the species is

based on a cycle between short (1-2 days) and long trips (3-9 days), with short
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trips used to provide for the chick, while long trips are performed to replenish
the adult’s nutritional reserves. (Magalhdes et al. 2008; Navarro and Gonzélez-
Solis 2009; Paiva et al. 2010a; 2010b; 2010c). This strategy allows birds to
balance the constraint of regularly visiting the colony on the one hand, and
accessing better fishing areas farther from the colony on the other.

As the chick rearing process progresses, both the frequency of food input
and degree of digestion by the parents decrease (Ramos et al. 2003). By the
end of September, the chick will stop growing and a reduction in the overall
body size will be compensated by wing growth. This process lasts until late
October and early November when chicks finally fledge to start exploring the
ocean at night (Warham 1990). During winter, the species travels thousands of
kilometres to feed in warmer climates, being found mainly in South Africa,
Brazil, and southern central Atlantic (Camphuysen & Van Der Meer 2001,

Ramos et al. 2009b)

2.3 Fieldwork

The tracking study was conducted on Berlenga Island located in the
Portuguese coast (39° 23’ N, 9° 36" W), during September (chick-rearing period
data) of 2010 — 2014. GPS tracking devices CatTraq Travel Loggers (Fig. 1)
(Perthold Engineering LLC) were employed as GPS-loggers, as these gadgets
seem to provide the most accurate data, with an error of meters (Ramirez et al.
2008). This specific device (44.5 * 28.5 * 13mm) weighs 15g and contains a
SIRF Starlll chipset, a patch antenna and an 180mAh Lithium-ion battery.

Devices were stripped of their original plastic case and sealed with a thermo-
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retractile rubber sleeve for waterproofing. Loggers weight represented between
1.9% and 2.7% (median = 2.5%) of the birds weight.

Devices were set to record data each 5 minutes, with loggers’ batteries
draining out in about 15 days. The study colony is situated on the eastern side
of the “Old Island” of Berlenga where approximately 130 pairs of Cory’s

shearwater nest in rock crevices, burrows and (mostly) artificial nests.

Figure 1 - GPS tracking devices, CatTraq Travel
Loggers employed as GPS-loggers.

Birds were captured during the night at their nest sites, weighed and
individually identified by their ring numbers. GPS loggers were then attached
using TESA® tape (Wilson et al. 1997) to the contour feathers along and in
between both scapula’s (Fig. 2). As an extra security measure we glued the tips
of each tape stripe used to attach the logger. The birds were then returned to
their nests, this process took less than 10 minutes in order to minimize the
overall stress. At logger retrieval, a blood sample (Fig. 2) of about 0.5 ml was
collected from the tarsal vein of each individual, for evaluation of its trophic
choices during the tracking period, through stable isotope analysis (SIA; trophic

ecology).
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The 55 tracked birds (N = 27 female and N = 28 male Cory’s shearwaters)
were divided into experienced and inexperienced individuals using the total
number of breeding attempts as a proxy for experience, following indications of
previous studies (Jones & Ryan 2014; Froy et al. 2015; Haug et al. 2015) and
the prediction that reproductive success typically increases with breeding age
and experience in seabirds (e.g. Forslund and Part 1995). Our study benefited
from a long-term database of the breeding population, such that minimum age,
sex and previous breeding experience (i.e. fledging success) were known for

most of the individuals (Lecoq et al. 2011).

9 Justin Pereira

Figure 2 - Fieldwork procedures at the breeding colony (A) Process of logger
deployment; (B) Collection of blood samples.

Thus, birds included in this study were categorized as inexperienced (< 2
years of breeding successfully; N = 26) and experienced (> 2 successful years;
N = 29) individuals, based on the frequency distribution of the historical
breeding success records. The breeding scores extended back to 2005 for our
study site, and we considered the 7-year breeding success of the individuals,

prior to our study (2005-2010). The former assumption is supported by a
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positive significant correlation (Spearman rs = 0.77, N = 55, P < 0.001) between
estimated age of individuals and chicks that fledged by each individual per
breeding attempt since 2005.

Each year, the tracked birds were measured (body weight and wing
length) in order to calculate their body condition index (BCI). This index was
obtained from the residuals of the linear regression of body weight on wing
length, a measure of structural size (Brown 1996). BCI is therefore a measure

of mass corrected for size and is considered an indicator of energetic reserves.

2.4 Area of Restricted Search (ARS) zones
Fauchald & Tveraa (2003) developed a technique, named First Passage
Time (FPT) to assess the spatial scale that animals use to encounter their prey.
FPT is, by definition, the time required for an animal to pass through a circle
with a given radius r. By moving this circle along the path of the animal, we will
obtain a scale-dependent measure of search effort and therefore the
behavioural response of an individual in the environment. Because top marine
predators usually forage in a patchy and hierarchical environment (Fauchald
1999), increases in the turning rate and/or decreases in speed of its foraging
path should be related to the so-called Area Restricted Search (ARS)
behaviour. ARS will then appear as an individual reaction to changes in the
resources availability and distribution, by increasing the residence time in the
productive patch (Fauchald & Tveraa 2003).
Zones of Area Restricted Search (ARS) were estimated applying First
Passage Time (FPT) analysis, following (Fauchald & Tveraa 2003) and using

software R 3.0 (R Development Core Team 2014). Usually, ‘in water’ positions
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result in very small-scale ARS zones (<100 m diameter), which considerably
increase the variance in FPT and can camouflage larger-scale ARS zone
(Weimerskirch et al. 2007). To address this problem, we removed bouts on the
water and interpolated locations to obtain a distance interval of 0.1 km for FPT
analysis (Pinaud 2008). We considered positions with speed < 3 km h™ as
resting or preening behaviours on the water or inland, after inspection of the
frequency distribution of speeds. Following the recommendations of (Pinaud
2008), FPT analysis was performed in two steps: 1) to detect large-scale ARS
we run the analysis on the whole path, estimating the FPT every 1 km for a
radius r from 1 to 50 km; 2) to detect small spatial scale events we run again
FPT analysis every 0.1 km for an r varying between 0.1 and 10 km. The plot
representing variance in log (FPT) as a function of r allowed us to identify the
ARS scales by peaks in the variance. In this calculation, FPT was log
transformed to make the variance independent of the magnitude of the mean
FPT (Fauchald & Tveraa 2003). It is also possible to locate where the bird
entered an ARS zone and the time spent on that area by plotting FPT values
where a peak of variance occurred as a function of time since departure from
the colony. ARS locations were also used to feed the General Linear Additive

Models (GAMMSs).

2.5 Habitat use

GPS locations of each bird where ARS behaviour was detected (ARS
zones) were examined under the adehabitatHR R package (Calenge 2006)
generating Kernel Utilization Distribution (Kernel UD) estimates. The most

appropriate smoothing parameter (h) was chosen via least squares cross-
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validation for the unsmoothed GPS data, and then applied as standard for the
other datasets and grid size was set at 0.05° (to match the grid of environmental
predictors). We considered the 50% and 95% kernel UD contours to represent
the core foraging areas (FR) and the home range (HR), respectively.

The extent of within-year overlap between male and female home ranges
was estimated using Bhattacharyya’s affinity (BA; Bhattacharyya 1943), which
ranges from O (no overlap) to 1 (complete overlap). Using BA as a measure of
spatial overlap, we used a randomization technique to test the null hypothesis
that there was no difference in the spatial distribution of males and females in
each year of the study. If the null hypothesis was true, the magnitude of the
overlap between males and female 50% and 95% kernels should not differ
significantly from that calculated if sex were randomly assigned. Therefore, for
each year the sex of each bird was randomly assigned using the same sex ratio
as the observations in that year. In total, we generated a null distribution for BA
based on 1000 randomizations of our dataset in order to test whether the
overlap between male and female home-ranges was significantly different than
expected. P-values were determined by the proportion of random overlaps that
were smaller than the observed overlap, if the observed overlap was smaller
than all 1000 randomly generated overlaps, then p was < 0.005 (see Breed et
al. 2006 for a similar approach). More details on BA and other measures of

spatial overlap can be found in Fieberg & Kochanny (2005).

2.6 Environmental data

The extended winter North Atlantic Oscillation (NAO) index was used as a

large-scale environmental predictor for the North Atlantic area, and specifically
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for the Western Iberia Upwelling Ecosystem (WIUE). The NAO index refers to a
north—south alternation in atmospheric mass between the subtropical Atlantic
and the Arctic, and thus involves out-of-phase behaviour between the
climatological low-pressure centre near Iceland and the high-pressure centre
near the Azores (https://climatedataguide.ucar.edu/climate-data/hurrell-north-
atlantic-oscillation-nao-index-station-based). We also used some small-scale
environmental predictors, such as chlorophyll a concentration (CHL) and SST
data, downloaded from http://oceanocolor.gsfc.nasa.gov/, as daily night-time
products with a resolution of 0.04° (approx. 4 km) in the SMI-HDF format.
Bathymetric data (BAT), taken as water depth, was downloaded from the
ETOPO2v2 database at a spatial resolution of 0.03° (approximately 3 km;
http://www.ngdc.noaa.gov/mgg/fliers/01mgg04.html). HDF files were converted
to raster using the Marine Geospatial Ecology Tools in ArcGIS 9.2 (Roberts et
al. 2010), and then to ASCIl to create composites. All composites were
constructed using the freeware R environment (version 2.14, R Core Team
2014) and mosaic function of the raster package. Spatial gradients of SST, CHL
and BAT (SSTG, CHLG and BATG, respectively) were obtained by estimating
the proportional change (PC) within a surrounding 3 x 3 cell grid using a moving
window as follows: PC = [(maximum value — minimum value) x 100/maximum
value] (Louzao et al. 2006). SSTG and CHLG are believed to be good indicators
of oceanic fronts, while the BATG was used as a proxy for slope. Additionally,
two more static variables were generated. Distance to land (DLAN) was

calculated using the distance tool in the ArcGIS 10.1 spatial analyst toolbox.
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2.7 Stable isotope analysis (SIA)

Stable-nitrogen isotope ratios (*°N: N, expressed as 5°N) and stable-
carbon isotope ratios (**C: **C, expressed as 5'°C) on plasma and red blood
cells of Cory’s shearwater were assessed to investigate the effect of experience
on their foraging ecology and prey selection. The ratios represent the prey
ingested in the past few weeks before the blood sample. The 5N is mainly
used to define the trophic position of the consumer, while 3'3C reflects the
foraging habitat of the consumer (Inger & Bearhop 2008, Ceia et al. 2012). It is
assumed that potential intraspecific differences in assimilation efficiency or
physiology, does not impact the blood isotope values significantly (Votier et al.
2011). There is a gradient of high to low values of 8"*C from coast to offshore
due to the organic enrichment at the coast that is gradually diluted. Red blood
cells (RBC) are regenerated every 12-22 days while plasma has a turnover rate
of about 7 days, therefore they represent prey ingestion in different time scopes:
RBC reflects the trophic ecology the last few weeks, and plasma reflects
choices made in the last trips before sampling (i.e. around 7 days; Inger &
Bearhop 2008).

Each of the tracked birds was sampled upon return from a foraging trip.
Blood samples (1 ml) were collected from the tarsal or brachial vein using 25-
gauge needles under license. Blood samples were then separated into plasma
and red blood cells (hereafter termed RBC) by a centrifugation at 12000 rpm for
15 min, within 2-4 hours of sampling and stored frozen at —20 °C until
preparation for analysis. Successive rinses with a 2:1 chloroform/methanol
solution were performed on the plasma samples in order to deplete it for lipids,

which may disturb the results (Cherel et al. 2005b). Plasma samples were dried
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in an aspirating hood for 48h at 60°C for the ethanol to evaporate. Isotope ratios
of carbon and nitrogen were then determined through standard methodology
(Bearhop et al. 2006, Phillips et al. 2009) by continuous-flow isotope ratio mass
spectrometry, using an EA-IRMS (Isoprime, Micromass, UK). The analytical
precision for the measurement was 0.2%0 for both carbon and nitrogen. All

values presented are means £ 1 SD unless otherwise stated.

2.8 Statistical analysis

Generalized Linear Mixed Models (GLMMs) tested the effect of (1) year
(2010 - 2014), (2) sex and, (3) the interaction between 1 and 2 (i.e.
independent variables) on the (1) regional and (2) local environmental
predictors, (3) foraging trip characteristics, (4) habitat of foraging areas, (5)
trophic ecology and (6) fithess parameters (i.e. dependent variables). Trip
identity was nested within the individual as a random term to avoid potential
pseudo-replication problems, since all individual birds performed multiple trips.
Gaussian distribution of error terms and a log-link function were used in the
modelling. Post-hoc multiple comparisons with Bonferroni correction were used
to identify significant differences between categories of each independent
variable. R packages used in the GLMMs were Ime4 (Bates et al. 2014) and
ImerTest (Kuznetsova et al. 2014).

When modelling the occurrence of ARS behaviour (First Passage Time —
FPT — duration) in male and female Cory’s shearwaters we used GAMMs to (1)
select the most parsimonious models explaining FPT and (2) estimate
smoothers for each of the environmental parameters for the top-ranked models

(AAICc < 2). GAMMs combine the utilities of linear mixed models (Pinheiro &
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Bates 2000) and generalized additive models (Hastie & Tibshirani 1990) so that
random factors, fixed factors and nonlinear predictor variables can all be
estimated in the same statistical model. We developed separate models for
male and female birds and included (1) year, (2) breeding experience and (3) all
different environmental predictors of productivity (e.g. SST) as fixed factors, trip
identity within bird identity as a random term (to account for pseudoreplication
issues).

As part of the gam functions within the R package mgcv (Wood 2002) the
smoothing parameter is chosen automatically using generalised cross-validation
(GCV). In order to model spatial auto-correlation we included an isotropic thin
plate spline which is set up as a two-dimensional smoother based on both x and
y coordinates (in R this would be specified as s(X,y)). Incorporating a spatial
smoother is one means of modelling a spatial trend within a model, more details
on this approach can be found in Wood (2002). Prior to modelling we examined
correlations between all environmental variables in order to ascertain whether
collinearity may have occurred. We assumed that a correlation of greater than
Spearman correlation: rs = 0.5 was problematic, and thus the environmental
predictor (from the pair of highly correlated ones) which produced the highest
Akaike Information Criteria (AIC) value on a univariate analysis was excluded.
Initially we restricted GAMMs to a maximum of 5 knots to prevent over-fitting,
however if GAMMs failed diagnostic checks we increased the number of knots
until these checks were satisfactory. For the spatial smoothers in the models we
used the default settings in the mgcv package (Wood 2002) to estimate the

number of knots required. When performing GAMMs, minimum adequate

35



models were selected by backwards selection, using K-fold cross-validation,
where K =5, following Hastie & Tibshirani (1990).

To establish the isotopic niche among periods with the stable isotope data
we applied the recent metric SIBER (Stable Isotope Bayesian Ellipses in R),
which is based in a Bayesian framework that confers a robust comparison to be
made among data sets concerning different sample sizes (Jackson et al. 2011).
The area of the standard ellipse (SEAc, an ellipse that has 40% probability of
containing a subsequently sampled datum) was adopted to compare between
inexperienced and experienced bird isotopic signatures and their overlap in
relation to the total niche width (both groups combined), and a Bayesian
estimate of the standard ellipse and its area (SEAg) to test whether group 1 is
smaller than group 2 (i.e. p, the proportion of ellipses in inexperienced birds that
were lower than in experienced individuals; see Jackson et al. 2011 for more
details). All the metrics were calculated using standard.ellipse and convexhull
functions from SIBER implemented in the package SIAR (Stable Isotope
Analysis in R; Parnell et al. 2010) under R 2.15.2 (Core Team 2014). All data
are presented as mean +* 1 SD, unless otherwise stated. Results were

considered significant at p < 0.05.
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Chapter 3 - Results
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3 Results

During 2010, 2011 and 2013 the NAO index (Jun - Aug) was on average
5.7 values significantly lower and the SST within 200km off Berlenga was 2.8 °C
significantly higher when compared to 2012 and 2014. During the same 3 years,
birds travelled ~ 187.3 km significantly further from their colony and spent more
14.1 % of time in foraging areas when compared to 2012 and 2014. Moreover,
females travelled ~101.8 km significantly further from their colony and spent
more 18.5 % of time in foraging areas when compared to male Cory’s
shearwaters (Table | and IlI, Fig. 3). SST and ASST were on average 3.2 and
4.1 °C significantly higher, respectively, in 2010, 2011 and 2013 than in 2012
and 2014, while CHLA was 1.1 mgm™ lower on 2010 when compared to the
other four years. The plasma carbon and nitrogen signatures were 2.1 and 1.5
%o significantly lower and higher, respectively, in the years 2010, 2011, 2014
than in 2012 and 2013. Females showed a plasma nitrogen signature 2.1 %o
lower and a plasma SEAb 1.2 units higher than males. The adult’'s BCI was 0.6
significantly lower in 2010, 2011, 2013 than in 2012, and 2014, while females
had a 0.7 lower BCI than males.

During 2010, 2011 and 2013 there was a significantly smaller proportion of
overlaps between sexes for both the 50% and the 95% Kernel UD. During 2012
and 2014, the percentage of overlap between sexes was high (>42.8%) and

non-significantly different (Table III).
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Figure 3. Home range (contour lines; 95% kernel UD) and foraging areas (filled areas; 50%
kernel UD) of male (blue) and female (pink) Cory’s shearwaters during the chick-rearing seasons
of 2010-2014. Polygons a) Raw location data; b) kernel density based utilization distributions at
95% (dotted lines) and 50% (solid lines). Bass Rock is shown as a square and the approximate
position of the tidal mixing front each year is shown as a solid black line in (b). Also shown at the
top-right corner of each map, the value of extended winter (december-march) North Atlantic
Oscillation (NAO) index according to Hurrel 1995 (https://climatedataguide.ucar.edu/ climate-
data/hurrell-north-atlantic-oscillation-nao-index-station-based).
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Table Ill. Estimated overlap (Bhattacharyya's Affinity, BA) between male and female Cory’s
shearwaters Kernel Utilisation Distributions (Kernel UD). p represents the proportion of randomised
overlaps that were smaller than the observed overlap

Kernel UD Year % Overlap BA p
between
sexes
50% 2010 345 0.29 0.02
2011 324 0.31 0.01
2012 42.8 0.42 0.12
2013 311 0.32 0.01
2014 44.6 0.49 0.15
95% 2010 56.3 0.65 0.04
2011 53.1 0.68 0.03
2012 68.2 0.76 0.11
2013 50.9 0.70 0.05
2014 65.8 0.81 0.19

Overall, our models showed a good predictable capacity, explaining > 22.4% and >
22.7% of the deviance in the FPT duration (proxy of foraging activity) of females and
males, respectively (Table IV). The FPT duration in females increased with increasing BAT
and BATG and with decreasing distance to land and SST (Fig. 4). Moreover, FPT duration
was typically higher in experienced females and with lower SSTA, than in inexperienced
females with higher SSTA. The FPT duration was also higher in recent years and in
experienced females, than in earlier study years and inexperienced females. FPT duration
increased in males, with decreasing BAT and BATG, SST and DLAN, while it increased
with increasing CHLG. Also, FPT duration was also higher in recent years and in

experienced males, than in earlier study years and inexperienced males (Table IV, Fig. 4).
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Chapter 4 - Discussion




Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

4.1 General discussion

Several studies report partial or complete inter-sexual spatial foraging
segregation in seabird species, such as in black-browed albatrosses Thalassarche
melanophris (Huin 2002), cape gannets Morus capensis (Grémillet et al. 2004),
Hawaiian petrels Pterodroma sandwichensis (Wiley et al. 2012) or streaked
shearwaters Calonectris leucomelas (Yamamoto et al. 2011). While seeking if inter-
sexual segregation occurred in our study species, our results reveal that individual
experience as well as sex differences can play a significant role in Cory’s
Shearwater’s ecology and at-sea behaviour during the chick-provisioning season,
specially taking into account the changing levels of productivity that occurred in the
surroundings of the birds’ colony throughout the time frame of our study (2010-
2014). As described by former studies (e.g. Paiva et al. 2013a, 2013b; Haug et al.
2015) our results also link the negative NAO index values (Hurrel et al. 1995) and
the subsequent decrease in productivity (proxied by a decrease in CHLA and
increase in SST) in the Northeast Atlantic with alterations in the foraging behaviour
of Cory’s Shearwaters breeding in the continental shelf of Portugal.

In fact, there are a number of studies in relating sexual differences with
foraging ecology, often with contradictory results. Overall, seabirds with pronounced
sexual size dimorphism are often more associated with sexual differences in foraging
behaviour and ecology (Gonzalez-Solis et al. 2000, Phillips et al. 2004). Sex-specific
differences in foraging behaviour are usually credited to the influence of body size on
foraging efficiency and intra-specific competition but there are also studies showing
no sexual differences in foraging ecology and behaviour (Navarro et al. 2009, Ramos
et al. 2009). The study presented here shows the importance of examining a large

range of environmental conditions, indispensable to detect sexual differences in
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foraging ecology and behaviour, even if such differences are relatively small.
However, even small differences may be ecologically relevant because both sexes
will face strong competition when environmental conditions are poor.

According to our first prediction, our study suggests that inter-sexual
differences in the foraging behaviour and distribution of Cory’s shearwaters do exist.
These differences are evident in years of greater stochasticity (specially during 2010,
2011 and 2013, when NAO index values were very low), when females travelled
significantly further from their colony and spent more time in foraging areas when
compared to male Cory’s shearwaters (Table | and Il, Fig. 3). Contrastingly during
the breeding seasons of 2012 and 2014, no significant differences in foraging areas
were observed, leading us to believe that productivity plays an important role in inter-
sexual differences in the foraging behaviour of these birds.

On the other hand, and according to our second prediction, life history trait
factors such as environmental stochasticity, affected both sexes in different ways.
Females exploited more pelagic waters during poor oceanographic productivity while
males remained closer to areas surrounding the colony. Interestingly, experience
also seems to play an important role on the birds foraging behaviour, as our result
show that inexperienced males exhibit higher values on foraging effort parameters
(e.g. maximum distance to colony) when compared to more experienced ones.
Inexperienced individuals presented a higher pelagic behaviour than experienced
ones, with feeding strategy based on prey located on lower trophic levels.
Experienced individuals’ distribution was greatly concentrated around coastal areas,
with few foraging areas and diet based on higher trophic level prey. These results
could be explained by the fact that young Cory’s shearwaters (non-breeders) spend

most of the time at sea, as do many other species of seabirds (Warham 1996). Thus,

47



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

the opportunity is presented to learn and gather information on the conditions and
foraging opportunities of different sites, allowing them to forage on different location
of more experienced individuals when productivity is low. By analysing foraging
distributions of King Penguins (Aptenodytes patagonicus), Péron (2012) emphasised
the impact of increases on sea surface temperatures. In her study, increases in
temperature acted as one of the main drivers of foraging distribution on the species,
inducing birds to search for resources in higher latitudes. It is not unreasonable to
extrapolate that a similar scenario occurred in Cory’s shearwater, since sea surface
temperature (SST) was considered one of the most influential environmental
predictors affecting the spatial distribution of both male/female and
experienced/inexperienced individuals.

Finally, results from the stable isotope analysis depicted significant differences
on the foraging ecology of female and male individuals. Results from the Carbon
isotope analysis indicates that males foraged closer to land during chick provisioning
seasons, while females tended to forage in more pelagic areas. These results
support the conclusions made based on tracking and activity patterns, and fall into
accord with data from isotopic analyses reported for the breeding season by Haug

(2015) and Missagia (2015).

4.2 Environmental factors driving inter-sexual foraging segregation
Our study has considered the NAO as a surrogate of marine productivity.
Studies by Osborn 2011; Paiva et al. 2013a, have unveiled details about the
relationship between large scale atmospheric phenomena, driven by the NAO, and
its effects on different levels of the food web. Negative values for 2010, 2011 and

2013 have coincided with significant increases in SST and reductions in CHLA,
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contrasting to what happens in 2012 and 2014, when positive NAO where observed.
Despite the fact that the at-sea patterns were generally similar between sexes,
sexual segregation was observed in years of greater environmental stochasticity,
when marine productivity was the lowest. Birds travelled greater distances from their
colony as well as spent more time in foraging areas when compared to years of
higher productivity. Therefore, previous studies finding no evidence of sexual
segregation in foraging behaviour and foraging strategies of Cory’s shearwater
(Ramos et al. 2009, Navarro et al. 2009) are partly explained by the fact that they
were conducted solely during the incubation period, and presumably during years of
relatively good environmental conditions. In fact, Ramos et al. (2009) suggested that
subtler differences between the two sexes might exist, for instance in diving
behaviour, or be detected in resource partitioning such as differences in the size of
prey consumed between both sexes. While we did not examine such factors in this
study, we were able to show significant differences between males and females in
foraging distribution and oceanographic features within the birds’ foraging areas, as
well as in several aspects of trophic ecology. Foraging trip characteristics, habitat of
foraging areas, trophic ecology (measured by stable isotope signatures) and body
condition of females during years of poor environmental conditions were significantly
affected, and thus differed from those of males (also from females during good
years). Therefore, our study suggests that sexual differences in foraging ecology for
the Cory’s shearwater are likely to be relevant during poor environmental conditions.
Our results make sense in the light of the competitive exclusion by the dominant sex,
i.e. males over females (Phillips et al. 2004), which will occur mostly when
environmental conditions are poor and resources are scarce. Furthermore, previous

studies regarding such effects were conducted merely during a single breeding
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season, and thus failed to detect such important influence of environmental
conditions on sexual foraging segregation.

Sex-specific niche divergence and habitat segregation can arise from a
difference between sexes in parental roles (Thaxter et al. 2009) but the roles of male
and female Cory’s Shearwater do not appear to differ during chick-rearing (Navarro
et al. 2009). However, males and females could forage in different areas in order to
ensure that their chicks receive the optimum blend of prey species. Sex-specific
differences were observed by analysing the first passage time (FPT; a proxy of
foraging effort), where experienced females appear to spend less time searching for
prey comparatively with inexperienced female. The foraging ecology of a marine
predator is highly dependent on the abundance and distribution of prey (Bell 1991),
and their dispersion is associated to large-scale ocean productivity (Hyrenbach et al.
2002). Thus the differences presented in foraging behaviour may be given by the
contrasting productivity in the proximity of the island of Berlenga. The comparison of
the two NAO values (2010; -4.64 and 2011; -1.6) suggests a large difference in
oceanographic conditions (Osborn 2011), and therefore, may be a threshold in the
surroundings of BER when the structure and functioning of marine ecosystems is
severely affected (Walther et al. 2002) to force birds to leave their habitually

productive grounds in search of higher prey availability.

4.3Differential effects of the foraging choices on the trophic ecology of
both sexes

Overall, the carbon isotopic signatures suggest that males seem to feed on

prey inhabiting coastal environments (i.e. higher carbon signature) when compared

to females, which exhibited a more exploratory and pelagic-oriented foraging pattern
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(Quillfeldt et al. 2005). The option to forage over more pelagic environments, where
prey availability is naturally more unpredictable (Weimerskirch 2007), might have
impacted the body condition of females during our study period. Females seem to
have been preying on low trophic level prey when compared to males, because they
presented a lower nitrogen signature mostly during 2010, 2011 and 2013. There
might be at least two reasons for this, 1) females were more explorative in 2010,
2011 and 2013 (i.e. years of poor environmental conditions, thus probably with lower
food availability) preying on low trophic level prey, such as cephalopod or less
nitrogen rich small pelagic fish species (e.g. Scomber sp; Paiva et al. 2010c), or 2) in
years of food scarcity birds tend to attend more to fishery discards (Bicknell et al.
2013) and when doing so, males might gain access to higher trophic level prey in
competition with females (Navarro et al. 2010). Although both hypotheses can be
true, only the collection of more tracking and blood data along with vessel monitoring
system data during subsequent years will disentangle the major driver of this pattern
between females and males. Nevertheless, both groups were isotopically segregated
even in years where both sexes were foraging on similar regions (i.e. a higher
foraging area overlap in 2012 and 2014 than on the other study years), which
certainly results from individuals feeding on isotopically different prey (Votier et al.

2011)

4.4Conservation considerations
Much has been discussed concerning the impact of climate change on the
distribution of seabirds. The general agreement points towards the prejudicial effects
and fluctuations of highly influential environmental predictors, like sea surface

temperature, dissolved oxygen and productivity rates (Schreiber and Burger, 2001,
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Irons et al., 2008). In fact, in years of food scarcity birds tend to attend more to
fishery discards (Bicknell et al. 2013) which arises great concerns, given the danger
that these behaviours represent to the birds (i.e. mortality through bycatch events;
Barcelona et al. 2010). It is expected that changes in the environment should cause
an increase on the global spatial distribution of Cory’s Shearwaters, with
experienced and inexperienced birds foraging in areas that until now have been
ignored. Temperature increase can act as one of the main drivers of foraging
distribution on the species, maybe inducing birds to search for resources in
increasingly offshore areas and higher latitudes. Although previous studies have
shown that Cory’s Shearwater present a remarkable foraging plasticity, and may be
among the species of seabirds better adapted to endure climatic variations (Dias et
al. 2010; Paiva et al. 2010a), some concerns arise with these shifts in environment
conditions. For instance, we can also speculate that experienced birds would be
more affected by shifts in distribution than inexperienced ones, since these birds
already engage in migratory events that takes them to more pelagic areas (Missagia

et al. 2015).

4.5 Conclusion
This study documented a clear spatial segregation of female versus male
Cory’s Shearwaters as well as inexperienced versus experienced breeders, which
increased during the last couple of years. Males relied heavily on static variables like
the bathymetry of the area, while females were much more explorative, having a
different combination and weighting of important variables (i.e. productivity proxies).
Females undertook much larger foraging journeys than males, in years of greater

stochasticity, similar to those during the pre-laying period. This study also adds to
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previous studies (e.g. Ramos et al. 2009; Navarro et al. 2009), proving that by
analysing multiple year breeding seasons, sexual segregation in foraging behaviour
and foraging strategies in Cory’s Shearwater can be observed and thus, subtler
differences between both sexes may be especially important in years of poor
environmental conditions.

Our results also allow us to conclude that experience plays an important role
determining the occurrence of spatial segregation in the species, showing it as a trait
that should not be considered by itself, but added to a much bigger group of
influencing factors. Climate stochasticity might have a significant influence on the
spatial distribution of the species, exercising greater influence on male and
experienced individuals (i.e. the group showing a more static distribution).
Nevertheless, the true effects of such large-scale events cannot be encompassed on
such a short-term study, making the continuity of monitoring the foraging ecology of
this species crucial to understand the impact of climate change on this and other

marine taxa.

53



References

- J“"
© Justin Pereira - 4~

a




Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Aarts G., MacKenzie M., McConnell B., Fedak M., Matthiopoulos J. (2008).
Estimating space-use and habitat preference from wildlife telemetry data.
Ecography 31:140-160

Ainley D.G., and Boekelheide R.J. (1990). Seabirds of the Farallon Islands: Ecology,
dynamics, and structure of an upwelling-system community. Stanford
University Press. Palo Alto, USA. 450 p.

Ainley D.G., Spear L.B., Tynan C.T., Barth J.A., Pierce S.D., Ford R.G., Cowles T.J.
(2005). Physical and biological variables affecting seabird distributions during
the upwelling season of the northern California Current. Deep Sea Research
Part II: Topical Studies in Oceanography 52:123-143

Amado A. (2007). Plano de Ordenamento da Reserva Natural das Berlengas -
Relatorio para Discussao Publica. Instituto da Conservacdo da Natureza e da
Biodiversidade.

Bakun A. (1990). Global climate change and intensification of coastal ocean
upwelling. Science 247: 198-201.

Ballance L.T., Pitman R.L., Fiedler P. (2006). Oceanographic influences on seabirds
and cetaceans of the eastern tropical Pacific: A review. Progress In
Oceanography 69:360-390

Barcelona S.G., Urbina J.M.O., Serna J.M., Alot E., Macias D. (2010). Seabirds
bycatch in Spanish Mediterranean large pelagic longline fisheries, 2000—-2008
Aquat. Living Resour., Volume 23, 2010, pp. 363-371

Barron D.G., Brawn J.D., Weatherhead P.J. (2010). Meta-analysis of transmitter
effects on avian behaviour and ecology. Methods in Ecology and Evolution
1:180-187

Barton E.D. (2001). Canary and Portugal Currents. In: Steele, J., Turekian, K.,
Thorpe, S. (Eds.), Encyclopedia of Ocean Sciences 1: 380-389. Academic
Press.

Bates D., Maechler M., Bolker B. & Walker S. (2014). Ime4: Linear mixed-effects
models using Eigen and S4. R package version 1.1-5. http://CRAN.R-
project.org/package=Ime4.

Baum J.K. et al. (2003). Collapse and conservation of shark populations in the
northwest Atlantic. Science 299, 389-392

Bearhop S., Adams C. E., Waldrn S., Fuller R. a., and Macleod H. (2004).
Determining trophic niche width:a novel approach using stable isotope
analysis. Journal of Animal Ecology 73:1007-1012

55



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Bearhop S., Phillips R.A., McGill R., Cherel Y., Dawson D.A., Croxall J.P. (2006).
Stable isotopes indicate sex-specific and long-term individual foraging
specialisation in diving seabirds. Mar Ecol Prog Ser 311: 157-164

Becker G.A., Filza A.F.G., James |.D. (1983). Water mass analysis in the German
bight during Marsen, phase I. Journal of geophysical research 88:9865-9870

Bell W.J. (1991). Searching Behaviour The Behavioural Ecology of Finding
Resources. Chapman and Hall, London. Bering Sea — a review. ICES Journal
of Marine Science 54:600-607

Bhattacharyya A. (1943). On a measure of divergence between two statistical
populations defined by their probability distributions. Bull Calcutta Math Soc
35:99-109

Bicknell A., Oro D., Camphuysen K. & Votier S.C. (2013). Potential consequences of
discard reform for seabird communities. J. of Applied Ecology, 50, 649-658.

Blem C.R. (1980). The energetics of migration. In: Gauthreaux SA Jr., editor. Animal
migration, orientation, and navigation. Academic Press, New York, N.Y. pp.
175-224.

Block B.A., Jonsen I.D., Jorgensen S.J., et al. (2011). Tracking apex marine predator
movements in a dynamic ocean. Nature 000: 1-5.

Boersma P.D., and Parrish J.K. (1998). Flexible Growth Rates in Fork-Tailed Storm-
Petrels: A Response to Environmental Variability. American Ornithologist’s
Union 115:66-75

Bond A. L., and Jones I. L. (2009). A pratical introduction to stable-isotope analysis
for seabird biologists: Approaches, cautions and caveats. Marine ornithology
37:183-188.

Bost C.A., Cotté C., Bailleul F., Cherel Y., Charrassin J.B., Guinet C., Ainley D.G.,
Weimerskirch H. (2009). The importance of oceanographic fronts to marine
birds and mammals of the southern oceans. J. of Marine Systems 78:363-376

Bost C.A., Thiebot J.B., Pinaud D., Cherel Y., Trathan P.N. (2009). Where do
penguins go during the inter-breeding period? Using geolocation to track the
winter dispersion of the macaroni penguin. Biol Lett 5:473—-476

Bowen W.D., Beck C.A., Iverson S.J., Austin D., McMillan J.l. (2006). Linking
predator foraging and diet with variability in continental shelf ecosystems: grey
seals of eastern Canada. In: Boyd, I.L., Wanless, S., Camphuysen, C.J.
(Eds.), Top Predators in Marine Ecosystems: Their Role in Monitoring and
Management. Cambridge University Press, Cambridge, pp. 63—81.

56



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Breed G.A., Bowen W.D., McMillan J.I., Leonard M.L. (2006). Sexual segregation of
seasonal foraging habitats in a non-migratory marine mammal. Proc R Soc
Lond B Biol Sci 273:2319- 2326

Bried J., Pontier D. and Jouventin P. (2003). Mate fidelity in monogamous birds: a
re- examination of the Procellariiformes. Animal Behaviour 65: 235-246.

Briggs K.T., Tyler W.B., Lewis D.B., Carlson D.R. (1987). Bird Communities at sea
off California: 1975 to 1983. Studies in Avian Biology 11:1-74

Brown C.R., Brown M.B. (2001). Avian coloniality. Curr Ornithol 16:1-82
Brown M.E. (1996). Assessing body condition in birds. Curr Ornithol 13:67-135

Bunce A., Ward S.J., Norman F.l. (2005). Are age-related variations in breeding
performance greatest when food availability is limited? Journal of Zoology
266:163-169

Burger A.E., and Shaffer S.A. (2008). Application of Tracking and Data-Logging
Technology in Research and Conservation of Seabirds. Auk 125:253-264

Calenge C. (2006). The package “adehabitat” for the R software: a tool for the
analysis of space and habitat by animals. — Ecol. Modell. 197: 516-519.

Camphuysen K.C.J. and Van Deer Meer J. (2001). Pelagic distribution, moult and
(sub-specific status of Cory’s Shearwaters Calonectris diomedea borealis
wintering off Southern Africa. Marine Ornithology 29: 89-96.

Catry P., Phillips R. A., and Croxall J. P. (2005). Sexual segregation in birds:
patterns, processes and implications for conservation, p. 351-380. In K. E.
Ruckstuhl and P. Neuhaus [eds.], Sexual segregation in vertebrates: ecology
of the two sexes. Cambridge University Press, Cambridge, UK.

Ceia F.R., Phillips R.A., Ramos J.A., Cherel Y., Vieira R.P., Richard P., Xavier J.C.
(2012). Short- and long-term consistency in the foraging niche of wandering
albatrosses. Mar Biol 159:1581-1591

Chen et al., (2004). Y.L.L. Chen, H.Y. Chen, G.C. Gong, Y.H. Lin, S. Jan, M.
Takahashi Phytoplankton production during a summer coastal upwelling in the
East China Sea Cont. Shelf Res., 24 (2004), pp. 1321-1338

Cherel Y., Hobson K. A., Guinet C., and Vanpe C. (2007). Stable isotopes document
seasonal changes in trophic niches and winter foraging individual
specialization in diving predators from the Southern Ocean. The Journal of
animal ecology 76:826—36.

57



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Cherel Y., Hobson K.A., & Weimerskirch H. (2000). Using stable-isotope analysis of
feathers to  distinguish  moulting  and breeding  origins  of
seabirds. Oecologia, 122, 155 162.

Cherel Y., Hobson K.A., Hassani S. (2005). Isotopic Discrimination between Food
and Blood and Feathers of Captive Penguins: Implications for Dietary Studies
in the Wild. Physiological and Biochemical Zoology 78:106-115.

Cherel Y., Hobson K.A., Weimerskirch H. (2005). Using stable isotopes to study
resource acquisition and allocation in procellariform sea- birds. Oecologia
145:533-540

Cherel Y., Phillips, R.A., Hobson, K.A. & McGill, R. (2006). Stable isotope evidence
of diverse species-specific and individual wintering strategies in
seabirds. Biology Letters, 2, 301-303.

Cleasby I., Wakefield E., Bodey T., Davies R., Patrick S., Newton J., Hamer K.
(2015). Sexual segregation in a wide-ranging marine predator is a
consequence of habitat selection. Marine Ecology Progress Series, 518, 1-12

Core Team (2014). R: a language and environment for statistical computing. R
Foundation for Statistical Com- puting, Vienna. www.R-project.org/

Crawford R.J.M., (2007). Food, fishing and seabirds in the Benguela upwelling
system. Journal of Ornithology 148: 253-260

Dalerum F., & Angerbjorn A. (2005). Resolving temporal variation in vertebrate diets
using naturally occurring stable isotopes.Oecologia, 144, 647-658.

Danchin E., Wagner R.H. (1997). The evolution of coloniality: the emergence of new
perspectives. Trends Ecol Evol 12:342-347

Daunt F, Peters G., Scott B., Grémillet D. and Wanless S. (2003). Rapid-response
recorders reveal interplay between marine physics and seabird behaviour.
Mar Ecol Prog Ser 255: 283-288

Davis S.E., Nager R.G., and Furness R.W. (2005). Food availability affects adult
survival as well as breeding success of parasitic jaegers. Ecology 86: 1047—
1056.

Dellariccia G., Dellomo G., Massa B., & Bonadonna F. (2010). First GPS-tracking of
Cory’s shearwater in the Mediterranean Sea. Italian Journal of Zoology, 77(3),
339-346

Dias M.P., Granadeiro J.P., Phillips R.A., Alonso H., and Catry P. (2010). Breaking
the routine: individual Cory's shearwaters shift winter destinations between
hemispheres and across ocean basins. Proc. R. Soc. B. Published online

58



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Egevang C., Stenhouse 1.J., Phillips R.A., Petersen A., Fox J.W., Silk J.R.D. (2010).
Tracking of Arctic terns Sterna paradisaea reveals longest animal migration.
Proc Natl Acad Sci USA 107:2078-2081

Elliott K.H., Gaston A.J., Crump D. (2010). Sex-specific behavior by a monomorphic
seabird represents risk partitioning. Behav Ecol 21: 1024-1032

Estes J.A. et al. (2006). Whales, Whaling and Ocean Ecosystems, University of
California Press

Fauchald P. (1999). Foraging in a hierarchical patch system. — Am. Nat. 153: 603—
613

Fauchald P., Tverraa T. (2003). Using First-Passage time in the analysis of Area-
Restricted Search and habitat selection. Ecology 84:282-28

Fieberg J., Kochanny C.O. (2005). Quantifying home-range overlap: the importance
of the utilization distribution. J Wildl Manag 69:1346-1359

Forero M.G., and Hobson K.A. (2003). Using stable isotopes of nitrogen and carbon
to study seabird ecology: applications in the Mediterranean seabird
community. Scientia Marina 67:23-32.

Forman R.T.T., Godron M. (1986). Landscape Ecology. New York: John Wiley &
Sons, Inc.

Forslund P., Part T. (1995). Age and Reproduction in Birds - Hypotheses and Tests.
Trends in Ecology & Evolution 10:374-378

Froy H., Lewis S., Catry P., et al (2015). Age-Related Variation in Foraging
Behaviour in the Wandering Albatross at South Georgia: No Evidence for
Senescence. PLoS ONE.

Furness R.W., and Camphuysen K.C.J. (1997). Seabirds as monitors of the marine
environment:726—-737.

Garthe S., Markones N., Hippop O., Adler S. (2009). Effects of hydrographic and
meteorological factors on seasonal seabird abundance in the southern North
Sea. Marine Ecology Progress Series 391:243-255

Garthe S., Montevecchi W.A., and Davoren G.K. (2007). Flight destinations and
foraging behaviour of northern gannets (Sula bassana) preying on a small
forage fish in a low-arctic ecosystem. Deep Sea Res Part Il 54: 311-320

59



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Gomez-Diaz E., Gonzalez-Solis J., and Peinado M.A. (2009). Population structure in
a highly pelagic seabird, the Cory’s shearwater Calonectris diomedea: An
examination of genetics, morphology and ecology. Mar. Ecol. Prog. Ser.
382:197-2009.

Gonzalez-Solis J., Croxall J. P., and Wood A. G. (2000). Sexual dimorphism and
sexual segregation in foraging strategies of Northern Giant Petrels,
Macronectes halli, during incubation. Oikos 90:390—-398.

Gonzalez-Solis J., Croxall J.P., Oro D., Ruiz X. (2007). Trans-equatorial migration
and mixing in the wintering areas of a pelagic seabird. Front. Ecol. Environ. 5
(6): 297-301.

Graham B.S., Koch P.L., Newsome S.D., McMahn K.W., Aurioles D. (2010). Using
Isoscapes to Trace the Movements and Foraging Behavior of Top Predatos in
Oceanic Ecosystems. Isoscapes: Understanding movement, pattern, and
process on earth through isotope mapping, 1-487.

Granadeiro J.P. (1993). Variation in measurements of Cory’s Shearwater between
populations and sexing by discriminant analysis. Ringing & Migration 14:103—
112.

Granadeiro J.P., Monteiro L.R., Furness R.W., (1998). Diet and feeding ecology of
Cory's shearwater Calonectris diomedea in the Azores, north-east Atlantic.
Marine Ecology Progress Series 166, 267-276.

Granadeiro J.P., Nunes M., Silva M.C., and Furness R.W. (1998). Flexible foraging
strategy of Cory’s shearwater, Calonectris diomedea, during the chick-rearing
period. Animal Behaviour 56: 1169-1176.

Grecian W.J., Witt M.J., Attrill M.J., Bearhop S., Godley B.J., Grémillet D., Hamer
K.C., Votier S.C. (2012). A novel projection technique to identify important at-
sea areas for seabird conservation: An example using Northern gannets
breeding in the North East Atlantic. Biological Conservation

Green J.A., Boyd I.L., Woakes A.J., Warren N.L., Butler P.J. (2009). Evaluating the
prudence of parents: daily energy expenditure throughout the annual cycle of
a free-ranging bird, the macaroni penguin Eudyptes chrysolophus. J Avian
Biol 40:529-538

Grémillet D., Omo G.D., Ryan P.G., Peters G., Ropert-Coudert Y. and Weeks S.J.
(2004). Offshore diplomacy, or how seabirds mitigate intra-specific
competition: a case study based on GPS tracking of Cape Gannets from
neighbouring colonies. Mar Ecol Prog Ser 268: 265-279

60



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Grémillet D., Storch S. and Peters G. (2000). Determining food requirements in
marine top predators: a comparison of three independent techniques in Great
Cormorants, Phalacrocorax carbo carbo. Can J Zool 78: 1567-1579

Gutowsky S.E., Tremblay Y., Kappes M.A., et al. (2014). Divergent post-breeding
distribution and habitat associations of fledgling and adult Black-footed
Albatrosses Phoebastria nigripes in the North Pacific. Ibis 156:60—72

Hamer K.C., Humphreys E.M., Garthe S., Hennicke J., Peters G., Grémillet D.,
Phillips R.A., Harris M.P. and Wanless S. (2007). Annual variation in diets,
feeding locations and foraging behaviour of gannets in the North Sea:
flexibility, consistency and constraint. Mar Ecol Prog Ser 338: 295-305

Hastie T. & Tibshirani R. (1990). Generalized Additive Models. Chapman &
Hall/CRC, London, UK.

Haug F.D., Paiva V.H., Werner A.C. & Ramos J.A. (2015). Foraging by experienced
and inexperienced Cory’s shearwater along a 3-year period of ameliorating
foraging conditions. Marine Biology, 649-660

Haury L.R., McGowan J.A., Wiebe P.H. (1978). Patterns and processes in the time—
space scales of plankton distributions. In: Steele JH (ed) Spatial pattern in
plankton communities. Plenum Press, New York, p 277-227

Heithaus M.R., Frid A., Wirsing A.J., and Worm B. (2008). Predicting ecological
consequences of marine top predator declines. Trends in Ecology and
Evolution 23 (4): 202-210.

Hindell M.A., Slip D.J., Burton H.R. (1991). The diving behaviour of adult male and
female southern elephant seals, Mirounga leonina (Pinnipedia: Phocidae).
Aust. J. Zool. 39, 595-619.

Hobson K.A. (2005). Using stable isotopes to trace long-distance dispersal in birds
and other taxa. Diversity and Distributions 11:157-164.

Huin N. (2002). Foraging distribution of the black-browed albatross, Thalassarche
melanophris, breeding in the Falkland Islands. Aquat Conserv: Mar Freshw
Ecosyst 12: 89-99

Hulbert 1.LA.R., and French J. (2001). The accuracy of GPS for wildlife telemetry and
habitat mapping. J Appl Ecol 38: 869-878

Hunerbein K., Hamann H.J., Ruter E. and Wiltschko W. (2000). A GPS-based
system for recording the flight path of birds. Naturwissenschaften 87: 278-279

61



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Hunt G.L., and Schneider D.C. (1987). Scale-dependent processes in the physical
and biological environment of marine birds. In: Croxall, J.P. Seabirds feeding
biology and role in marine ecosystems. 408 p.

Hunt G.L., Russell R.W., Coyle K.O., Weingartner T. (1998). Comparative foraging
ecology of planktivorous auklets in relation to ocean physics and prey
availability. Marine Ecology Progress Series 167:241-259

Hunt Jr. G.L. (1997). Physics, zooplankton, and the distribution of least auklets in the
Hurrell J.W. (1995). Decadal trends in the North Atlantic Oscillation: regional
temperatures and precipitation. Science 269:676—679

Hurrell J.W., Kushnir Y., Ottersen G., Visbeck M. (2003). An overview of the North
Atlantic Oscillation. In: Hurrell JW, Kushnir Y, Ottersen G, Visbeck M (eds)
The North Atlantic Oscillation. American Geophysical Union, Washington, DC,
p 1-35

Huyvaert K.P., Anderson D.J. (2004). Limited dispersal by Nazca boobies Sula
granti. Journal of Avian Biology 1:46-53

Hyrenbach K.D., Fernandez P., & Anderson D.J. (2002). Oceanographic habitats of
two sympatric North Pacific albatrosses during the breeding season. Marine
Ecology Progress Series, 233, 283-301

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

Irons D., Anker-Nilssen T., Gaston A.J., Byrd G.V. and others (2008). Fluctuations in
circumpolar seabird populations linked to climate oscillations. Glob Change
Biol 14: 1455-1463

Jackson A.L., Inger R., Parnell A.C. and Bearhop S. (2011). Comparing isotopic
niche widths among and within communities: SIBER - Stable Isotope
Bayesian Ellipses in R. Journal of Animal Ecology 80: 595-602.

Johnson D.H. (1980). The comparison of usage and availability measurements for
evaluating resource preference. Ecology 61:65-71

Jones H.P., Tershy B.R., Zavaleta E.S., Croll D.A., Keitt B.S., Finkelstein M.E.,
Howald G.R., (2008). Severity of the effects of invasive rats on seabirds: A
global review. Conservation Biology 22, 16-26.

Jones M.G.W., & Ryan P.G. (2014). Effects of pre-laying attendance and body
condition on long-term reproductive success in Wandering Albatrosses. Emu,
114, 137-145.

62



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Jouanin C., Roux F., Mougin J. L., and Stahl J. C. (2001). Prelaying exodus of Cory’s
Shearwaters (Calonectris diomedes borealis) on Selvagem Grande. J. fur
Ornithol. 142:212-217.

Jouventin P., Weimerskirch H. (1990). Satellite tracking of Wandering albatrosses.
Nature 343:746—748.

Kato A., Ropert-Coudert Y., Chiaradia A. (2008). Regulation of trip duration by an
inshore forager, the little penguin (Eudyptula minor), during incubation. Auk
125, 588-593.

Kelly J.F., Ruegg K.C., Smith T.B. (2005). Combining isotopic and genetic markers
to identify breeding origins of migrant birds. Ecol Appl 15: 1487-1494

Kidawa D., Jakubas D., Wojczulanis-Jakubas K., lliszko L., Stempniewicz L. (2011).
The effects of loggers on the foraging effort and chick-rearing ability of parent
little auks. Polar Biology:1-9

Klomp N.I., Furness R.W. (1992). Non-breeders as a buffer against environmental
stress: declines in numbers of Great skuas on Foula, Shetland, and prediction
of future recruitment. Journal of Applied Ecology 29:341-348

Kuznetsova A., Bruun B.P., and Haubo B.C.R. (2014). ImerTest: Tests for random
and fixed effects for linear mixed effect models (Imer objects of Ime4d
package). R package version 2.0-6. http://CRAN.R-
project.org/package=ImerTest.

Le Vaillant M., Le Bohec C., Prud'Homme O., et al. (2013). How age and sex drive
the foraging behaviour in the king penguin. Mar Biol 160:1147-1156

Lecoq M., Catry P., Granadeiro J.P. (2011). Population trends of Cory’s shearwaters
Calonectris diomedea borealis breeding at Berlengas Islands, Portugal. Airo
20:36-41

Lecoq M., Geraldes P., and Andrade J. (2011). First complete census of Cory’s
Shearwaters Calonectris diomedea borealis breeding at Berlengas Islands
(Portugal), including the small islets of the archipelago. Airo 21:31-34.

Levin S.A., Lubchenco J. (2008). Resilence, robustness, and marine ecosystem-
based management. BioScience. 58: 27-32.

Lewis S., Benvenuti S., DallAntonia L., Griffiths R.G. and others. (2002). Sex-
specific foraging behaviour in a mono - morphic seabird. Proc R Soc Lond B
Biol Sci 269: 1687-1693

63



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Louzdo M., Hyrenbach K.D., Arcos J.M., Abell6 P., Sola L.G. and Oro D. (2006).
Oceanographic habitat of an endangered mediterranean procellariiform:
implications for marine protected areas. Ecological Applications 16 (5): 1683-
1695.

Magalhdes M.C., Santos R.S. and Hamer K.C. (2008). Dual-foraging of Cory’s
Shearwaters in the Azores: feeding locations, behaviour at sea and
implications for food provisioning of chicks. Marine Ecol. Prog. Ser. 359: 283-
293

Malik A., Fernandes C.E.G., Gonsalves M.J.B.D., Subina N.S., Mamatha S.S.,
Krishna K., LokaBharathi P.A. (2015). Interactions between trophic levels in
upwelling and non-upwelling regions during summer monsoon. Journal of Sea
Research, 95, 56-69

Mann K., Lazier J. (2006). Dynamics of marine ecosystems: biological-physical
interactions in the oceans. Wiley- Blackwell, Oxford

Missagia R., Ramos J.A., Louzao M., Delord K., Weimerskirch H., Paiva V.H. (2015).
Year-round distribution suggests spatial segregation of Cory’s shearwaters,
based on individual experience. Marine Biology. In press.

Montevecchi W.A., Benvenuti S., Garthe S., Davoren G.K., Fifield D., (2009).
Flexible foraging tactics by a large opportunistic seabird preying on forage-
and large pelagic fishes. Mar. Ecol. Prog. Ser. 385, 295-306.

Moore F.R., Gauthreaux S.AJr., Kerlinger P., Simons T.R. (1995). Habitat
requirements during migration: Important link in conservation. In Martin TE,
Finch DM, editors. Ecology and Management of Neotropical Migratory Birds:
A Synthesis and Review of Critical Issues. New York: Oxford University Press
Inc. 121-143 pp.

Morato T., Varkey D., Damaso C., Machete M., Santos M., Prieto R., Pitcher T.J.,
Santos R.S. (2008b). Evidence of a seamount effect on aggregating visitors.
Marine Ecology Progress Series 357:23-32

Myers R.A. and Worm B. (2003). Rapid worldwide depletion of predatory fish
communities. Nature 423: 280-283.

Myers R.A. et al. (2007). Cascading effects of the loss of apex predatory sharks from
a coastal ocean. Science 315, 1846-1850

Navarro J., and Gonzélez-Solis J. (2009). Environmental determinants of foraging
strategies in Cory’s Shearwaters Calonectris diomedea. Marine Ecol. Prog.
Ser. 378: 259-267

64



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Navarro J., Gonzalez-Solis J., G V., (2007). Nutritional and feeding ecology in Cory's
shearwater Calonectris diomedea during breeding. Marine Ecology Progress
Series 351, 261-271.

Navarro J., Kaliontzopoulou A., and Gonzalez-Solis J. (2009). Sexual dimorphism in
bill morphology and feeding ecology in Cory’s Shearwater (Calonectris
diomedea). Zoology 112:128-138.

Navarro J., Oro D., Bertolero A., Genovart M., Delgado A., & Forero M.G. (2010).
Age and sexual differences in the exploitation of two anthropogenic food
resources for an opportunistic seabird. Biol, M.

Nevitt G.A. (1999). Olfactory foraging in Antarctic seabirds: a species-specific
attraction to krill odors. Marine Ecology Progress Series 177:235-241

Nevitt G.A., Veit R.R., Kareiva P. (2002). Dimethyl sulphide as a foraging cue for
Antarctic procellariiform seabirds. Nature 376:680-682

Nevoux M., Weimerskirch H., Barbraud C. (2007). Environmental variation and
experience related differences in the demography of the long-lived
black-browed albatross. Journal of Animal Ecology 76:159-167

Osborn T.J. (2011). An historical and climatological note on snowfalls associated
with cold pools in southern Britain. Weather 66:19-21

Page B., McKenzie J., Goldsworthy S.D. (2005). Inter-sexual differences in New
Zealand fur seal diving behaviour. Mar Ecol Prog Ser 304: 249-264

Paiva V.H. (2009). Foraging tactics, activity at sea and sea area usage by Cory’s
Shearwaters (Calonectris diomedea borealis) in the North Atlantic. University
of Coimbra.

Paiva V.H., Geraldes P., Marques V., Rodriguez R., Garthe S., and Ramos J.A.
(2013a). Effects of environmental variability on different trophic levels of the

Paiva V.H., Geraldes P., Ramirez I., Meirinho A., Garthe S. and Ramos J.A. (2010b).
Oceanographic characteristics of areas used by Cory’s shearwaters during
short and long foraging trips in the North Atlantic. Marine Biology 157: 1385-
1399

Paiva V.H., Geraldes P., Ramirez I., Meirinho A., Garthe S., and Ramos, J.A.
(2010a). Foraging plasticity in a pelagic seabird species along a marine
productivity gradient. Marine Ecol. Prog. Ser. 398: 259-274.

Paiva V.H., Geraldes P., Ramirez I., Werner A. C., Garthe S., and Ramos J.A.
(2013b). Overcoming difficult times: The behavioural resilience of a marine

65



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

predator when facing environmental stochasticity. Mar. Ecol. Prog. Ser.
486:277-288.

Paiva V.H., Xavier J., Geraldes P., Ramirez I., Garthe S. and Ramos J.A. (2010c).
Foraging ecology of Cory’s shearwaters in different oceanic environments of
the North Atlantic. Marine Ecol. Prog. Ser. 410:257—-268.

Parnell A.C., Inger R., Bearhop S. and Jackson A.L. (2010). Source Partitioning
Using Stable Isotopes: Coping with Too Much Variation. PLoS ONE 5 (3): 1-5.

Pauly D., et al. (1998). Fishing down marine food webs. Science 279, 860-863

Péron C., Delord K., Phillips R.A., Charbonnier Y., Marteau C., Louzdo M., &
Weimerskirch H. (2010). Seasonal variation in oceanographic habitat and
behaviour of white-chinned petrels Procellaria aequinoctialis from Kerguelen
Island. Marine Ecology Progress Series, 416, 267-284

Péron C., Weimerskirch H., & Bost C.A. (2012). Projected poleward shift of king
penguins’ (Aptenodytes patagonicus) foraging range at the Crozet Islands,
southern Indian Ocean. Proceedings of the Royal Society B: Biological
Sciences, 279(1738), 2515-2523.

Phillips R.A., Bearhop S., McGill R.A.R., Dawson D.A. (2009). Stable isotopes reveal
individual variation in migration strategies and habitat preferences in a suite of
seabirds during the nonbreeding period. Oecologia 160:795-806

Phillips R.A., McGill R.A.R., Dawson D.A., Bearhop S. (2011). Sexual segregation in
distribution, diet and trophic level of seabirds: insights from stable isotope
analysis. Mar Biol 158: 2199-2208

Phillips R.A., Silk J.R.D., Phalan B., Catry P., Croxall J.P. (2004). Seasonal sexual
segregation in two Thalassarche albatross species: competitive exclusion,
reproductive role specialization or foraging niche divergence? Proc R Soc
Lond B Biol Sci 217: 1283-1291

Phillips R.A., Xavier J.C. and Croxall J.P. (2003). Effects of satelitte transmitters on
albatrosses and petrels. The Auk 120: 1082-1090.

Piatt 1., and Sydeman W. (2007). Seabirds as indicators of marine ecosystems.
Marine Ecology Progress Series 352:199-204.

Pinaud D. (2008). Quantifying search effort of moving animals at several spatial
scales using first-passage time analysis: effect of the structure of environment
and tracking systems. — J. Appl. Ecol. 45: 91-99.

Pinheiro J.C., & Bates D.M. (2000). Mixed-Effects Models in S and S-PLUS.
Springer Verlag, New York, USA.

66



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Polovina J.J., Howell E., Kobayashi D.R., Seki M.P. (2001). The transition zone
chlorophyll front, a dynamic global feature defining migration and forage
habitat for marine resources. Prog Oceanogr 49:469-483

Post D.M. (2002). Using stable isotopes to estimate trophic position: models,
methods and assumptions. Ecological Society of America 83:703—718.

Pyk T.M., Bunce A., Norman F.l. (2007). The influence of age on reproductive
success and diet in Australasian gannets (Morus serrator) breeding at Pope’s
Eye, Port Phillip Bay, Victoria. Australian journal of zoology 55:267-274

Quillfeldt P., McGill R., and Furness R. (2005). Diet and foraging areas of Southern
Ocean seabirds and their prey inferred from stable isotopes: review and case
study of Wilson’s storm-petrel. Marine Ecology Progress Series 295:295-304

Ramirez I., Geraldes P., Meirinho A., Amorim P., Paiva V.H. (2008). Important areas
for seabirds in Portugal. Project LIFEO4NAT/PT/000213 — Sociedade
Portuguesa Para o Estudo das Aves. Lisboa.

Ramos J.A., Granadeiro J., Phillips R.A., & Catry P. (2009). Flight morphology and
foraging behaviour of male and female Cory’s shearwaters, 111(3), 424-432

Ramos J.A., Moniz Z., Sola E., & Monteiro L.R. (2003). Reproductive measures and
chick provisioning of Cory’s Shearwater Calonectris diomedea borealis in the
Azores. Bird Study, 50(1), 47-54

Ramos R., and Gonzéalez-Solis J. (2012). Trace me if you can: the use of intrinsic
biogeochemical markers in marine top predators. Frontiers in Ecology and the
Environment 10:258—-266.

Ramos R., Gonzéalez-Solis J., and Ruiz X. (2009). Linking isotopic and migratory
patterns in a pelagic seabird. Oecologia 160:97-105.

Ramos R., Granadeiro J.P., Nevoux M., Mougin J.L., Dias M.P., Catry P. (2012).
Combined Spatio-Temporal Impacts of Climate and Longline Fisheries on the
Survival of a Trans-Equatorial Marine Migrant. Plos One 7.

Ramos R., Militdo T., Gonzéalez-Solis J. and Ruiz X. (2009b). Moulting strategies of a
long-distance migratory seabird, the Mediterranean Cory’s Shearwater
Calonectris diomedea diomedea. Ibis 151: 151-159.

Roberts J.J., Best B.D., Dunn D.C., Treml EA., Halpin P.N. (2010). Marine geospatial
ecology tools: an integrated framework for ecological geoprocessing with
ArcGIS, Python, R, MATLAB, and C++. Environ Model Soft 25:1197-1207

Robinson S.K., Wilcove D.S. (1994). Forest fragmentation in the temperate zone and
its effects on migratory songbirds. Bird Conserv Int 4: 233-249.

67



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Rodrigues N.V., Maranhédo P., Oliveira P. and Alberto J. (2008). Guia de espécies
submarinas, Portugal-Berlengas. Instituto Politécnico de Leiria. Leiria,
Portugal. 231 p.

Roscales J.L., Gomez-Diaz E., Neves V., and Gonzalez-Solis J. (2011). Trophic
versus geographic structure in stable isotope signatures of pelagic seabirds
breeding in the Northeast Atlantic. Marine Ecol. Prog. Ser. 434: 1-13

Santos A.J.F.R., Azeiteiro U.M., Sousa F., and Alves F. (2012). The role of
knowledge and the way of life of local inhabitants in sustainable development:
an exploratory study on the impact of the Natural Reserve of the Berlengas
Islands (Portugal) on the life of its local fishing community. J. Int. Coas. Zon.
Man. 12 (4): 429-436.

Scheffer M., Carpenter S., and Young B. (2005). Cascading effects of overfishing
marine systems. Trends in Ecology and Evolution 20 (11): 579-581.

Schreiber E.A., and Burger J. (2001). Biology of Marine Birds. CRC Press. Boca
Raton, Florida, USA. 744 p.

Shaffer S.A., Costa D.P., Weimerskirch H. (2003). Foraging effort in relation to the
constraints of reproduction in free-ranging albatrosses. Funct. Ecol. 17, 66—
74.

Shaffer S.A., Tremblay Y., Weimerskirch H., Scott D. and others (2006). Migratory
shearwaters integrate oceanic resources across the Pacific Ocean in an
endless summer. Proc Natl Acad Sci USA 103:12799-12802

Sherman K. (1993). Large marine ecosystems as global units for marine resource
management — an ecological perspective. In: Sherman, K., Alexander, L.M.
and Gold, B.D. (Eds). Large Marine Ecosystems V: Stress, Mitigation and
Sustainability. AAAs Press. Washington, DC, USA. 408 p.

Soares M.I.P. (2013). Foraging ecology strategies of Cory’s Shearwater in Porto
Santo Island (Master’s thesis, Universidade de Coimbra, Portugal). 68 p.

Spear L.B., Ballance L.T., Ainley D.G. (2001). Response of seabirds to termal
boundaries in the tropical Pacific: the thermocline versus the Equatorial Front.
Marine Ecology Progress Series 219:275-289

Staniland 1.J., Trathan P., Martin A.R., (2006). Consequences of prey distribution for
the foraging behaviour of top predators. In: Staniland, 1.J., Trathan, P.,Martin,
A.R. (Eds.), Top Predators in Marine Ecosystems. Cambridge University
Press, Cambridge, pp.131-142.

68



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Stenseth N.C., Ottersen G., Hurrell J.W., Mysterud A., and others (2003). Studying
climate effects on ecology through the use of climate indices: the North
Atlantic Oscillation, ElI Nifio Southern Oscillation and beyond. Proc R Soc
Lond B 270: 2087-2096

Thaxter C.B., Daunt F., Hamer K.C., Watanuki Y. and others (2009). Sex-specific
food provisioning in a monomorphic seabird, the common guillemot Uria
aalge: nest defence, foraging efficiency or parental effort? J Avian Biol 40:
75-84

Thibault J.C., Bretagnolle V., and Rabouam C. (1997). Calonectris diomedea Cory’s
Shearwater. Birds of the Western Palearctic Update 1:75-98.

Towns D., Atkinson I|.E., Daugherty C. (2006). Have the Harmful Effects of
Introduced Rats on Islands been Exaggerated? Biol Invasions 8, 863-891.

Tremblay Y., Bertrand S., Henry R., Kappes M.A., Costa D.P., Shaffer S.A. (2009).
Analytical approaches to investigating seabird—environment interactions: a
review. Marine Ecology Progress Series 391:153-163

Tweddle J.F., Strutton P.G., Foley D.G., O'Higgins L., Wood A.M., Scott B., Everroad
R.C., Peterson W.T., Cannon D., Hunter M., Forster Z. (2010). Relationships
among upwelling, phytoplankton blooms, and phycotoxins in coastal Oregon
shellfish Mar. Ecol. Prog. Ser., 405, pp. 131-145

Votier S.C., Bearhop S.,Witt M. J., Inger R., Thompson D., and Newton
J. (2010). Individual responses of seabirds to commercial fisheries revealed
using GPS tracking, stable isotopes and vessel monitoring systems. J. Appl.
Ecol. 47:487-497.

Votier S.C., Grecian W.J., Patrick S., Newton J. (2011). Inter-colony movements, at-
sea behaviour and foraging in an immature seabird: results from GPS-PPT
tracking, radio-tracking and stable isotope analysis. Marine Biology 158: 355-
362.

Walther G.R., Post E., Convey P., Menzel A., Parmesan C., Beebee T.J.C.,
Fromentin J.M., Hoegh-Guldberg O. and Bairlein F. (2002). Ecological
responses to recent climate change. Nature, 416, 389-395

Warham J. (1990). The Petrels. Their Ecology and Breeding Systems. Academic
Press. London, UK. 440 p.

Warham J. (1996). The Behaviour, Population Biology and Physiology of the Petrels.
Academic Press. London, UK 616 p.

Waugh S., Filippi D., Fukuda A., Suzuki M., Higuchi H., Setiawan A. and Davis L.
(2005). Foraging of royal albatrosses, Diomedea epomophora, from Otago

69



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Peninsula and its relationships to fisheries. Can J Fish Aquat Sci 62: 1410-
1421

Weimerskirch H. (2007). Are seabirds foraging for unpredictable resources? Deep
Sea Research Part II: Topical Studies in Oceanography 54:211-223.

Weimerskirch H., (1995). Regulation of foraging trips and incubation routine in male
and female Wandering Albatrosses. Oecologia 49:37—43.

Weimerskirch H., and Jouventin P. (1990). Satellite tracking of Wandering
albatrosses.

Weimerskirch H., and Wilson R.P. (2000). Oceanic respite for Wandering
Albatrosses. Nature 406: 955-956

Weimerskirch H., Bonadonna F., Bailleul F., Mabille G., Del'Omo G. and Lipp H.P.
(2002). GPS tracking of foraging Albatrosses. Science 295: 1259

Weimerskirch H., Cherel Y., Delord K., et al. (2014). Lifetime foraging patterns of the
wandering albatross: Life on the move! Journal of Experimental Marine
Biology and Ecology 450:68—-78

Weimerskirch H., Gault A., and Cherel Y. (2005a). Prey distribution and patchiness:
Factors in foraging success and efficiency of Wandering Albatrosses. Ecology
86:2611-2622.

Weimerskirch H., Le Corre M., Ropert-Coudert Y., et al. (2005b). The three-
dimensional flight of red-footed boobies: adaptations to foraging in a tropical
environment? Proc R Soc B 272:53-61

Weimerskirch H., Salamolard M., Sarrazin F., and Jouventin P. (1993). Foraging
strategy of Wandering Albatrosses through the breeding: a study using
satellite telemetry. Auk 110:325-342.

Weimerskirch H., Shaffer S.A., Tremblay Y., Costa D.P. and others. (2009). Species-
and sex-specific differences in foraging behaviour and foraging zones in blue-
footed and brown boobies in the Gulf of California. Mar Ecol Prog Ser 391:
267-278

Weimerskirch, H., Pinaud D., Pawlowski F., Bost C.A. (2007). Does prey capture
induce area-restricted search? A fine-scale study using GPS in a marine
predator, the wandering albatross. Am. Nat. 170, 734—743.

Werner A.C. (2010). Pre-breeding period in Cory’s shearwater: bird quality and
foraging behavior (unpublished Master’s thesis, Universidade de Coimbra,
Portugal). 82 p.

70



Justin da Silva Pereira (2015) Environmental driven sexual segregation in a marine predator

Wetz M.S., and Wheeler P.A. (2004). Response of bacteria to simulated upwelling
phytoplankton blooms Mar. Ecol. Prog. Ser., 272 (2004), pp. 49-57

Wilcove D.S., & Wikelsk M. (2008). Going, going, gone: Is animal migration
disappearing? PL0oS Biology, 6(7), 1361-1364.

Wiley A.E., Welch A.J., Ostrum P.H., James H.F., Stricker C.A., Fleischer R.C.,
Gandhi H., Adams J., Ainley D.G., Duvall F., Holmes N., Hu D., Judge S.W.,
Penniman J. & Swindle K. (2012). Foraging segregation and genetic
divergence between geographically proximate colonies of a highly mobile
seabird. Oecologia 168 (1): 119-130.

Wilson R.P., Grémillet D., Syder J., Kierspel M.A.M., Garthe S., Weimerskirch H.,
Schaferneth C., Scolaro J.A., Bost C.A., PI6tz J., Nel D. (2002). Remote-
sensing systems and seabirds: their use, abuse and potential for measuring
marine environmental variables. Marine Ecology Progress Series 228:241-261

Wilson R.P., Liebsch N., Davies I., Quintana F., Weimerskirch H., Storch S., Lucke
K., Siebert U., Zankl S., Muller G. (2007). All at sea with animal tracks;
methodological and analytical solutions for the resolution of movement. Deep
Sea Research Part Il: Topical Studies in Oceanography 54:193-210

Wilson R.P., Putz K., Peters G., Culik B., Scolaro J.A., Charrassin J.B., Ropert-
Coudert Y. (1997). Long-term attachment of transmitting and recording
devices to penguins and other seabirds. Wildlife Society Bulletin 25, 101-106.

Wittenberger J.F., Hunt G.L. (1985). The adaptive significance of coloniality in birds.
In: Farner DS, King JR (eds) Avian Biology. Academic Press, San Diego, pp
1-78

Wood S.N. & Augustin N.H. (2002). GAMs with integrated model selection using
penalized regression splines and applications to environmental modelling.
Ecological Modelling, 157, 157-177.

Xavier J.C., Magalhdes M.C., Mendonga A.S., Antunes M., Carvalho N., Machete
M., Santos R.S., Paiva V.H., Hamer K.C. (2011). Changes in diet of Cory's
Shearwaters Calonectris diomedea breeding in the Azores. Marine
Ornithology 39, 129-134.

Yamamoto M. (2011). The present state and ecology of Streaked Shearwater on
Awalsland in Niigata. Aquabiology 33, 205-210 (in Japanese).

Zimmer |., Ropert-Coudert Y., Kato A., et al. (2011). Does Foraging Performance
Change with Age in Female Little Penguins (Eudyptula minor)? PLoS ONE.

71





