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THE AT-SEA BEHAVIOUR AND ECOLOGY OF THE CRITICALLY ENDANGERED 

BALEARIC SHEARWATER 
 

Rhiannon E. Meier 
 

Seabirds are long-lived, diverse and behaviourally complex marine top predators that are capable of 
traversing large areas of the global oceans. Consequently, this group are at risk from the wide and 
persistent range of anthropogenic activities working in this environment. Understanding the consistency 
with which individuals and populations use the marine environment over space and time, and the 
mechanisms underlying at-sea behaviour is therefore vital for interpreting population dynamics and 
developing appropriate and long-standing conservation strategies.  

  This thesis utilises a combination of state-of-the-art tracking technologies and biogeochemical analyses 
to provide a better understanding of the at-sea movements, ecology and behaviour of a critically 
endangered seabird: the Balearic shearwater Puffinus mauretanicus. This species is the most threatened 
seabird in Europe and is undergoing continued population declines, believed to be largely associated with 
at-sea mortality from fisheries bycatch and predation on land. Despite intensive study during the breeding 
season, knowledge of the at-sea ecology of Balearic shearwaters during key phases of the annual cycle 
remains poor. 

  Year-round tracking from colonies on the Balearic Islands yielded new insights into migration strategies 
of individuals and populations. Most individuals remained faithful to non-breeding areas over the course 
of the five-year study, although some plasticity in migration behaviour was also detected, indicating 
capacity for change. Patterns of differential migration were persistent in the main study population, and 
were linked to sex-based (and potential life stage-based) differences in migratory behaviour, which are 
most likely associated with varying ties to the breeding grounds. Links between reproductive performance 
and non-breeding behaviour were also detected, demonstrating an importance of carry-over effects in this 
species, with potential implications for population dynamics. Furthermore, behavioural differentiation 
was found between island populations. Migration strategies, use of foraging habitat and phenology 
differed between a potential Balearic/Yelkouan shearwater hybrid population on Menorca and a 
neighbouring colony of Balearic shearwaters on Mallorca, providing insights into the relatedness of 
Puffinus species in the Mediterranean, and emphasising the need to identify units for management that are 
both ecologically and evolutionarily relevant.  

  Combined geolocation, isotope and feather moult data further identified use of a diversity of foraging 
tactics in northeast Atlantic waters, and spatial differences in non-breeding dietary behaviour. These 
findings implicate a role of both forage fish and fisheries in shaping patterns of at-sea distribution during 
the non-breeding season, and may prove useful for future assessment of seabird responses to 
anthropogenic and environmental change. During the breeding season, persistent use of highly productive 
coastal habitats was identified, indicating exploitation of predictable resources. Such movements 
emphasise the vulnerability of the Balearic shearwater to anthropogenic activity, but also highlight the 
potential of area-based management approaches for species protection, when combined with management 
of human activities throughout the species’ distribution range.  

  Together, the findings of this research provide urgently needed information on the at-sea behaviour and 
ecology of the Balearic shearwater, which should contribute to improved management efforts aimed at 
increasing population viability. In addition, this thesis contributes to a wider understanding of individual 
behaviours and inter-seasonal interactions in seabirds, and identifies the need to establish the movement 
behaviour of a wider range of life stages and populations across distinct seasons.  
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Chapter 1      Introduction 

This thesis has been written as a series of independent studies that utilise a combination of state-

of-the-art technologies and techniques to better understanding the at-sea ecology and behaviour 

of a Critically Endangered seabird: the Balearic shearwater Puffinus mauretanicus. The 

following chapter introduces the main themes of this thesis and the rationale behind it, and 

provides an overview of each study contained within.   

1.1 Project rationale 

Seabirds in a rapidly changing marine environment 

Movement is an important aspect of the life-history strategies of animals, whether it involves 

the short to moderate distances travelled between breeding and foraging grounds, or the 

expansive distances traversed by highly migratory species in order to access food, breeding 

habitat or suitable environmental conditions (Berthold 2001, Dingle 2014). Understanding these 

movements and the mechanisms that underlie them is therefore essential for knowledge of 

ecological and evolutionary processes, population dynamics and effective conservation 

management (Rubenstein & Hobson 2004, Nathan et al. 2008).  

Amongst the diverse range of marine top predators that inhabit the oceans, seabirds 

represent some of the widest ranging and most threatened species (Egevang et al. 2010, Croxall 

et al. 2012). Seabirds are highly mobile, long-lived organisms with late maturation, low rates of 

reproduction and high rates of adult survival (Lack 1968, Ricklefs 1990), and consequently tend 

to experience slow rates of population change (Croxall & Rothery 1991, Weimerskirch et al. 

2002). These traits make them particularly vulnerable to the high levels of anthropogenic 

activity currently influencing marine environments (Halpern et al. 2008, Lewison et al. 2014). 

Fisheries, climate change, coastal development, pollution and invasive species all have the 

potential to influence this group, and are contributing to rapid and widespread seabird 

population declines in many areas of the world’s oceans (Croxall et al. 2012, Lewison et al. 

2014, Spatz et al. 2014, Paleczny et al. 2015). An improved knowledge of the at-sea ecology of 

seabirds is therefore fundamental for identifying and implementing effective conservation 

strategies (Hooker et al. 2011, Lewison et al. 2012), and for a wider understanding of marine 

ecosystem health (Piatt et al. 2007, Einoder 2009). Nevertheless, while the breeding biology of 

this diverse group has been well categorised, obtaining comprehensive insights into movement 

behaviour and drivers of distribution remains a major challenge (Lewison et al. 2012), as many 
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seabirds undertake large-scale offshore movements and are therefore difficult to track over 

extended periods.  

 

Advances in the study of seabird at-sea ecology 

Remote observation of animal movement through bio-logging  

Traditionally, our knowledge of the distribution and behaviour of seabirds during inaccessible 

at-sea periods relied on ringing recoveries and sightings data (Burger & Shaffer 2008, Robinson 

et al. 2010). Over the last few decades, miniaturised tracking technologies have now created 

unparalleled opportunities for in-depth investigations into the at-sea movements and ecology of 

a range of marine top predators (Burger & Shaffer 2008, Bograd et al. 2010, Costa et al. 2012, 

Hazen et al. 2012, Wilson & Vandenabeele 2012), including some of the longest distance 

migrants on the planet (e.g. the northern elephant seal: Stewart & DeLong 1995, sooty 

shearwater: Shaffer et al. 2006, and arctic tern: Egevang et al. 2010). Research into migratory 

movements with the use of geolocation has been particularly pronounced, transforming our 

knowledge of this annual phenomenon in many seabird species, and addressing questions 

related to migratory navigation, individual-based behaviours and inter-seasonal interactions 

(Croxall et al. 2005, Shaffer et al. 2006, González-Solís et al. 2007, Guilford et al. 2009, 

Egevang et al. 2010, Bogdanova et al. 2011, Guilford et al. 2011a, Yamamoto et al. 2014).  

A diverse range of migratory strategies has now been recorded in seabirds, 

demonstrating the variability in movements found both within and between populations 

(Phillips et al. 2005, Kubetzki et al. 2009, Guilford et al. 2011b, Kopp et al. 2011, Frederiksen 

et al. 2012, Åkesson & Weimerskirch 2014). While some seabird species migrate to single over-

wintering sites and engage in stopover behaviours on route (e.g. the Manx shearwater: Guilford 

et al. 2009), others show varying degrees of partial, differential, dispersive, chain or even 

leapfrog migration (e.g. González-Solís et al. 2007, Guilford et al. 2011b, Fort et al. 2012, Perez 

et al. 2014, Ramos et al. 2015). Differences in movement behaviour related to factors such as 

sex and age have also been reported in a wide range of seabird populations, amongst both size-

dimorphic and monomorphic species (Lewis et al. 2002, Wearmouth & Sims 2008, Lecomte et 

al. 2010, Åkesson & Weimerskirch 2014, Cleasby et al. 2015). Sex or age-based segregation is 

often attributed to competitive exclusion (e.g. related to size), differential reproductive roles or 

physiological constraints (Cristol et al. 1999, Phillips et al. 2004b), although has also been 

associated with differences in nutrient requirements or foraging efficiency between the sexes 

(Lewis et al. 2002), and life stages (Fayet et al. 2015). Despite the attention given to sex and 

age-based segregation, our understanding of the mechanisms underlying class-based differences 
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in movement behaviour remains incomplete, particularly amongst smaller monomorphic species 

(Hedd et al. 2014). The processes governing natal dispersal and movements during early life 

also remain poorly known amongst seabirds (Hazen et al. 2012). However, opportunities for 

following immature birds over the annual cycle are beginning to identify disparities in 

movement behaviour between life-history stages in species such as the Wandering albatross, 

revealing new insights into migratory controls and highlighting conservation considerations 

(Weimerskirch et al. 2006, Trebilco et al. 2008, Ismar et al. 2010, Åkesson & Weimerskirch 

2014). 

A move from population level ecology to the identification of individual behaviours has 

also followed technological advances, and has identified fidelity of individual birds to non-

breeding grounds, migratory routes and movement schedules (Alerstam et al. 2006, Vardanis et 

al. 2011, Stanley et al. 2012). Varying levels of consistency and flexibility in individual 

movement behaviour are now being uncovered within seabird populations (Phillips et al. 2005, 

Guilford et al. 2011a, Dias et al. 2013, Patrick et al. 2014, Yamamoto et al. 2014), with potential 

implications for population dynamics (Bolnick et al. 2003). Seabirds such as the Black-browed 

albatross, Streaked shearwater and Atlantic puffin all appear relatively faithful to over-wintering 

sites and/or migration routes (Phillips et al. 2005, Guilford et al. 2011a, Yamamoto et al. 2014), 

while others such as Cory’s shearwaters show some individual plasticity in migratory behaviour 

(Dias et al. 2011, Dias et al. 2013). Similarly, the coexistence of individuals that specialise and 

those that generalise in their foraging strategies has been detected within populations (Votier et 

al. 2010, Patrick & Weimerskirch 2014, Patrick et al. 2015). The degree of individual 

consistency in behaviour may have important implications for ecological and evolutionary 

processes within a population, and thus relevance to conservation (Bolnick et al. 2003, Sih et al. 

2004). For example, the level of plasticity in individual migratory strategies and use of non-

breeding habitat may influence a population’s ability to adapt to environmental change (Reed et 

al. 2010, Dias et al. 2011). Individual specialization within a population that contains variation 

in movement behaviour may also promote processes of speciation through differential selective 

pressures on individuals (Bolnick et al. 2003). Despite the variability in individual migration 

strategies being reported amongst seabird populations, the mechanisms driving levels of 

individual consistency remain poorly understood, and are likely to be complex (e.g. Futuyma & 

Moreno 1988, Araújo et al. 2011). This emphasises the need for further research efforts focused 

on individual variation in a wide range of species and populations.  

Global positioning system (GPS) loggers in combination with a range of specialist 

archival tags (i.e. time-depth recorders, immersion loggers, stomach temperature sensors, 

accelerometers, and miniaturised cameras) have been instrumental in elucidating aspects of fine-
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scale foraging behaviour in seabirds (e.g. Guilford et al. 2008, Votier et al. 2010, Hedd et al. 

2014, Weimerskirch et al. 2014), and when combined with increasingly accessible 

oceanographic datasets are providing knowledge as to how environmental parameters may 

shape movement (Bost et al. 2009, Block et al. 2011, Scott et al. 2013, Scales et al. 2014a). 

Amongst the wide range of fine-scale behaviours revealed, fisheries interactions have received 

considerable interest due to their widespread occurrence amongst seabird taxa, and associated 

conservation relevance (Bertrand et al. 2012, Votier et al. 2013, Patrick et al. 2015). It is now 

known, for instance, that individuals within a common population can show varying levels of 

foraging specialization associated with fisheries (e.g. northern gannets: Votier et al. 2010, 

Patrick et al. 2015), and adjust foraging movements in relation to fisheries activity (Bartumeus 

et al. 2010, Torres et al. 2011, Bertrand et al. 2012). Nevertheless, information about foraging 

ecology has largely focused on the breeding season, with many remaining knowledge gaps 

relating to non-breeding processes. In addition, with the exception of a small number of long-

term tracking studies (i.e. Phillips et al. 2007a, Weimerskirch et al. 2012, Bogdanova et al. 2014, 

Weimerskirch et al. 2014) existing knowledge of at-sea behaviour largely corresponds to 

constrained snapshots in time. Establishing the persistence with which individuals and 

populations utilize marine habitats over time remains a high priority, as this factor will influence 

the effectiveness of management strategies, and may shape the resilience of animal populations 

to environmental perturbations and long-term environmental change (Grémillet & Boulinier 

2009, Lascelles et al. 2012).  

Size and financial constraints also still limit the study of long-distance avian movements 

with conventional tracking methods (Robinson et al. 2010, Bridge et al. 2011), and highlight the 

complementary power of additional tools such as intrinsic biogeochemical markers (Hobson 

1999, Graham et al. 2010).  

 

Intrinsic markers for trophic and spatial ecology 

Stable isotopes of carbon (12C and 13C) and nitrogen (14N and 15N) are widely used as 

tracers to provide information on spatial and trophic ecology (Rubenstein & Hobson 2004, Inger 

& Bearhop 2008, Graham et al. 2010, Ramos & González-Solís 2012). These biogeochemicals 

(denoted as 𝛿15N and 𝛿13C) are assimilated into consumers’ tissues through the diet in a 

predictable manner, and as a result contain trophic information (DeNiro & Epstein 1978, 1981, 

Hobson & Clark 1992b). Consumers’ tissues can also contain useful information about the 

spatial location of feeding, owing to geographical variability in isotopic compositions at the 

base of the food web (Hobson 2005, Trueman et al. 2012). These spatial gradients largely reflect 
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physiological variation in primary producers associated with factors such as temperature 

(Goericke & Fry 1994), as well as available nutrient sources and the processes that govern their 

cycling through marine systems (Montoya 2007).  

Stable isotopes have therefore been used to provide valuable information on avian 

migratory behaviour (Ramos et al. 2009a), non-breeding habitat use (Cherel et al. 2006, Phillips 

et al. 2009, Wiley et al. 2012), foraging ecology (Bearhop et al. 2006, Jaeger et al. 2013, Cherel 

et al. 2014), marine contaminant origins (Ofukany et al. 2012, Leat et al. 2013), breeding origins 

(Cherel et al. 2000, Gómez-Díaz & González-Solís 2007) and inter-seasonal interactions (Marra 

et al. 1998, Sorensen et al. 2009). The identification of inshore/benthic versus offshore/pelagic 

gradients in marine systems has been particularly useful in revealing intra- and inter-specific 

differences in habitat use (e.g. Hobson et al. 1994, Cherel & Hobson 2007, Paiva et al. 2010) 

and foraging strategies (Woo et al. 2008, Votier et al. 2010, Stauss et al. 2012). These tracers 

therefore have potential to provide knowledge that is crucial to the development of conservation 

strategies for threatened species. Furthermore, isotope markers provide time-integrated 

information on diet that cannot be gained through extrinsic tracking, and in this way represent 

powerful tools when coupled with bio-loggers for obtaining a comprehensive understanding of 

at-sea ecology (González-Solís et al. 2011, Roscales et al. 2011). Access to food can be a central 

factor driving the annual movements of migratory animals (Dingle 2014), and therefore 

knowledge of feeding ecology is integral to interpreting patterns of space use.  

Despite the potential of isotope markers, knowledge of spatio-temporal baseline isotope 

variability remains limited for many regions of the oceans, although is essential for decoupling 

trophic and spatial influences on animal isotope compositions (Jennings & Warr 2003, Casey & 

Post 2011). As such, the development of isotopic maps (or ‘isoscapes’) is becoming a focus 

within the field of isotope ecology (Tagliabue & Bopp 2008, Jaeger et al. 2010, Olson et al. 

2010, Somes et al. 2010, McMahon et al. 2013, MacKenzie et al. 2014). Predictable large-scale 

spatial gradients in food web isotopes have been widely utilized in polar regions to trace the 

movement of marine top predators (e.g. Cherel & Hobson 2007, Jaeger et al. 2010, Quillfeldt et 

al. 2010a), however, validation of isotope methods in many other regions, and at smaller scales, 

is still required (Roscales et al. 2011, Ramos & González-Solís 2012). Furthermore, 

unambiguous interpretations of animal isotope compositions rely on knowledge of physiological 

factors such as tissue turnover rates, which can reflect diet over varying periods (Hobson & 

Clark 1992a, Hobson 1999). The isotopic compositions of chemically inert feathers, for 

example, are widely used to infer diet or habitat of seabirds during the non-breeding period, but 

details of the timing and chronology of moult are still required for many species (Hobson 2005). 
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Inter-seasonal interactions and their importance 

Understanding the links between processes in distinct phases of the annual cycle is important, as 

conditions experienced far from the breeding grounds can have consequences for individual 

fitness and population dynamics (and vice versa) (Webster & Marra 2005, Norris & Marra 2007, 

Harrison et al. 2011). These ‘inter-seasonal interactions’ or ‘carry-over effects’ have been 

reported largely amongst terrestrial birds, although are now also being documented in seabird 

populations (Sorensen et al. 2009, Bogdanova et al. 2011, Catry et al. 2013, Daunt et al. 2014, 

Harms et al. 2015). Habitat quality during the non-breeding season may be linked to subsequent 

reproductive performance, as demonstrated in long-distance migrants such as the American 

Redstart and Black-tailed Godwit (Marra et al. 1998, Gunnarsson et al. 2005). In theory, this 

factor may influence population structure if enough individuals experience reduced fitness or 

mortality as a result of habitat change (Sutherland 1996, Norris 2005, Norris & Taylor 2006). 

Conversely, based on life-history theory, there is a suggestion that breeding season processes 

may influence the subsequent non-breeding schedules, space use and survival of individuals (e.g. 

Bogdanova et al. 2011, Catry et al. 2013). Amongst seabirds, these effects have recently been 

demonstrated in black-legged kittiwakes (Bogdanova et al. 2011) and Cory’s shearwaters (Catry 

et al. 2013), which engage in contrasting patterns of winter movement, and even subsequent 

arrival times at colonies (in the case of the latter species), based on prior reproductive 

investment or success. Understanding how carry-over effects influence individual fitness is 

important for conservation management, and as these inter-seasonal links may be shaped by 

environmental variation, should enhance our ability to predict how seabird populations may 

respond to environmental change (Harrison et al. 2011, Daunt et al. 2014). Nevertheless, for 

many seabird species these processes remain poorly understood.  

 

Marine conservation management of seabirds 

Approximately one third of all seabird species are considered globally threatened and many 

populations are in decline (Croxall et al. 2012, Spatz et al. 2014, Paleczny et al. 2015). 

Consequently, there is a pressing need for effective protection of these mobile top predators 

both on land and at sea.  

In comparison to well-developed conservation strategies at many breeding colonies, 

protection of seabirds across the vast expanses of ocean through which they range is 

problematic, and in many cases requires multinational management action (Game et al. 2009, 

Grémillet & Boulinier 2009). Site-based management using Marine Protected Areas (MPAs) is 

a widely recognised form of protection, and considerable efforts are being made to identify and 
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protect important marine habitats of seabirds (e.g. Ramírez et al. 2008, Arcos et al. 2012b), in 

accordance with international conservation commitments (Hooker et al. 2011, Lascelles et al. 

2012). Nevertheless, this approach relies on implementation of effective management plans, 

requires ongoing monitoring and refinement within adaptive management frameworks, and is 

likely to only benefit species that regularly associate with particular static habitats or tractable 

oceanographic features (Hyrenbach et al. 2000, Hooker et al. 2011, Lascelles et al. 2012, 

Ronconi et al. 2012). Furthermore, site protection throughout the large stretches of ocean over 

which seabirds range is in many cases unfeasible (Game et al. 2009). Therefore, there is a need 

for comprehensive knowledge of the movement behaviours of different population classes and 

life-stages, in order to identify high-priority habitats and/or seasons for protection (Hooker et al. 

2011). The limitations of MPAs additionally highlight requirements to balance these tools with 

effective management of threatening human activities throughout species’ distribution ranges.  

Amongst the wide range of activities threatening seabird populations at sea, fisheries 

represent one of the most severe (Croxall et al. 2012). Fisheries bycatch is a major source of 

seabird mortality, and procellariiforms are one of the worst affected groups (Bull 2007, 

Anderson et al. 2011). For example, most of the 22 species of albatross are currently at risk of 

extinction, and bycatch is considered the major cause (Anderson et al. 2011). Seabirds are 

exposed to risk of bycatch owing to a tendency to scavenge on fisheries discards, behaviour in 

itself that may have both positive and negative effects on populations (Furness 2003). There is 

evidence to suggest that availability and use of this food source may affect reproductive 

performance (Oro et al. 1996, Louzao et al. 2006b, Grémillet et al. 2008), influence movement 

(Bartumeus et al. 2010, Bertrand et al. 2012), and elevate populations of scavenging seabirds 

thus modifying community composition (Wagner & Boersma 2011).  

Management of the direct and indirect effects of fisheries is likely to require adaptive 

approaches, as seabirds may alter their behaviour in response to changing fisheries activity (e.g. 

Bartumeus et al. 2010). For example, there is concern that as new fisheries policies are 

introduced and discard availability declines (e.g. Bicknell et al. 2013), some seabirds may attend 

longliners to a greater extent, elevating the risk of bycatch (García-Barcelona et al. 2010, Laneri 

et al. 2010). A range of bycatch mitigation measures (e.g. night-setting, weighted lines and bird 

scaring devices) are being implemented in fisheries, and show some promise at reducing 

bycatch (Bull 2007, Croxall et al. 2012). However, progress is slow, and many questions remain 

about the effects of fisheries activities on seabird populations (Lewison et al. 2012, Bicknell et 

al. 2013). Effective conservation management of seabirds in coastal and offshore environments 

therefore requires further research efforts to improve understanding of at-sea behaviour, feeding 
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ecology, and the spatial and temporal distribution of fisheries interactions and bycatch risk, 

particularly during the non-breeding season (Croxall et al. 2012, Lewison et al. 2012). 

 

The Balearic shearwater  

The Balearic shearwater Puffinus mauretanicus (Lowe 1921) is a medium-sized Procellariiform 

seabird belonging to the Puffinus genus, and is listed as Critically Endangered on the IUCN Red 

List (IUCN 2014). The species weighs approximately 500 g (Genovart et al. 2003), is long lived 

(≥26 years; McMinn, unpublished data), and does not reach maturity until at least 3 years of age 

(Oro et al. 2004a). Having been initially described as a subspecies of the Manx shearwater, the 

Balearic shearwater has undergone a series of taxonomic status changes (Bourne et al. 1988, 

Yésou et al. 1990), and is now one of two recognised Puffinus species that breed in the 

Mediterranean Sea (the other being the Yelkouan shearwater P. yelkouan).  

The breeding range of the Balearic shearwater is constrained to the Balearic archipelago 

in the western Mediterranean (Ruiz & Martí 2004). It has a known breeding population of 

~3200 pairs, although this is likely to be an underestimate due to the inaccessibility of breeding 

sites and the fact that at-sea counts suggest a total global population of between 20 000 – 30 000 

individuals (Arcos 2011, Arcos et al. 2012a, Arroyo et al. 2014). The Balearic shearwater has 

been afforded its high conservation status owing to recent and ongoing population declines (Oro 

et al. 2004a, Genovart et al. in press) that are attributed to a wide and persistent range of threats. 

Low adult survival rates (~0.8), identified through population viability analysis (Oro et al. 

2004a, Genovart et al. in press), are believed to be associated with pressures both on-land and 

at-sea including unregulated predation by introduced mammals at colonies (Ruiz & Martí 2004, 

Arcos 2011), at-sea bycatch mortality in fishing gear (Laneri et al. 2010, Louzao et al. 2011b, 

ICES 2013, Oliveira et al. 2015), climate- and/or fisheries-driven changes in prey availability 

(Wynn et al. 2007, Votier et al. 2008a, Luczak et al. 2011), habitat destruction (Arcos 2011), 

policy-related changes in discard availability (Bicknell et al. 2013) and pollution (Oro et al. 

2007, Codina-García et al. 2013). Of these threats, bycatch mortality has been assessed as one 

of the most pressing, with reports of up to a hundred birds caught in single fishing events 

(Louzao et al. 2011b).  Recent multi-event mark-recapture modelling has estimated that 

approximately half of all adult mortality is from fisheries bycatch, predominantly attributed to 

longlines (Genovart et al. in press).  

Balearic shearwaters raise a single chick in the spring (between February and June), 

before the majority of the population migrate into the northeast Atlantic, where they remain for 

periods of up to 4 months, prior to returning to the Mediterranean for winter (Ruiz & Martí 
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2004, Guilford et al. 2012). As with many seabirds, the Balearic shearwater has been most 

extensively studied on the breeding grounds. During the breeding (and pre-breeding) period 

large numbers of birds are observed utilizing productive coastal waters on the Spanish 

continental shelf, with areas around the Ebro Delta, Cape Nao and the central Catalan coast 

identified as hotspots (Arcos & Oro 2002a, Abelló et al. 2003, Louzao et al. 2006a, Arcos et al. 

2012b). These productive waters support large aggregations of small forage fish and are 

characterised by high frontal activity (Estrada 1996, Salat 1996, Palomera et al. 2007). In 

addition, smaller numbers of birds have been recorded foraging around the Balearic archipelago 

(Ruiz & Martí 2004, Arcos et al. 2012b).  

Foraging ecology has been a particular aspect of interest, owing partly to this species’ 

propensity to scavenge on fisheries discards (Le Mao & Yésou 1993, Arcos & Oro 2002a, 

Navarro et al. 2009, Käkelä et al. 2010). Balearic shearwaters are known to be generalist 

predators that engage in a number of natural foraging strategies, including pursuit and plunge 

diving for small pelagic fishes, zooplankton predation, and feeding associations with drifting 

objects or other marine top predators (Le Mao & Yésou 1993, Rebassa et al. 1998, Arcos et al. 

2000, Louzao et al. 2015). 

In recent years, attempts have being made to track the fine-scale movements of breeding 

birds from known colonies (Ruiz & Martí 2004, Louzao et al. 2012), and have corroborated the 

importance of the north African coast, Balearic Islands and Iberian coast for foraging 

shearwaters during the breeding period. Nevertheless, birds tracked in these studies were either 

unconfirmed breeders (Louzao et al. 2012) or were equipped with devices weighing well over 

recommended limits (Phillips et al. 2003, Ruiz & Martí 2004), restricting the interpretations of 

recorded movements.   

In comparison to this substantial body of work within the Mediterranean breeding range, 

many aspects of the Balearic shearwater’s non-breeding ecology have remained a mystery due 

to difficulty in tracking individuals throughout the annual cycle. The majority of the population 

move into the northeast Atlantic during post-breeding migrations between May and July, 

coincident with declining productivity within the Mediterranean (Le Mao & Yésou 1993, 

Estrada 1996, Mayol-Serra et al. 2000, Guilford et al. 2012). Here, they are commonly observed 

in high numbers off the Iberian Peninsula and Bay of Biscay (Le Mao & Yésou 1993, Mouriño 

et al. 2003, Poot 2005); two important non-breeding areas for adult birds recently confirmed 

during tracking work (Guilford et al. 2012). Large congregations of birds (up to ~25% of the 

world population) have also been documented utilizing coastal areas off northern Brittany and 

southwest UK during the summer months (Février et al. 2011, Darlaston & Wynn 2012, 

Thébault et al. 2012, Jones et al. 2014). However, initial tracking and sightings studies indicate 
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that these northernmost aggregations may be composed predominantly of non-breeders, owing 

to an absence of tracked birds moving this far north and continued sightings during early winter 

after the main return of the breeding population to the Mediterranean (Plestan et al. 2009, 

Guilford et al. 2012, Jones et al. 2014). The peak return of birds to the breeding grounds occurs 

in September – October, where they spend a number of months engaging in pre-breeding 

behaviours prior to egg laying (Gutiérrez & Figuerola 1995, Guilford et al. 2012). 

Suggestions of recent northwards range expansion in this species within the northeast 

Atlantic since the mid-1990s has also received some interest, following reports of increasing 

sightings numbers off northern Brittany and southwest UK (Wynn et al. 2007, Wynn & Yésou 

2007), coincident with decreasing numbers in the Bay of Biscay (Yésou 2003). This apparent 

distribution shift has largely been attributed to climate-driven changes in pelagic fish 

distributions within the northeast Atlantic (e.g. Poulard & Blanchard 2005, Beaugrand et al. 

2009), although links between these processes remain largely correlative (Luczak et al. 2011), 

and the roles of observer awareness or changing fisheries activities have both been discussed as 

alternative explanations (Yésou 2003, Votier et al. 2008a). Unfortunately, our understanding of 

many aspects of non-breeding ecology, such as foraging behaviour and the influence of fisheries 

on distributions is extremely limited. Tracking work has demonstrated a continued importance 

of the Bay of Biscay for adult birds (Guilford et al. 2012), raising further questions about the 

natal origins and life stages of individuals in northern regions and the specific age cohort 

responsible for apparent distribution shifts. 

At present, little is known about individual behavioural strategies, the persistence with 

which birds utilize particular non-breeding areas, inter-colony differences in at-sea movements, 

or the interplay between events in distinct periods of the annual cycle. These processes have 

important implications for our understanding of the ecology and population dynamics of this 

seabird, and ultimately define our capability to identify conservation priorities effectively. 

Consequently, there is a pressing need for further study of the movements and behaviours of 

this enigmatic seabird.  

Further extensive summarises of knowledge on this species can be found in Ruiz and 

Martí (2004), Arcos (2011) and Boué et al. (2013). 
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1.2 Aims 

This thesis is primarily dedicated to improving knowledge of the at-sea behaviours and ecology 

of the Balearic shearwater, of direct relevance to conservation management. On a wider level, it 

is hoped that the work contained here will contribute to an understanding of movement 

behaviours in seabirds and their underlying drivers at both the individual and population level. 

 

The main aims of this thesis were thus to: 

 
i. Identify individual, class and population level patterns in at-sea behaviours, such as 

those relating to migratory and foraging movements, in order to gain a better 

understanding of how, when and why this species utilizes the marine environment 

 
ii. Examine the degree to which processes in one phase of the annual cycle relate to those 

in another (i.e. carry-over effects), to allow assessment of the potential ecological, 

evolutionary and conservation implications of these interactions 

 
iii. Identify dietary behaviours of birds within defined non-breeding areas, in order to 

improve current understanding of at-sea ecology and the potential drivers of distribution  

 
iv. Through an improved knowledge of the at-sea movements and behaviours, identify key 

threats and future conservation priorities for the Balearic shearwater  

 

1.3 Thesis structure 

The remaining chapters contained in this thesis are written as stand-alone studies that have 

either been published, or have been written in the style of research articles (in preparation for 

future publication).  

 

Chapter 2 examines individual migration strategies of the Balearic shearwater, their consistency 

in space and time, and their interplay with breeding season processes to shape the annual cycle 

of this seabird. Geolocators were used to track birds over multiple years from one of the species’ 

largest breeding colonies, with the aim of determining levels of individual and population-level 

consistency in non-breeding movements and migratory schedules. The potential mechanisms 

underlying differential migration in the study population, including those related to sex, life 
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stage, morphology and differential reproductive costs were then explored, and the interplay 

between events in distinct seasons identified. Lastly, detailed patterns of at-sea behaviour were 

determined from salt-water immersion data using a Hidden Markov Model, to reveal new 

insights into activity patterns of Balearic shearwaters over the annual cycle.  The first year of 

migration data that contributes to this study was initially published in 2012 (see Appendix B).  

 

Chapter 3 uses a combination of techniques including geolocation, stable isotope analysis of 

predator and prey tissues and at-sea imagery of feather moult, to examine the feeding ecology of 

Balearic shearwaters during the non-breeding season. Virtually nothing is known about foraging 

behaviours of this species outside of the Mediterranean breeding range, despite suggestions that 

climate-driven changes in forage fish distributions may be driving recent northwards range 

expansions in the NE Atlantic. This study identifies spatial differences in dietary behaviour that 

implicate an importance of both pelagic fish and fisheries in shaping patterns of at-sea 

distribution during the non-breeding season. Given the threat that fisheries represent to seabirds, 

and imminent changes in fisheries policy within Europe, this study provides valuable 

information that will aid future assessment of seabird responses to anthropogenic and 

environmental change.   

 

Chapter 4 builds on single-colony migration work to examine behavioural and ecological 

differentiation amongst populations of Puffinus shearwaters from the Mediterranean. Using 

coupled extrinsic and intrinsic tracking methods (established in earlier chapters), this study 

compares migration behaviours, habitat use and breeding phenologies of a potential hybrid 

Balearic/Yelkouan shearwater population on Menorca with those from a neighbouring colony of 

Balearic shearwaters on Mallorca. Findings are interpreted in the context of existing knowledge 

of the movement ecology of Yelkouan shearwaters, provide insights into the relatedness of 

Puffinus species within the Mediterranean, and highlight the potential role of at-sea behaviours 

in the differentiation of closely related seabird populations. 

 

Chapter 5 focuses on the identification of fine-scale foraging movements of incubating Balearic 

shearwaters from the Mallorcan study colony. Birds were tracked over four consecutive years 

using GPS loggers, salt-water immersion and time-depth recorders to simultaneously identify 

patterns of movement, on-water activity and diving of incubating adults. This chapter presents 

the first multi-year tracking study of fine-scale foraging behaviour in this procellariiform, 
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identifies levels of population consistency in space use and represents a crucial step towards 

understanding the long-term validity of Marine Protected Area networks for foraging 

shearwaters within the western Mediterranean. This chapter was published in 2015 (See 

Appendix A).  

 

Chapter 6 presents a general discussion of the main themes of the thesis, and sets the key 

findings in the broader context of their contribution to knowledge of at-sea behaviours of 

Balearic shearwaters. The wider implications of key findings for an understanding of 

mechanisms underlying movement behaviours, and for conservation management of this 

critically endangered species are then explored. 
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Chapter 2      Differential migration, site fidelity and sexual 

segregation of the Balearic shearwater during the non-

breeding season 

 

ABSTRACT 

The degree to which seabirds show consistency versus flexibility in migratory behaviours will 

have important implications for their capacity to respond to environmental and anthropogenic 

change. An understanding of individual strategies, inter-seasonal interactions and their 

relationship to both individual fitness and population dynamics is therefore imperative given 

levels of unprecedented change in marine systems. Between 2010 and 2015, we tracked the non-

breeding movements of critically endangered Balearic shearwaters (Puffinus mauretanicus) 

from a large breeding colony on Mallorca, Spain (n, individuals= 52, full tracks= 90), with the 

aim of examining levels of individual consistency in migratory behaviour, and links to breeding 

performance. Birds migrated to non-breeding grounds that stretched from the Alboran Sea in the 

western Mediterranean to northern areas of the Bay of Biscay. While the migration strategy was 

not entirely fixed (i.e. a small number of shearwaters showed flexibility in their migratory 

destinations), the majority of birds engaged in highly repeatable patterns of space use over 

multiple non-breeding seasons. Furthermore, we found evidence for sex-based differences in 

both non-breeding distribution and migratory phenology. A proportion of the tracked female 

population migrated to northern non-breeding areas seldom used by males, and males returned 

to the colony earlier than females after spending shorter periods at sea. Migratory phenology 

was significantly related to prior breeding outcome for both sexes, with individuals leaving the 

colony and breeding grounds earlier in years of breeding failure. A larger proportion of females 

that failed their previous breeding attempt also migrated to non-breeding areas further north 

than those that successfully bred, although no relationship was detected for males. Together, 

these findings demonstrate the interplay between non-breeding ecology and breeding season 

processes, and highlight high levels of individual consistency, with potentially important 

implications for population dynamics and conservation of this threatened migratory seabird. 
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2.1 Introduction 

Animal migration is a well-known phenomenon, particularly amongst avian species that engage 

in some of the longest migrations known on earth (Shaffer et al. 2006, Egevang et al. 2010). The 

development of avian migration strategies has been widely attributed to endogenous or social 

controls (Berthold 1996). Long-term selection experiments have demonstrated that the timing, 

duration and direction of migration may have a strong genetic basis (e.g. Berthold & Helbig 

1992, Helbig 1996, Berthold 1999), and there is direct evidence for heritability of migration 

schedules (Pulido et al. 2001, Pulido & Berthold 2003). Cultural influences may also play a role, 

with young learning migration behaviour from conspecifics during their first migration 

(Alerstam 1991, Mouritsen et al. 2003, Chernetsov et al. 2004, Harrison et al. 2010). 

Furthermore, long-lived species may learn from experience (Åkesson & Weimerskirch 2005, 

Guilford et al. 2011b), or adjust the fine-scale timings of migration schedules in response to 

environmental conditions (Marra et al. 2005).  

A central question to the study of animal migration is why individuals from the same 

population, or populations of the same species, engage in different migratory behaviours 

(Berthold 2001, Newton 2008). While our understanding of key ecological processes such as 

migration has been based largely on population-level study, there is growing recognition of the 

importance of individual-based behaviours and their ecological and evolutionary significance 

(Bolnick et al. 2003, Sih et al. 2004, Bell et al. 2009). Individual migration strategies and 

patterns of both repeatability and flexibility in behaviour are being uncovered amongst marine 

vertebrates (Jorgensen et al. 2009, Quillfeldt et al. 2010b, Schofield et al. 2010, Vander Zanden 

et al. 2010, Dias et al. 2011, Guilford et al. 2011b, Perez et al. 2014, Yamamoto et al. 2014), 

and there is evidence for variation in movement behaviour and habitat use relating to factors 

such as sex or age (Van Eerden & Munsterman 1995, Field et al. 2005, Wearmouth & Sims 

2008, Jaeger et al. 2014). Sexual-based differences in movement behaviour are not uncommon 

in avian species (Cristol et al. 1999, Catry et al. 2006), and amongst seabird populations have 

been reported for both size-dimorphic (González‐Solís et al. 2000, Wearmouth & Sims 2008, 

Phillips et al. 2011, Åkesson & Weimerskirch 2014, Jaeger et al. 2014) and monomorphic 

species (Lewis et al. 2002, Hedd et al. 2014), although predominantly amongst the former. Such 

differential behaviours have been attributed to processes including competitive exclusion (often 

related to size), differential reproductive roles or niche specialization associated, for example, 

with physiological constraints or foraging efficiency (Ketterson & Nolan 1983, Shaffer et al. 

2001, Phillips et al. 2004b). 
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Recent studies have also begun to emphasise an importance of inter-seasonal 

interactions and their potential effects on behaviour at both the individual and population level 

(Webster & Marra 2005, Norris & Marra 2007, Harrison et al. 2011). Environmental conditions 

experienced during the non-breeding season have been linked to body condition and subsequent 

reproductive success (Marra et al. 1998, Norris et al. 2004, Gunnarsson et al. 2005), and there is 

compelling evidence to demonstrate relationships between migration schedules (i.e. colony 

arrival date) and fitness (Potti 1998, Gill et al. 2001). Reproductive performance may also carry-

over to influence migratory phenology and non-breeding movements during the following 

season, as is the case with unsuccessful breeders that have been recorded departing earlier on 

migration following breeding failure (Phillips et al. 2005, Bogdanova et al. 2011, Catry et al. 

2013). Despite recent interest in this field, knowledge of seasonal interactions and their 

relationship to both individual fitness and population dynamics remains limited, owing largely 

to challenges in following individuals across seasons and years (Harrison et al. 2011).  

The Balearic shearwater Puffinus mauretanicus is a critically endangered seabird that 

breeds in the western Mediterranean with a breeding population of ~3200 pairs (Arcos 2011). 

Initial tracking of this enigmatic species has verified that in summer birds predominantly 

migrate out of the Mediterranean Sea post-breeding to two discrete non-breeding areas in the 

northeast Atlantic (the Iberian Peninsula, and to a lesser degree the Bay of Biscay), and has 

hinted at sexual segregation during this at-sea phase (Guilford et al. 2012). Nevertheless, our 

current understanding of migration strategies and non-breeding distributions is limited to a 

single season, with nothing known about individual-based behaviour. The Balearic shearwater is 

experiencing ongoing population declines associated with threats both at sea (e.g. fisheries 

bycatch) and on land (e.g. predation at colonies) (Arcos 2011, Genovart et al. in press). 

Therefore, a detailed understanding of its at-sea movement behaviours both at the individual and 

population level is imperative for effective conservation of this seabird. 

Using geolocators to track year-round movements and activity between 2010 and 2015, 

we aimed to examine whether individual Balearic shearwaters engaged in consistent or flexible 

migratory behaviours over multiple years, both in terms of fidelity to non-breeding areas and 

repeatability in the timing of migratory events. We then aimed to examine relationships between 

migration strategies, at-sea behaviours identified through salt-water immersion logs, and 

reproductive performance, in order to identify inter-seasonal interactions of potential relevance 

to population dynamics.  
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2.2 Materials and methods 

2.2.1 Study site & tracking 

The study was undertaken at one of the world’s largest Balearic shearwater breeding colonies 

(Sa Cella cave, Mallorca; 39°36’N, 002°21’E; Figure 2.1) between 2010 and 2015. Additional 

work was undertaken on the nearby island of Sa Dragonera (39°35’N, 002°19’E), which for the 

purpose of this study was considered as a sub-colony of Sa Cella. All work was performed 

following established protocols to minimise disturbance (Guilford et al. 2012), under permits 

issued by the Government of the Balearic Islands (permit numbers: CAP04/2010, CAP31/2011, 

CEP04/2012, CEP03/2013, CEP15/2014, CEP/2015). 

 Birds were captured on the nest during incubation periods in March and April, and 

BAS/Biotrack geolocators (MK15, MK19, MK18, MK4083) weighing 1.9 – 2.5 g (0.43± 0.08% 

body mass; bird weight: 519 ± 43g) were attached to the tarsus using a custom-sized darvic ring 

and two cable ties. Birds were weighed in cloth bags, marked with correction fluid to aid 

detection of pair changeovers, and returned to the nest within 21 ± 8 minutes of capture. 

Individuals were recaptured the following breeding season for device recovery and/or 

replacement in the case of subsequent tracking.  

 Breeding success (hatching and fledging) was measured during years of both 

deployment and recovery for experimental nests, as well as matching (unhandled) control nests 

interspersed throughout the colony. To compare body size of females that used different non-

breeding areas, tarsus length, bill length, head plus bill length and bill depth were measured with 

Vernier callipers (± 0.02 mm), while wing length was measured with a steel ruler (± 0.5 mm) 

(following morphometric descriptions in Genovart et al. 2003). Birds were sexed from DNA 

within either blood (Vetgenomics, Spain) or breast feathers (Avian Biotech, UK) collected 

following device recovery, with the exception of two individuals that were sexed behaviourally 

following methods in Guilford et al. (2012). 

2.2.2 Data analysis 

To provide twice-daily estimates of latitude and longitude, geolocation light-level data were 

processed using BAStrak software (British Antarctic Survey, Cambridge, UK), with a light-

level threshold of 10. Light curves were manually evaluated to remove sunrise and sunset 

transitions with obvious light interference, and dark periods of <4 hours. Unreliable locations 

around the equinoxes (5 days on the summer side and 10 days on the winter side of the equinox), 

unrealistic locations >52° and <30°N, and locations associated with unrealistic movement based 
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on maximum likely travel speeds of 55 km h-1 (Meier et al. 2015) were also discarded. Devices 

were calibrated against different sun elevation angles from data spanning the late incubation and 

chick-rearing period, when it was assumed that movements were centred near the colony. For 

each geolocator, the angle that resulted in the smallest latitudinal bias and/or least number of 

points falling over land was used (-3.0° - -4.0°; see chapter 3).   

Non-breeding areas were determined using fixed kernel density estimation (KDE) in the 

‘KernSmooth’ package in R (Wand 2013) (cell size: 1 km2). Optimised KDE Plugin bandwidths 

were obtained for each bird using the ‘ks’ package (Duong 2013). 

To investigate inter-annual consistency in use of non-breeding areas, nearest-neighbour 

analysis was used to compare the spatial similarity between paired migration tracks from a) the 

same individual between years and b) different individuals between years (randomly selected to 

prevent repeated measures for bird pairings and minimise unequal sample sizes between groups) 

(Freeman et al. 2011, Guilford et al. 2011b). For each pairwise combination of tracks, the 

shortest distances between monthly median positions were calculated, within a time-window of 

±1 month, to account for temporal differences in migratory movements for otherwise spatially 

similar tracks (using the Matlab nearest-neighbour toolbox - Fayet, unpublished). For each 

month during the non-breeding season (May – November), linear mixed-effects models (LMMs) 

were then fitted on nearest neighbour distances, with a fixed effect for group (a and b) and 

random intercept terms for ‘bird pairing’ and ‘year combination between paired tracks’. To 

determine whether individuals with multiple years of data engaged in migration strategies as 

diverse as those seen within the wider tracked population, the mean monthly nearest neighbour 

distances between different individuals with multiple years of data were also plotted. 

To provide a measure of overall non-breeding site fidelity, LMM-based repeatability 

analysis was performed on median non-breeding positions using the rptR package in R 

(Nakagawa & Schielzeth 2010, Schielzeth & Nakagawa 2013). Repeatability (r) in individual 

migration schedules (last night in the cave colony, migration departure date, non-breeding 

duration, migration return date, first night in cave colony) and foraging effort (proportion of 

daylight hours spent foraging; details below) during the non-breeding season was estimated 

following the same method. Migration departure and return dates were defined as those during 

which birds passed a longitude of 002° E. Following Guilford et al. (2012), salt-water 

immersion traces were used to identify colony departure dates (last nighttime visit) and arrival 

dates (first nighttime visit), based on patterns of continuous nighttime dryness (≥2 hrs). Lay date 

was estimated as the first over-day colony visit at the onset of asynchronous visits between pair 

members (or when only one pair member was tracked, the onset of regular day-time colony 

visits lasting ≥2 days in males, and first colony visit after the post-laying exodus in females). 
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Hatch date was estimated as the last day of the final colony visit of a pair member lasting >1 

day.  

To compare the foraging effort of birds that migrated to different non-breeding areas, 

we used daily immersion time as a proxy for foraging effort. Hidden Markov Models (HMMs) 

were run to identify likely foraging behaviour in 10-minute geolocator immersion records, using 

methods developed in Dean et al. (2013) with the HMM toolbox in Matlab (Murphy 1998). In 

brief, we trained the HMM using immersion data from foraging trips of 18 Balearic shearwaters, 

tracked with geolocators during incubation periods in March-April 2013-2014, and 

simultaneously fitted with GPS loggers and time-depth recorders (see Meier et al. 2015). 

Immersion data were logit-transformed, and HMMs with varying numbers of states were 

compared using negative log-likelihood values. Parameter priors were chosen using k-means 

clustering and improved using an expectation maximisation procedure (see Supplementary 

information section 2.5.1 for further details). Using the Viterbi algorithm (Dugad & Desai 1996), 

parameters from the trained HMM were then applied to geolocator immersion data that spanned 

the annual cycle of 90 tracks from 48 individuals. The total proportion of time spent foraging, 

resting and in flight during the breeding season (incubation and chick-rearing phase), non-

breeding season (period spent within the main non-breeding area after migration) and pre-

breeding season (period between the colony arrival date and lay date) was then calculated, and 

compared using repeated measures ANOVA (on a dataset containing one track per individual). 

The relationship between foraging effort during the non-breeding season (proportion of daylight 

hours spent foraging) and non-breeding area was also tested using a LMM with foraging effort 

as a response, non-breeding area (Bay of Biscay, western Iberia, southern Iberia) as a fixed 

effect and individual bird id as a random intercept term. While a binomial model could have 

been applied to this data, the proportion of time spent foraging approximated well to a Gaussian 

error structure, and estimated mean values were closer to the observed means.  

The influence of year, sex and previous breeding success on non-breeding behaviour 

and migratory phenology was tested on the full tracking dataset using LMMs (‘population’ 

models). Likelihood ratio tests were used to compare LMMs with and without fixed effects for 

year, sex and their interaction for the full tracking dataset (excluding 2014-2015 data due to 

insufficient sample sizes). LMMs were also applied to a subset of data containing only 

individuals tracked over more than one non-breeding season and having experienced both 

breeding success and failure during the study (‘individual’ models). Models were fitted with 

breeding success as a fixed effect, ‘individual’ as a random intercept term and migration 

schedules (last night in cave, migration departure date and non-breeding duration), non-breeding 

location (median latitude) or foraging effort (proportion of daylight hours during the non-
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breeding season spent foraging) as response variables. To investigate the effect of non-breeding 

behaviour on subsequent breeding outcome (response) in the full tracking dataset (insufficient 

sample sizes at the individual level), we used a binomial GLMM with a logit link function, 

individual as a random intercept term, and non-breeding location, foraging effort, non-breeding 

duration and migration return date as fixed effects. All statistical and spatial analyses were 

performed in R version 3.0.2 (R Core Team 2013) and ArcGIS version 10.0 (ESRI, USA).  

 

2.3 Results 

2.3.1 Device impacts 

No significant differences were found in hatching success (measured as the proportion of eggs 

that hatched) of experimental and control nests during the study (experimental nests = 0.78, n = 

64; control nests = 0.81, n = 163, Fisher’s exact test, p >0.05; SI Table 2.3). Similarly, for the 

four years that fledging success data (proportion of eggs that hatched and fledged) were 

obtained, no significant differences between groups were detected (experimental nests = 0.75, n 

= 51; control nests = 0.71, n = 126, Fisher’s exact test, p >0.05; SI Table 2.3).  

2.3.2 Shearwater migration strategies 

Spatial data were recovered from 52 birds, yielding 90 full and 15 partial migration tracks 

(Appendix B; partial tracks were not considered further in this study), and multiple years of data 

for 24 individuals (n: 2 years = 12, 3 years = 6, 4 years = 6; SI Table 2.4). Over five consecutive 

non-breeding seasons, birds migrated to areas extending from the Alboran Sea in the western 

Mediterranean to northern France in the northeast Atlantic (Figure 2.1), showing three main 

patterns of area use: 1) northern Bay of Biscay and Brittany coast, 2) western Iberia, and 3) 

southern Iberia either in the Atlantic, western Mediterranean or both (see Supplementary 

information section 2.5.3 for example tracks and summary data). A small number of individuals 

(n = 10) also partitioned their time between multiple non-breeding areas (SI Table 2.5). The 

non-breeding range of the tracked population was similar between years (Pairwise overlap: 50% 

occupancy kernels: 0.40-0.70, 90% occupancy kernel: 0.59-0.75; SI Figure 2.7 & SI Table 2.7).  

Significant sex-based differences were detected in the use of non-breeding areas (n: 

females = 44, males = 46; Fisher’s exact test, p < 0.001, power = 0.66; Table 2.1). Females 

migrated to both northern (45%) and southern (55%) non-breeding grounds, while males 

predominantly (96%) remained in the south, in closer proximity to breeding colonies (Figure 
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2.2). There were no significant differences in body size metrics (e.g. wing length) between 

females summering in the Bay of Biscay and in non-breeding grounds further south (LRTs, 

p >0.05, SI Table 2.8). 

2.3.3 Individual consistency in migratory movements 

The majority of individuals showed high consistency in migratory movements and use of non-

breeding areas amongst years (SI Table 2.6). Nearest neighbour distances between monthly 

median positions during the main non-breeding period (July – September) were smaller between 

pairs of tracks from the same individual between years (n = 66), than pairs of tracks from 

different individuals (p <0.05; Table 2.2, Figure 2.3 & Figure 2.4). Similarly, the overall median 

latitude of individual shearwaters during the non-breeding season was repeatable between years 

(R = 0.66 ± 0.10, CI = 0.44 - 0.81, p = 0.001). Nonetheless, 4 of 24 birds (17%) tracked over 

multiple years switched between non-breeding grounds off Iberia and northwest France during 

the study (SI Table 2.6). 

 
Figure 2.1. 50% kernel density estimates for geolocator-tracked Balearic shearwaters from the Sa Cella 
colony, Mallorca, during non-breeding periods between 2010 and 2014. Individuals are coloured uniquely 
across years. Star = colony location (projection: Lambert conformal conic, bandwidth selector = plug-in). 
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Figure 2.2. 50% kernel density estimates for geolocator-tracked Balearic shearwaters from the Sa Cella 
colony, Mallorca, during non-breeding periods between 2010 and 2014. Red = female, blue = male, star = 
colony location (projection: Lambert conformal conic, bandwidth selector = plug-in). 
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Figure 2.3. Example monthly median positions (May – November) of Balearic shearwaters that spent the 
non-breeding season in the Bay of Biscay (bird A), off western Iberia (bird B) and in waters off southern 
Iberia or in the western Mediterranean (bird C), over three consecutive years. The colony location (Sa 
Cella) is indicated with a star. Position estimates are likely to incoropate errors (~186 ± 114km; Phillips 
et al. 2004a) inherent in the geolocation method.  
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Figure 2.4. Mean (± standard error) nearest neighbour distances between monthly median positions of 
paired Balearic shearwater tracks from the same individual (black, n = 66), different individuals for all 
pairwise combinations between years (dark blue, n = 1028) and different individuals for only those birds 
tracked for >1 year (light blue, n = 276). Asterisks indicate significant differences between groups (LMM, 
* = p <0.05, *** = p <0.001; Table 2.2). 

 

Table 2.2. Summary of likelihood ratio tests performed to compare linear mixed-effects models with and 
without a fixed effect for ‘nearest neighbour group’. Chi-square values (subscript number: degrees of 
freedom) and p-values (bold = significant difference) are shown. 
 

Month χ2
1 p 

5 0.605 0.45 
6 4.630 0.031 
7 17.956 <0.001 
8 16.845 <0.001 
9 14.041 <0.001 

10 0.184 0.67 
11 3.940 0.05 

 

2.3.4 Non-breeding foraging effort and activity 

Three-state Hidden Markov Models were trained on salt-water immersion data to identify at-sea 

behaviour, following a comparison of the negative log-likelihood of candidate models with 

between 2 and 6 states (see Supplementary information section 2.5.1). For training data 

recorded during the breeding season, the time spent diving, number of dives and derived ground 

speed differed significantly between the three states (SI Table 2.1), providing support for 

behavioural classifications obtained from the HMM. Based on these patterns of activity, the 

three states were interpreted as representing 1) rest, characterised by high immersion time, slow-

*** *** ****
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speed movement and low dive activity, 2) foraging, characterised by intermediate immersion 

time, intermediate speeds and high dive activity, and 3) sustained flight, characterised by low 

immersion time, high speeds and low dive activity. 

Example daily time activity budgets of five birds from May to December are shown in 

Figure 2.5. Overall, birds spent less time foraging (F2,117 = 338.96, p <0.001, SI Table 2.2) and 

in flight (F2,117 = 228.99, p <0.001, SI Table 2.2), and more time resting (F2,117 = 547.32, p 

<0.001, SI Table 2.2), during the non-breeding season than during breeding and pre-breeding 

periods. These patterns of activity were also consistent across the sexes and study years (p 

<0.001, SI Table 2.2). Patterns of elevated flight time in the days prior to and following over-

day colony visits also provided first indications of substantial commutes to and from the colony 

during the pre-breeding phase (Figure 2.5). Foraging effort differed significantly amongst birds 

that spent the non-breeding season in the Bay of Biscay and off west Iberia (Figure 2.6). While 

models indicated that there was a significant relationship between location and foraging effort, 

the proportion of variability in foraging effort explained by non-breeding area was relatively 

small (LMM LRT, χ2
2  = 13.661, p = 0.001, marginal R2 = 0.17, conditional R2 = 0.36). 

 
Figure 2.5. Proportion of daily time spent resting (blue), in flight (yellow) and foraging (green) between 
May and December for five example Balearic shearwaters. Red lines = the first and last colony night visit, 
black lines = the arrival and departure date in the non-breeding area, grey lines = day visits to colony. 
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Figure 2.6. Mean ± standard deviation daily foraging effort (measured as the proportion of daylight hours 
spent foraging) for birds that spent the non-breeding season a) in the Bay of Biscay (BoB), b) off the 
western Iberian Peninsula (WI), c) off southern Iberia (SI) and d) split between multiple areas (SP; in all 
cases except one, birds in this group partitioned time between western and southern Iberia). e) Total 
foraging effort (measured as the proportion of daylight hours over the entire non-breeding period that 
birds spent foraging). Group sample sizes are given in brackets. Non-breeding areas with asterisks were 
significantly different from one another. 
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2.3.5 Migratory phenology and links between non-breeding behaviour and breeding 

outcome 

There was no significant difference in the timing of the last colony visit, migration departure 

date and time spent foraging during the non-breeding season between males and females, or 

amongst years (p >0.05, Table 2.1). However, females had significantly longer non-breeding 

periods than males (χ2
1 = 5.111, p <0.001; Table 2.1), and males returned significantly earlier to 

the colony (χ2
1 = 5.288, p = 0.022; Table 2.1). The duration of the non-breeding season, 

migration return date, and both the first night and day visits to the colony were relatively 

consistent amongst years, with the exception of 2011, during which the return migration and the 

onset of colony attendance occurred later than in some other years (Table 2.1).  

Individuals showed low repeatability (r) in the timing of the last colony visit (R = 

0.19±0.13, 95% CI = 0.00-0.46, p = 0.09), departure for migration (R = 0.19±0.13, 95% CI = 

0.00-0.45, p = 0.08) and time spent foraging during the non-breeding season (R = 0.32±0.14, 95% 

CI = 0.03-0.55, p = 0.01). Moderate levels of individual repeatability were found in the duration 

of the non-breeding season (R = 0.41±0.14, 95% CI = 0.11-0.63, p = 0.002), timing of return 

migration (R = 0.55±0.13, 95% CI = 0.25-0.75, p = 0.001) and first arrival at the breeding 

colony (R = 0.59±0.12, 95% CI = 0.31-0.76, p  = 0.001).  

Individuals that failed to hatch and fledge a chick in the breeding season prior to 

migration left the breeding colony significantly earlier (hatch: χ2
1 = 37.75, p <0.001; fledge: χ2

1 

= 43.19, p <0.001: Table 2.3 & Figure 2.7) and initiated migration earlier (hatch: χ2
1 = 32.86, p 

<0.001; fledge: χ2
1 = 40.53, p <0.001: Table 2.3 & Figure 2.7) than during years when they bred 

successfully. Similarly, the duration of the non-breeding season was significantly longer for 

birds during years following breeding failure (hatch: χ2
1 = 18.56, p <0.001; fledge: χ2

1 = 19.98, p 

<0.001: Table 2.3 & Figure 2.7). Median non-breeding latitude and foraging effort were not 

significantly related to prior breeding outcome at the individual level (Latitude: hatch: χ2
1 = 1.62, 

p = 0.45; fledge: χ2
1 = 2.82, p = 0.25; Foraging effort: hatch: χ2

1 = 2.75, p = 0.25; fledge: χ2
1 = 

4.40, p = 0.11; Table 2.3 & Figure 2.7). However when testing the effect of prior breeding 

outcome on non-breeding location in the full tracking dataset, there was a significant effect for 

females, with a greater proportion of failed breeders migrating to higher latitudes (hatch: χ2
1 = 

5.566, p = 0.018; fledge: χ2
1 = 5.440, p = 0.020), although not for males (hatch: χ2

1 = 0.083, p = 

0.773; fledge: χ2
1 = 1.816, p = 0.178; SI Table 2.9, SI Figure 2.9). Small sample sizes prevented 

the testing of any interactive effects of breeding outcome and year on migratory phenology. A 

comparison of the proportion of successful and failed breeders amongst years indicated similar 

patterns of breeding outcome throughout the study (SI Table 2.10).  
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A comparison of non-breeding foraging effort with breeding outcome in the subsequent 

season indicated that there was a weak but significant relationship between the two, with higher 

foraging effort corresponding to a greater probability of failure to fledge a chick the following 

season (p = 0.045, conditional R2 = 0.29; SI Table 2.11 & SI Figure 2.10). In contrast, no 

relationship between foraging effort and subsequent hatching success was found (p = 0.504, SI 

Table 2.11), nor between phenological attributes and reproductive performance (SI Table 2.11). 

 

Table 2.3. Summary of LMMs (with a random term for individual) performed to compare the relationship 
between previous breeding outcome and migratory behaviour for individuals that bred both successfully 
and unsuccessfully during the study (‘individual’ models). 
 

Response variable Explanatory variable χ2
1 p-value n 

Last night in cave Previous hatch success  30.668 <0.001 30 
 Previous fledge success  40.693 <0.001 31 
     

Migration departure date Previous hatch success 25.016 <0.001 30 
 Previous fledge success 38.991 <0.001 31 
     

Non-breeding duration Previous hatch success 18.558 <0.001 30 
 Previous fledge success 19.980 <0.001 31 
     

Median non-breeding latitude Previous hatch success 1.620 0.203 30 
 Previous fledge success 2.815 0.093 31 
     

Non-breeding foraging effort Previous hatch success 2.745 0.098 30 
 Previous fledge success 0.154 0.695 31 

Insufficient sample sizes to include sex and year as fixed effects (see Appendix D for sex and year effects 
in the full tracking dataset).  

 

 

 

 

 

 



Chapter 2	   	   Individual migration strategies and seasonal interactions	  

	   32	   	   	  

 

Fi
gu

re
 2

.7
. 

B
ox

pl
ot

s 
of

 n
on

-b
re

ed
in

g 
pa

ra
m

et
er

s 
fo

r 
bi

rd
s 

th
at

 s
uc

ce
ss

fu
lly

 (
1)

 a
nd

 u
ns

uc
ce

ss
fu

lly
 (

0)
 r

ai
se

d 
a 

ch
ic

k 
du

rin
g 

th
e 

pr
ev

io
us

 b
re

ed
in

g 
se

as
on

 
(‘

in
di

vi
du

al
’ m

od
el

s;
 to

p 
ro

w
 =

 h
at

ch
in

g 
su

cc
es

s,
 b

ot
to

m
 ro

w
 =

 fl
ed

gi
ng

 s
uc

ce
ss

). 
A

st
er

is
ks

 =
 p

 <
0.

00
1.

 



Chapter 2	   	   Individual migration strategies and seasonal interactions	  

	   33	   	   	  

2.4 Discussion 

Our study provides evidence of high individual consistency in use of non-breeding areas by a 

migratory seabird. Most birds engaged in repeatable patterns of space use over multiple non-

breeding seasons, although 17% of individuals showed flexibility in their migratory destinations 

demonstrating capacity for change. We found additional evidence for a degree of sexual 

segregation in both non-breeding distribution and migratory phenology, with 45% of the tracked 

female population migrating to northern non-breeding areas seldom used by males, and a 

tendency for males to return earlier to breeding colonies after spending shorter periods at sea, 

indicating an influence of reproductive roles on non-breeding ecology. Furthermore, our 

findings indicate that prior breeding outcome had an effect on the subsequent migratory 

schedules of both sexes, and on the non-breeding distributions of females demonstrating the 

importance of carry-over effects. 

2.4.1 Potential mechanisms driving differential migration behaviour  

There are a number of potential mechanisms that could be driving the differential migratory 

behaviour and high individual consistency observed in this species.  

Strong evidence for sex-based differences in space use found here over a five-year 

period corroborate early indications of this behaviour reported in a single year study (Guilford et 

al. 2012). Balearic shearwaters are only weakly size dimorphic (Genovart et al. 2003), and 

therefore physiological constraints related to morphology suggested as a cause for sexual 

segregation in some procellariiforms (i.e. Shaffer et al. 2001, Phillips et al. 2004b) are unlikely. 

Furthermore, we did not find any evidence of body size differences between females from 

northern and southern non-breeding areas as might be expected should factors such as wing 

loading play a role in differential space use. Segregation based on competitive exclusion or 

social dominance is also unlikely (unless inter-species competition exists) given the relatively 

wide areas utilized during the non-breeding season and small population sizes (recent global 

estimates of ~25000 individuals; Arcos et al. 2012a, Arroyo et al. 2014). Nevertheless, niche 

specialization driven by physiological factors that are not immediately apparent may still be 

involved.  

Migratory variation could alternatively be a function of age (or a combination of both 

age and sex) (i.e. Cristol et al. 1999, Lecomte et al. 2010, Jaeger et al. 2014), with younger or 

less experienced females migrating further distances from breeding sites than older females and 

males, as has previously been demonstrated in some other seabirds (Van Eerden & Munsterman 

1995). In recent years, large numbers of Balearic shearwaters (up to ~25% of the estimated 
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global population) have been sighted off northern Brittany and southern UK during the summer 

months (Février et al. 2011, Darlaston & Wynn 2012, Jones et al. 2014), yet only a small 

number of birds tracked in our study (≤5) showed core distributions that extended into this area 

(and only one individual centred its distribution there). If individuals over-summering off 

northern Brittany and the UK are predominantly non-breeders, as has been suggested (see 

Guilford et al. 2012, Jones et al. 2014), it is plausible that less experienced females may show 

somewhat similar movement patterns to this group, influenced by factors such as intra-specific 

competition from dominant adults at favoured non-breeding grounds further south, 

physiological factors or information on habitat features gained during early life (e.g. Gauthreaux 

1978, Berthold 2001, Guilford et al. 2011b). The majority of tracked adults in our study were 

not ringed as chicks, preventing an accurate determination of age. Nevertheless, occurrence of 

differences in migratory strategies with age could be consistent with the patterns of behaviour 

reported here.  

A more likely explanation for observed patterns of migration is that the different life 

stages and sexes vary in the degree to which they are bound to breeding colonies, and thus in 

their freedom to range within the northeast Atlantic. After fledging, immature birds are not 

bound to the colony during the first few years of life (Oro et al. 2004b, Genovart et al. in press) 

and might therefore be freer to utilize northern areas than breeding adults. Our finding of earlier 

mean colony arrival dates in males, which spend short periods at-sea and almost all remain in 

southern non-breeding areas closer to breeding grounds, suggests that differences in non-

breeding distribution could partly be related to differential reproductive roles. Earlier male 

arrival at breeding colonies has been attributed to competition for nest sites and opportunities to 

breed in both marine (Dittmann & Becker 2003, Phillips et al. 2005, Perez et al. 2014, Thiebot 

et al. 2014) and terrestrial species (e.g. Potti 1998, Smith & Moore 2005), and may influence 

non-breeding distribution by conferring a distinct advantage to earlier arriving individuals (see 

Kokko 1999). Females may therefore be freer to range more widely during the non-breeding 

period as could be less constrained to return to the colony early to establish and defend nest sites 

(Ketterson & Nolan 1983, Cristol et al. 1999). A male drive for early return would not be 

unexpected at the study colony where occupancy of nest sites by breeding pairs and the pairings 

themselves are somewhat transient between seasons (personal observation). Nest sites are not in 

short supply within the colony, but access to high-quality sites and/or mates could be important 

in influencing migratory decisions. Furthermore, reproductive success has been shown to 

decline for later arriving individuals in some avian species (Lozano et al. 1996, Potti 1998, 

Smith & Moore 2005), highlighting the potential interplay between non-breeding behaviour and 

fitness (Harrison et al. 2011), although we did not find direct evidence for this here. In contrast, 
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we did find evidence for interactions between breeding season processes and subsequent non-

breeding ecology (discussion below). 

It is also conceivable that determination of migration strategies is unrelated to sex and/or 

stage, and is either under genetic control (Berthold 1996, 1999, Alerstam et al. 2003) or 

culturally inherited (Alerstam 1991, Berthold 1996, Chernetsov et al. 2004, Harrison et al. 2010) 

during first migration, followed by exploration, learning and use of prior knowledge in 

subsequent years (Åkesson & Weimerskirch 2005, Dias et al. 2011, Guilford et al. 2011b). 

While testing these theories is outside of the scope of the current study, ongoing tagging of 

fledgling Balearic shearwaters on Mallorca should facilitate future comparisons of migratory 

behaviour between successive generations and with life stage. 

2.4.2 Relationships between non-breeding behaviour and breeding outcome 

Prior breeding performance was related to subsequent migratory phenology across sexes. As 

seen with other seabirds (Phillips et al. 2005, Phillips et al. 2007b, Bogdanova et al. 2011, Catry 

et al. 2013), individuals departed from the colony and breeding grounds earlier and spent longer 

at sea following breeding failure than when they were successful (see also Guilford et al. 2012), 

indicating constraints on the timing of outbound migration related to breeding schedules. 

Furthermore, females that failed to raise a chick during the previous breeding attempt migrated 

widely within the northeast Atlantic, although a greater proportion (hatch = 71%, fledge = 63%) 

travelled to northern non-breeding areas in the Bay of Biscay, at greater distance from the 

colony, consistent with theories that birds in better condition (or with greater experience) may 

be more constrained to remain closer to breeding grounds (Kokko 1999, Chapman et al. 2011). 

Unsuccessful females, being less constrained by attendance at the colony, leave earlier and 

therefore might be freer to move further north, as suggested already for early life stages 

(Bogdanova et al. 2011). Interestingly, breeding performance did not have a significant effect on 

the non-breeding distributions of males, indicating that a drive to remain closer to the breeding 

colony may be more important for this sex, or alternatively that breeding performance may have 

stronger downstream effects on the migration strategies of females than males (Bogdanova et al. 

2011).  

Contrary to the body of evidence linking winter habitat quality to body condition and 

reproductive success (Marra et al. 1998, Norris et al. 2004, Gunnarsson et al. 2005, Alves et al. 

2013), we found no relationship between non-breeding habitat use and subsequent breeding 

outcome. Successful individuals might migrate to higher quality areas (Sedinger et al. 2011), 

however for this to be the case for Balearic shearwaters some form of competitive exclusion or 

experience-related segregation would be expected within Iberian non-breeding grounds, as all 
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birds move through these areas following their exodus from the Mediterranean. There was some 

indication, although weak, that foraging effort was greater for birds in the Bay of Biscay than 

off west Iberia. These spatial differences in foraging effort could be a function of varying 

habitat conditions (Garthe et al. 2012), or alternatively could reflect use of different foraging 

strategies and/or differences in fisheries activity (see chapter 3). We found additional evidence 

to suggest that foraging effort was higher for individuals that failed to successfully raise a chick 

the following season, implying either reduced foraging efficiency or exposure to less optimal 

foraging conditions with consequences for subsequent reproductive performance (see also 

Daunt et al. 2014, Shoji et al. 2015). Interestingly, no relationship was found between foraging 

effort and hatching success, implying that these carry-over effects did not impair the ability of 

birds to lay and incubate an egg, but rather to sufficiently provision chicks. Nonetheless, the 

relationship between foraging effort and subsequent breeding success was relatively weak 

suggesting the need for some caution when interpreting these patterns.  

2.4.3 Patterns of at-sea behaviour throughout the annual cycle 

Our findings also provide additional insights into the at-sea behaviour of the Balearic 

shearwater throughout the year. Patterns of behaviour differed throughout the annual cycle, with 

lower activity during the non-breeding period in comparison to both pre-breeding and breeding 

phases (Figure 2.5). Birds appeared to spend greater time foraging and in flight during pre-

breeding and breeding periods, and greater time resting during the non-breeding season. These 

activity patterns are consistent with those previously reported amongst procellariiforms, and 

they likely reflect a combination of the energetic demands of reproduction and constraints of 

moult within distinct seasons (Mackley et al. 2010, Mackley et al. 2011, Hedd et al. 2012, 

Freeman et al. 2013, Gutowsky et al. 2014). Breeding is one of the most energetically 

demanding activities of the annual cycle, and after being freed from reproductive constraints, 

and the costs of migration, energetic and nutritional demands should be met with more ease 

(Mackley et al. 2010). The varying constraints in accessibility to foraging habitat during central-

place foraging (e.g. Weimerskirch et al. 1993, Barlow & Croxall 2002) are also removed during 

the non-breeding season, when birds can remain attached to profitable foraging habitat for long 

periods. In most species, moult occurs post-breeding, during periods of lower energetic 

expenditure, as this process itself is energetically and nutritionally costly owing to tissue 

synthesis and reduced flight efficiency (King 1974, Murphy 1996, Bridge 2006). The latter of 

these two factors may in part explain the reduced time spent foraging and in flight in Balearic 

shearwaters during non-breeding. Comprehensive modelling of behavioural patterns between 

and within distinct seasons, requiring consideration of factors such as changing daylight over 

the annual cycle, would therefore be beneficial in future work.  
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There were also initial indications of interesting behavioural patterns within the pre-

breeding season. Birds engaged in bursts of movement either side of pre-breeding season colony 

visits, which suggest that they may be utilizing distant foraging areas from their island colony 

during this period, and engaging in notable commutes. Further examination of these patterns, 

coupled with in-depth investigation into synchronous pair behaviours (Guilford et al. 2012), 

could reveal important future insights into the complex life histories of this migratory species.   

2.4.4 Implications for conservation and management 

Whatever the mechanisms underlying differential migration strategies in Balearic shearwaters, 

the observed spatial segregation of population classes raises conservation concerns, should 

certain classes suffer elevated pressure from anthropogenic activity. Greater exposure of 

females or younger birds in the Bay of Biscay to commercial fisheries, for example, could have 

potential implications for population structure, should fisheries interactions lead to sex- or age-

biases in bycatch mortality and survival rates (Weimerskirch & Jouventin 1987, Murray et al. 

1993, Ryan & Boix-Hinzen 1999, Nel et al. 2002, Baker et al. 2007). High individual and 

population-level consistency in use of non-breeding areas reported here further elevates 

vulnerability to at-sea pressures within Atlantic waters (e.g. fisheries- or climate-driven changes 

in food availability, or point-source pollution events), as this may influence the species’ 

capacity to respond to rapid environmental change. However, a degree of behavioural flexibility 

in the population and recent distribution shifts (e.g. Wynn et al. 2007) suggest some ability to 

adapt over longer periods. Moreover, our finding that few tracked birds utilized waters north of 

the Bay of Biscay, despite the globally important numbers sighted off northwest France and 

southwest UK during recent summers, provides strong support for hypotheses of age- or colony-

related migration strategies in this species (Guilford et al. 2012), the first of which would be 

relevant to interpretation of observed range shifts. In addition to sex-based segregation, both 

types of migratory segregation mentioned above could reduce the species’ resilience to 

anthropogenic pressure and environmental change within non-breeding habitat, highlighting the 

necessity for future work to determine migratory patterns of birds from known age groups and 

other colonies. 

Together, our findings highlight the importance of understanding individual-based 

behaviours, non-breeding ecology, and the interplay between distinct phases of the annual cycle. 

Carry-over effects between seasons may play an important role in shaping animal populations 

(Webster & Marra 2005), and for the Balearic shearwater, a thorough understanding of these 

inter-seasonal influences may be key for interpreting causes of poor reproductive performance 

that could potentially contribute to population declines. 
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2.5 Supplementary information 

2.5.1 Hidden Markov Models 

To identify patterns of behaviour in geolocator salt-water immersion data, Hidden Markov 

Models (HMMs) with mixture of Gaussians were fitted using methods developed in Dean et al. 

(2013), with the HMM toolbox in Matlab (Murphy 1998). HMMs were initially trained on logit-

transformed immersion data that were collected from foraging birds during the breeding season 

(see chapter 5). To determine the most appropriate number of hidden states to use in the model, 

a series of candidate HMMs containing between two and six states were fitted, and their 

negative log-likelihoods compared. The greatest decrease in negative log-likelihood occurred 

between models with two and three states, providing support for a three-state model (SI Figure 

2.1). Model parameters were initially chosen using k-means clustering and then iteratively 

improved using expectation maximisation (Baum-Welch algorithm; Murphy 1998). The state 

transition matrix from the trained model is given in SI Figure 2.2. Model classification was 

validated by comparing the immersion values, total dive time, total number of dives and speed 

of movement within 10-minute immersion bins assigned to the three discrete states. In all cases, 

there were highly significantly differences in these metrics between states, providing support for 

the classifications (SI Table 2.1). The trained model was then applied to yearly immersion 

records from 90 bird years (48 individuals) using the Viterbi algorithm, allowing the most 

probable sequence of states to be computed (Dugad & Desai 1996). SI Figure 2.3 – SI Figure 

2.5 provide examples of behavioural patterns classified according to the HMM.  

 

SI Table 2.1. Mean (± standard deviation) immersion values, total dive time (s), total number of dives 
and derived ground speed (ms-1) within 10-minute geolocator immersion bins assigned to three HMM 
states. A comparison of HMM-assigned states with states classified according to a simple threshold 
method (0-1 = flight, 2-198 = forage, 199-200 = rest) yielded a state similarity of 96%. 
 

State Immersion (0-200) Dive time (s) No dives  Speed (ms-1) 
1 (rest) 199.83 ± 0.7 1.23 ± 9.15 0.22 ± 1.3 0.43 ± 0.7 

2 (forage) 147.55 ± 50.2 14.1 ± 25.8 2.55 ± 3.9 1.60 ± 2.3 
3 (flight) 0.22 ± 1.1 0.04 ± 0.7 0.01 ± 0.2 6.65 ± 4.9 

     
 χ2

2 4554.46* 4549.30* 4213.76* 
* = p <0.001 (Kruskal-Wallis tests; pairwise Wilcoxon rank sum tests all p <0.001). 
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SI Figure 2.1. The negative log-likelihood of Hidden Markov Models (HMM) containing between two 
and six states. The greatest decrease in negative log-likelihood occurred between models with two and 
three states, providing support for a three-state HMM. 

 

 
 State at t + 1 

 
 1 2 3 

St
at

e 
at

 t 

1 0.850 0.150 <0.001 

2 0.171 0.758 0.071 

3 <0.001 0.303 0.697 

 
SI Figure 2.2. State transition matrix from the trained HMM with three states (1 = rest, 2 = forage, 3 = 
flight). The matrix shows the probability of changing from one state at time t to another state at time t + 1. 
Total proportion of 10-minute bins in each state: 1 = 0.51, 2 = 0.39, 3 = 0.10. 
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SI Figure 2.3. Example time series of immersion data (0 to 200) coloured according to Hidden Markov 
Model assigned states (rest/state 1 = blue, forage/state 2 = green, flight/state 3 = gold). Grey shading 
indicates nighttime hours. 

 

 
SI Figure 2.4. Proportion of foraging trip time spent in three HMM-assigned states (state 1/rest = blue, 
state 2/forage = green, state 3/flight = gold) by five individual Balearic shearwaters tracked during the 
incubation period from Sa Cella, Mallorca. 
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SI Figure 2.5. Example Balearic shearwater foraging trip (10-minute curvilinear interpolation) from Sa 
Cella, Mallorca during the incubation period, shaded according to classifications from the three-state 
HMM. Blue = rest/state 1, green = forage/state 2, gold = flight/state 3. 
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SI Table 2.2. Mean (± standard deviation) proportion of time spent resting, foraging and in flight during 
the breeding, non-breeding and pre-breeding periods of geolocator-tracked Balearic shearwaters from Sa 
Cella, Mallorca. F-statistics and p-values of repeated measures ANOVA tests (performed on samples with 
no repeat tracks for individual to compare time spent in behaviours amongst seasons) are shown for all 
birds, by sex and by year. 
 

Behaviour Breeding Non-breeding Pre-breeding F p n 
Rest       
All 0.35 ±0.05a,b 0.68 ±0.06a,c 0.51 ±0.06b,c 547.32 <0.001 40 

Female 0.36 ±0.05a,b 0.68 ±0.05a,c 0.54 ±0.05b,c 286.43 <0.001 20 
Male 0.34 ±0.05a,b 0.68 ±0.07a,c 0.49 ±0.05b,c 285.37 <0.001 20 
2010 0.33 ±0.04a,b 0.68 ±0.05a,c 0.50 ±0.06b,c 533.98 <0.001 27 
2011 0.39 ±0.03 0.72 ±0.04 0.55 ±0.05 --- --- 9 
2012 0.39 ±0.05a,b 0.67 ±0.08a,c 0.52 ±0.06b,c 73.112 <0.001 13 
2013 0.33 ±0.04a,b 0.66 ±0.05a,c 0.51 ±0.05b,c 355.61 <0.001 17 

Forage       
All 0.39 ±0.03a,b 0.26 ±0.05a,c 0.28 ±0.03b,c 338.96 <0.001 40 

Female 0.38 ±0.03a,b 0.26 ±0.04a,c 0.29 ±0.03b,c 179.29 <0.001 20 
Male 0.39 ±0.03a,b 0.25 ±0.05a 0.27 ±0.02b 181.76 (0.748) <0.001 20 
2010 0.40 ±0.03a,b 0.25 ±0.04a,c 0.28 ±0.02b,c 251.38 (0.762) <0.001 27 
2011 0.37 ±0.02 0.23 ±0.05 0.27 ±0.02 --- --- 9 
2012 0.38 ±0.02a,b 0.26 ±0.05a 0.27 ±0.03b 86.358 (0.701) <0.001 13 
2013 0.39 ±0.04a,b 0.28 ±0.05a 0.30 ±0.03b 52.279 <0.001 17 

Flight       
All 0.26 ±0.05a,b 0.06 ±0.04a,c 0.21 ±0.06b,c 228.99 <0.001 40 

Female 0.25 ±0.06a,b 0.06 ±0.03a,c 0.17 ±0.05b,c 134.25 <0.001 20 
Male 0.27 ±0.05a 0.07 ±0.05a,c 0.24 ±0.04c 135.17 <0.001 20 
2010 0.27 ±0.05a,b 0.07 ±0.03a,c 0.22 ±0.06b,c 176.55 <0.001 27 
2011 0.23 ±0.01 0.05 ±0.02 0.19 ±0.06 --- --- 9 
2012 0.23 ±0.06a 0.08 ±0.07a,c 0.21 ±0.06c 33.851 <0.001 13 
2013 0.29 ±0.05a,b 0.06 ±0.02a,c 0.19 ±0.05b,c 183.12 <0.001 17 

Superscript numbers signify significant differences between seasons (p <0.05).  
Degrees of freedom: all = df2,117, female = df2,57, male = df2,57, 2010 = df2,75, 2012 = df2,33, 2013 = df2,45. 
Numbers in brackets denote Grenhouse-Geisser corrections for departure from sphericity. 
Seasons within 2011 were not compared statistically owing to small smaple sizes. 
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2.5.2 Breeding success 

SI Table 2.3. Breeding success (egg hatching and chick fledging success) of experimental and control 
nests at the Balearic shearwater colony of Sa Cella, Mallorca between 2011 and 2015. Values indicate the 
proportion of total nests in both groups that bred successfully. Numbers in brackets = sample sizes. P-
values of fisher’s exact tests are shown. Birds that were simultaneously tagged with GPS devices for 
another study during the same season were excluded from this comparison. 
 

  Year 
Parameter Group 2011 2012 2013 2014 2015 All 

Hatching 
success 

GLS 0.94 (17) 0.86 (14) 0.56 (9) 0.62 (13) 0.82 (11) 0.78 (64) 

Control 0.77 (22) 0.92 (38) 0.68 (34) 0.86 (37) 0.78 (32) 0.81 (163) 

p 0.206 0.602 0.696 0.101 >0.999 0.712* 

        

Fledging 
success 

GLS 0.82 (17) 0.71 (14) 0.56 (9) - 0.82 (11) 0.75 (51) 
Control 0.64 (22) 0.79 (38) 0.65 (34) - 0.75 (32) 0.71 (126) 

p 0.288 0.713 0.706 - >0.999 0.715* 
*Power of fisher’s exact tests: hatch = 0.1, fledge = 0.1.  

2.5.3 Non-breeding distribution 

SI Table 2.4. Summary of geolocator deployments and recoveries at the Mallorcan study colony between 
2010 and 2015. The number of female and male recoveries (in brackets), full and partial non-breeding 
tracks, and failed/faulty devices is given. 
 

Year 2010 2011 2012 2013 2014 2015 
Deployments 34 39 26 41 23 - 
Recoveries - 29  27  19  29  12  

(females/males) - (12/17) (13/14) (9/10) (14/15) (7/5) 
Full NB tracks - 27 16 16 26 5 

Partial NB tracks* - 1 4 1 3 6 
Failed/faulty - 1 7 2 0 1 

*failed 1-2 months before bird returned to the breeding ground; NB = non-breeding. 
 

SI Table 2.5. Proportion of geolocator-tracked Balearic shearwaters from Sa Cella, Mallorca that utilized 
the different non-breeding areas between 2010 and 2014. The number of females/males in each area is 
given in brackets. BOB/EC = Bay of Biscay/northern Brittany, WI = western Iberia, SOG/MED = 
southern Iberia/Mediterranean, SS = split strategy. 
 

 Non-breeding area 
Year BOB/EC WI SOG/MED SS* 
2010 0.15 (4/0) 0.59 (5/11) 0.11 (1/2) 0.15 (1/3) 
2011 0.44 (6/1) 0.25 (3/1) 0.19 (1/2) 0.12 (0/2) 
2012 0.19 (3/0) 0.50 (3/5) 0.31 (2/3) - 
2013 0.19 (4/1) 0.43 (4/7) 0.19 (1/4) 0.19 (3/2) 
2014 0.40 (2/0) - 0.60 (1/2) - 
All 0.23 (19/2) 0.44 (15/24) 0.21 (6/13) 0.12 (4/7) 

*Birds in the SS category all partitioned time between western and southern Iberia, with the exception of 
one individual that used both the Bay of Biscay and western Iberia. 
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SI Table 2.6. Non-breeding areas of 52 Balearic shearwaters, tracked from Sa Cella, Mallorca between 
2010-2015. The nest, sex and number of recovered full tracks is given for each bird. Partial track = (p). 
 

   Location  
Bird Nest No. Sex 2010 2011 2012 2013 2014 Full tracks 

5042865 3 M WI - - SOG/WI - 2 
5042872 18 M WI - - - - 1 
5042985 5 M WI WI(p) WI - - 2 
5043573 17 M SOG/WI - - - - 1 
5048324 8 F WI - - - - 1 
5048326 18 F WI - BOB WI WI(p) 3 
5056077 22 M WI SOG SOG - - 3 
5056093 20 M SOG/WI SOG/WI SOG WI - 4 
5067773 58 M SOG/WI WI(p) - - - 1 
5068507 12 F WI - - - - 1 
5068532 34 M WI WI(p) WI - - 2 
5068533 41 M - BOB - WI - 2 
5068554 9 M - - - WI/SOG(p) - 0 
5068560 54 M WI - - WI SOG(p) 2 
5068571 13 M WI - - - - 1 
5068651 34 F BOB BOB - - - 2 
5068661 11 M WI WI WI WI - 4 
5068669 8 M WI WI/SOG WI WI - 4 
5068889 19 M SOG - - - - 1 
5068946 18 M - - - WI - 1 
5073533 41 F - - - WI/MED(p) - 0 
5073591 5 F BOB/WI BOB - - - 2 
5073663 9 M WI - - - - 1 
5073668 4 F SOG(p) SOG - - - 1 
5073698 17 F BOB BOB BOB(p) - - 2 
5085316 10 F - WI WI WI/SOG - 3 
5085438 22 F BOB BOB/EC BOB - - 3 
5085439 23 M - SOG SOG/MED SOG/MED SOG/MED 4 
5085454 23 F - BOB/EC BOB/EC - - 2 
5085478 20 F - WI SOG/MED - - 2 
5085636 10 M SOG/WI - - - - 1 
5105231 19 F - - - BOB/EC - 1 
5107103 13 F - - - - BOB(p) 0 
5107123 10 M WI WI(p) WI WI - 3 
5107124 9 F WI WI - BOB - 3 
5107125 17 F - - WI - - 1 
5107127 54 F WI - SOG/MED WI/SOG SOG 4 
5107134 13 F SOG - - - - 1 
5107137 11 F BOB BOB WI WI - 4 
5120168 3 F - - - WI - 1 
5120170 19 M - - - SOG - 1 
5120200 6 F - - - WI/SOG - 1 
5120239 6 M - - - SOG BOB(p) 1 
5142420 8 F       SOG SOG(p) 1 
5142423 17 M - - - SOG/WI SOG 2 
5142424 3 M - - - MED - 1 
5142428 113b* F - - - BOB - 1 
5142430 17 F - - - WI(p) - 0 
5142434 113a* F - - - BOB BOB 2 
5142436 113b* M - - - BOB BOB(p) 1 
5142437 113c* F - - - WI - 1 
5142592 25 F - - - - BOB/EC 1 

M = male; F = female; BOB = Bay of Biscay; WI = western Iberia; SOG = southern Iberia; EC = northern 
Brittany/UK; Med = Mediterranean; * = Dragonera Island sub-colony.  
Individuals shaded in grey migrated to both the Bay of Biscay and Iberia during the study. 
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SI Figure 2.6. Non-breeding locations (after filtering) of four example geolocator-tracked Balearic 
shearwaters from Sa Cella, Mallorca that engaged in different patterns of area use: a) Bird that migrated 
to the Bay of Biscay, b) bird that migrated to western Iberia, c) bird that migrated to Atlantic southern 
Iberia and d) bird that migrated to southern Iberia and partitioned its time between the Atlantic and 
Mediterranean. Locations coloured according to month. Position estimates are likely to incorporate errors 
(~186 ± 114km; Phillips et al. 2004a) inherent in the geolocation method. 

 

 

 

 

a) b)

c) d)
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SI Figure 2.7. Fixed kernel density estimates (25%, 50%, 70%, 90%) of non-breeding locations of the 
tracked Balearic shearwater population from Sa Cella, Mallorca between 2010 and 2014 (n: 2010 = 27, 
2011 = 16, 2012 = 16, 2013 = 26, 2014 = 5; projection: Lambert conformal conic, bandwidth selector = 
plug-in). 

 
SI Table 2.7. Overlap of fixed kernel density estimates (50% and 90%) of the tracked Balearic 
shearwater population during the non-breeding period between different years, measured with the Volume 
of Intersection index (Seidel 1992; see Chapter 5). 
 

 KD contour 
Year comparison 50%  90%  

2010-2011 0.40 0.59 
2010-2012 0.54 0.63 
2010-2013 0.66 0.75 
2011-2012 0.43 0.64 
2011-2013 0.54 0.69 
2012-2013 0.70 0.75 

 
SI Table 2.8. Comparison of morphometric measurements between female Balearic shearwaters that 
spent the non-breeding season in northern (Bay of Biscay) and southern (Iberia) non-breeding grounds. 
Chi-square values and p-values summarise likelihood ratio tests performed to compare LMMs with and 
without non-breeding area as a fixed effect. All models contained a random intercept term for individual. 
 

Metric Iberia Bay of Biscay χ2
1 p 

Wing length 250.0 ±2.5 249.2 ±6.3 0.456 0.500 
Bill depth 8.96 ±0.4 8.91 ±0.5 0.012 0.911 
Bill length 37.5 ±1.2 37.7 ±1.3 1.059 0.304 

Head & bill length 87.4 ±1.6 86.9 ±3.2 3.112 0.078 
Tarsus length 49.8 ±1.6 49.1 ±1.6 0.722 0.396 

2010 2011 2012

2013 2014
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2.5.4 Modelling links between non-breeding behaviour and prior breeding outcome 

SI Table 2.9. Relationships between previous breeding outcome and subsequent migratory behaviour of 
the tracked Balearic shearwater population from Sa Cella, Mallorca between 2010 and 2014 (‘population’ 
models). Results of likelihood ratio tests performed to compare linear mixed-effects models (random 
‘individual’ intercept) with and without fixed effects for breeding outcome, sex and year are shown (bold 
= p <0.05). 
 

Response variable Explanatory variable χ2
 p-value n 

Last night in cave Previous hatch success (PHS) 59.216 <0.001 85 
 Sex 0.006 0.938 85 
 PHS:Sex 0.072 0.788 85 
 Year 7.756 0.051 85 
 Previous fledge success (PFS) 87.687 <0.001 81 
 Sex 0.114 0.753 81 
 PFS:Sex 0.090 0.765 81 
 Year 6.848 0.077 81 

Migration departure date Previous hatch success  50.066 <0.001 85 
 Sex 0.016 0.898 85 
 PHS:Sex 0.009 0.923 85 
 Year 7.784 0.051 85 
 Previous fledge success  76.513 <0.001 81 
 Sex 0.198 0.656 81 
 PFS:Sex 0.129 0.719 81 
 Year 6.799 0.079 81 

Non-breeding duration Previous hatch success  12.443 <0.001 85 
 Sex 4.546 0.033 85 
 PHS:Sex 0.542 0.462 85 
 Year 20.476 <0.001 85 
 Previous fledge success  18.132 <0.001 81 
 Sex 2.754 0.097 81 
 PFS:Sex 1.558 0.212 81 
 Year 23.238 <0.001 81 

Median non-breeding latitude Previous hatch success  3.622 0.057 85 
 Sex 7.913 0.005 85 
 PHS:Sex 5.660 0.017 85 
 Female only 7.184 0.007 41 
 Male only 0.074 0.785 44 
 Year 1.043 0.791 85 
 Previous fledge success  5.737 0.017 81 
 Sex 8.472 0.004 81 
 PFS:Sex 3.428 0.064 81 
 Female only 6.744 0.009 38 
 Male only 1.816 0.178 43 
 Year 1.933 0.587 81 

Only years with sufficient sample sizes (2010-2014) were included in models.  
Insufficient sample sizes for interaction term (“:”) between breeding outcome and year. 
See SI Figure 2.8 for summary data. 
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SI Table 2.9. continued… 
 

Response variable Explanatory variable χ2
 p-value n 

Non-breeding foraging effort Previous hatch success  1.324 0.250 85 
 Sex 0.581 0.446 85 
 PHS:Sex 0.068 0.794 85 
 Year 7.260 0.064 85 
 Previous fledge success  0.066 0.798 81 
 Sex 0.295 0.587 81 
 PFS:Sex 0.064 0.800 81 
 Year 6.299 0.098 81 

 

 
SI Figure 2.8. Boxplots of non-breeding parameters for Balearic shearwaters that successfully (1) and 
unsuccessfully (0) raised a chick during the previous breeding season (‘population’ models; top row = 
hatching success, bottom row = fledging success). Asterisks = p <0.001. Box width corresponds to 
sample size. 
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SI Table 2.10. The number of geolocator-tracked Balearic shearwaters from Sa Cella, Mallorca that 
successfully and unsuccessfully bred in each study year between 2010 and 2014 (data relate to breeding 
events at the start of the tracking year). 
 

 2010 2011 2012 2013 2014 
Hatch success 23 13 13 21 1 
Hatch failure 4 3 3 5 2 

Fledge success 23 13 13 17 2 
Fledge failure 4 3 3 5 0 

Fledging success not obtained for some experimental birds in 2013-2014.  
Fisher’s exact test (2010-2013 data): Hatch: p = 0.979, Fledge: p = 0.942 

 

SI Table 2.11. Results of binomial GLMMs with logit link functions applied to investigate the 
relationship between migration phenology and subsequent breeding success. Parameter coefficients, 
standard errors, z values and p-values for terms retained in the model following model selection are 
shown. Random effect = variance in the random intercept. AUC = Area under the receiver operating 
curve (ROC) statistic. 
 

 coefficient std. error z value p-value random effect  
Subsequent fledging success (n = 64, failure = 17, success = 48): 
Intercept 1.266 0.458 2.763 0.006 --- 
Foraging effort* -0.901 0.450 -2.005 0.045 0.512 
 Marginal Conditional    
Pseuo-R2 0.104 0.266  AUC 0.83 
      
Subsequent hatching success (n = 76, failure = 12, success = 64): 
Intercept 2.349 0.773 3.038 0.002 --- 
Return date 0.424 0.554 0.767 0.443 --- 
NB duration 0.909 0.605 1.502 0.133 --- 
Foraging effort -0.281 0.420 -0.668 0.504 --- 
Median latitude -1.032 0.569 -1.814 0.070 0.954 
No significant fixed effects     

*SI Figure 2.10 
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SI Figure 2.9. Kernel density estimates (KDEs) of non-breeding locations of geolocator-tracked male 
(blue) and female (yellow/red) Balearic shearwaters from Sa Cella, Mallorca (2010 to 2014) that were 
either successful (a,c,e,g) or unsuccessful (b,d,f,h) in their breeding attempt prior to migration. KDEs 
relating to both hatching success (a-d) and fledging success (e-h) are shown (map projection: Lambert 
conformal conic, bandwidth selector = plug-in). 
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SI Figure 2.10. Binomial GLMM-predicted probabilities of fledging success based on foraging effort 
during the previous non-breeding season (standardized; the proportion of daylight hours spent foraging). 
Solid lines represent the population predicted values and dotted lines the 95% CI for the random intercept. 
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Chapter 3      Tracking, feather moult and stable isotopes 

reveal foraging behaviour of a critically endangered 

seabird during the non-breeding season 

 

ABSTRACT 

The movement patterns of marine top predators likely reflect foraging responses to prey 

distributions, which themselves can be influenced by factors such as climate and fisheries. 

Information on foraging behaviour of top predators is therefore essential for understanding 

distributions, population dynamics and vulnerability to human activities. For seabirds, foraging 

ecology during the non-breeding season remains poorly understood, given their volant nature 

and pelagic lifestyles. Here, we combine information from geolocation, feather moult and stable 

isotopes of predators and potential prey to investigate spatial differences in Balearic shearwater 

feeding ecology during the non-breeding season. This critically endangered seabird is 

vulnerable to fisheries bycatch, and has shown indications for a northwards shift in non-

breeding distribution in recent decades, tentatively linked to changing pelagic fish distributions 

and/or fisheries activity. Almost all breeding shearwaters tracked from Mallorca (n = 32) 

migrated to non-breeding areas in the Atlantic extending from southern Iberia to the French 

Atlantic coast. Our results confirm that occupancy of Atlantic waters in June to September is 

coincident with the main period of primary feather moult. Birds foraging off western Iberia 

yielded feather isotope ratios consistent with a diet composed largely of pelagic prey, while the 

isotopic composition of birds foraging in the Bay of Biscay suggested an additional contribution 

of benthic prey, most likely from demersal fishery discards. Our combined application of 

extrinsic and intrinsic tracers indicates spatial variation in dietary behaviour and interactions 

with fisheries. Furthermore, our results imply that a combination of pelagic fish distributions 

and fisheries activities may be important in shaping patterns of at-sea distribution in this 

enigmatic migratory species. These findings will contribute to ongoing bycatch mitigation 

action in key non-breeding areas and provide baseline data that should inform future assessment 

of seabird responses to changing fishery practices and prey distributions. 
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3.1 Introduction 

Understanding the feeding ecology of marine top predators is essential for identifying factors 

that influence distribution and population dynamics, with relevance for both pure and applied 

research (Newton 1998, Sinclair & Krebs 2002, Sydeman et al. 2015). This is especially 

relevant during the non-breeding season since this is the period when the majority of mortality 

occurs (Barbraud & Weimerskirch 2003), and both diet and habitat-quality can have non-lethal 

downstream consequences for subsequent breeding events (Norris & Marra 2007, Harrison et al. 

2011). For marine top predators, dietary information can also provide indications of change in 

marine ecosystems, offering insights into prey populations and environmental variability (Boyd 

et al. 2006, Piatt et al. 2007 and references within, Einoder 2009). Knowledge of foraging 

ecology is especially pertinent for threatened migratory species, the post-breeding movements 

of which can result in exposure to a range of anthropogenic pressures (Block et al. 2005, 

Robinson et al. 2009, Witt et al. 2011, Reid et al. 2013). Fishery interactions are of particular 

interest since they provide both a subsidy in the form of discards (i.e. to seabirds) and a 

widespread risk of bycatch mortality for marine top predators (Furness 2003, Lewison et al. 

2004, Votier et al. 2013, Lewison et al. 2014).  Therefore, seabird feeding ecology, movements 

and demography can be heavily influenced by fisheries-induced change, as well as by climate 

change effects on marine food supply (Montevecchi & Myers 1997, Grémillet & Boulinier 

2009).  

Despite technological-driven advances in our understanding of long distance animal 

movements (Rutz & Hays 2009, Hazen et al. 2012, Wilson & Vandenabeele 2012), the study of 

foraging behaviour during the non-breeding period remains challenging (Bograd et al. 2010). 

While tracking devices such as geolocators can provide information on location and activity (i.e. 

via salt-water immersion), they tell us little about foraging ecology and diet. Such limitations of 

conventional approaches for studying migratory animals have led to the uptake of intrinsic 

markers for trophic and spatial ecology, both in isolation and in combination with bio-logging 

technologies (Ramos & González-Solís 2012).  

Stable isotope ratios of carbon (𝛿13C) and nitrogen (𝛿15N) are now frequently used to 

examine dietary habits and animal movement through isotopically distinct marine systems (Post 

2002, Graham et al. 2010, Newsome et al. 2010, Trueman et al. 2012). The isotopic composition 

of consumer tissues reflects feeding during the period of tissue synthesis, and therefore 

metabolically inert tissues grown during the non-breeding season (e.g. feathers) represent useful 

remote tracers of diet and feeding ecology (Hobson & Clark 1992a). In addition to trophic 

components, the isotopic composition of carbon and nitrogen at the base of the marine food web 
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varies spatially, largely due to influences on phytoplankton taxonomy and physiology, and on 

the isotopic composition of inorganic carbon and nitrogen (Montoya 2007, Graham et al. 2010, 

Trueman et al. 2012). Unambiguous interpretations of stable isotope compositions therefore 

require knowledge of underlying spatial variations in the prey field (Post 2002, Jennings & 

Warr 2003). The development of isotopic maps (‘isoscapes’) for marine systems with large-

scale persistent isotopic gradients has provided important insights into foraging behaviour in a 

suite of marine predators (Best & Schell 1996, Cherel & Hobson 2007, Jaeger et al. 2010, 

Quillfeldt et al. 2010a). Efforts to resolve patterns of spatial isotope variability at regional scales 

and within understudied oceans are now also increasing (Olson et al. 2010, Somes et al. 2010, 

McMahon et al. 2013, MacKenzie et al. 2014). Nevertheless, in many marine regions, poorly 

resolved patterns of spatio-temporal variability complicate the use of stable isotopes in 

ecological studies (Ramos & González-Solís 2012). As such, the power of coupled intrinsic and 

extrinsic tracers to elucidate aspects of at-sea ecology is becoming increasingly recognised (i.e. 

Bailleul et al. 2010, González-Solís et al. 2011, Roscales et al. 2011, Zbinden et al. 2011). 

Here, we studied the migration and non-breeding foraging behaviour of the Balearic 

shearwater Puffinus mauretanicus, a critically endangered procellariiform that breeds in the 

western Mediterranean (Le Mao & Yésou 1993, Guilford et al. 2012). While habitat-use, 

movements and diet of this seabird have been documented during breeding (i.e. Arcos & Oro 

2002a, Navarro et al. 2009, Louzao et al. 2011c, Louzao et al. 2012, Meier et al. 2015), its non-

breeding ecology remains poorly studied (Luczak et al. 2011, Guilford et al. 2012, Jones et al. 

2014). Recent geolocator tracking has identified important Atlantic non-breeding areas and 

information on migration phenology (Guilford et al. 2012), yet virtually nothing is known about 

feeding behaviour outside of the breeding season (see Le Mao & Yésou 1993, Gutiérrez & 

Figuerola 1995). Moreover, a recent northwards range shift in this species has been linked with 

changes in forage fish availability (Wynn et al. 2007, Luczak et al. 2011), although the role of 

fisheries has also been mooted as a potential explanation (Votier et al. 2008a). Within the 

Mediterranean, this generalist feeds on small pelagic fishes and zooplankton, as well as 

scavenging on fishery discards (Arcos et al. 2000, Arcos & Oro 2002a, Navarro et al. 2009, 

Louzao et al. 2015). Association with fishing vessels and subsequent bycatch mortality have 

been assessed as the most acute at-sea threat to this shearwater, yet fisheries interactions remain 

poorly understood (Arcos 2011). Added uncertainties exist over the impact of changing discard 

policies and associated change in food availability (Bicknell et al. 2013). Therefore, 

understanding the relative importance of pelagic fish and fisheries discards has significance for 

understanding the distribution and conservation of this critical endangered bird.   
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The main purpose of this study was to investigate the feeding behaviour of Balearic 

shearwaters during the non-breeding period. To do this we used complementary information on 

at-sea distribution from geolocation loggers, patterns of flight feather moult from opportunistic 

at-sea images, isotopic compositions of summer-grown feathers and spatially explicit isotope 

compositions of potential prey. Using this information, we then aimed to address the following 

questions: (1) do the feather isotopic compositions of Balearic shearwaters that migrate to 

different non-breeding areas vary, and if so are differences linked to dietary behaviour? (2) what 

is the relative importance of natural foraging compared with discard scavenging within key non-

breeding areas? 

 

3.2 Materials and methods 

3.2.1 Study site and bio-logging 

The study was conducted between 2011 and 2013 at one of the world’s largest colonies of 

Balearic Shearwaters (Sa Cella cave, Mallorca; 39°36’N, 002°21’E; Figure 3.1). Colony work 

was performed under permits issued by the Government of the Balearic Islands (permit numbers: 

CAP31/2011, CEP04/2012, CEP03/2013) and using established protocols to minimise 

disturbance (see Guilford et al. 2012).  

Shearwaters’ non-breeding movements were tracked using BAS geolocators (British 

Antarctic Survey, Cambridge, UK; Models: MK15, MK18, and MK19; Weight: 1.9 - 2.5 g; 0.46 

± 0.08 % of body mass). Devices were attached to the tarsi of birds during March - April 2011 

(n = 39) and 2012 (n = 26), using a customised plastic ring and two small cable ties, and were 

recovered during the following season. Birds were handled for a mean duration of 25 (± SD 10) 

minutes, and weighed before and after device attachment. To test for potential device effects, 

the breeding success of experimental nests (n = 23) and a group of unhandled closely matched 

control nests (n = 72) was determined in each study year. Birds were sexed from DNA within 

blood (Vetgenomics, Spain) or breast feathers (Avian Biotech, UK), collected following device 

recovery. 

3.2.2 Moult phenology 

Feather isotope compositions reflect diet at the time of growth, therefore, to aid interpretation of 

shearwater stable isotope ratios, the timing and location of primary feather moult was 

determined using dated images of Balearic shearwaters taken within the northeast Atlantic and 
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Mediterranean between 2000 and 2014 (n = 755; see Supplementary information section 3.5.1 

for a list of contributing photographers). The overall presence or absence of primary feather 

moult was recorded for all images in which wings were visible. A subset of higher quality 

images in which individual primary feathers were visible (n = 520) was used to determine moult 

stage based on a simple moult score criterion (modified from Ginn & Melville 1983), where 0 = 

an old feather, 1 = a missing feather, 2 = a new feather in growth and 3 = a new fully grown 

feather. A total primary moult score ranging from 0 – 30, and consisting of the sum of 

individual feather scores (i.e. where 0 represents all old, and 30 all new feathers), was then 

assigned (see Supplementary information section 3.5.1 for further details).  

3.2.3 Stable isotope sampling 

Primary and secondary feathers were sampled from all geolocator-tracked birds after device 

recovery. Small sections of feather barbs (1 - 1.5 cm) were sampled towards the base of the 

inner feather vane. Based on knowledge of moult chronology gained through moult scoring of 

at-sea imagery and at the colony (section 3.3.2; Supplementary information section 3.5.1), 

primary feathers 1 (P1) and 6 (P6) were sampled in both years to represent diet during the early 

and central parts of the non-breeding period, respectively. In 2013, primary 3 (P3), primary 9 

(P9) and a single secondary feather (S19) were also sampled (Figure 3.2a) to obtain isotopic 

information over a longer period of the non-breeding season. As is convention with information 

on flight feather moult (Ginn & Melville 1983), primaries were numbered in ascending order, 

from the innermost to the outermost, and secondaries in descending order.  

To characterise the isotopic composition of the prey field, potential prey species (Table 

3.1) were sampled within Balearic shearwater non-breeding grounds (Figure 3.1), during 

periods that coincided with post-breeding moult. Pelagic fish, demersal fish and squid were 

sampled in July 2012 from i) trawlers, purse seiners and gill netters operating out of Laurent, 

France (47°44’N, 003°21’W) and ii) Beach seiners, longliners and trawlers from Aveiro, 

Portugal (40°38’N, 008°43’W). A small sample of dorsal white muscle tissue (ca. 2cm in length) 

was taken from each fish/squid and stored frozen until preparation for stable isotope analysis. 

Additional small pelagic fishes (European anchovy Engraulis encrasicolus and European 

sardine Sardina pilchardus) were sampled throughout the Bay of Biscay during Ifremer Pelgas 

cruises in May 2011 and 2012 (see Chouvelon et al. 2015 for details of sampling and analysis). 

3.2.4 Stable isotope analysis 

To remove any surface contamination, feather samples were washed in a 0.25 M sodium 

hydroxide solution, rinsed in successive washes of milli-Q water and oven dried at 50°C until 
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reaching constant weight. Samples were cut into ~1 mm pieces with sterilised stainless steel 

scissors prior to weighing. Potential prey samples were freeze-dried and ground to a powder in 

preparation for isotope analysis. 

To preserve 𝛿15N values, all fish and squid samples were analysed without lipid 

extraction. To account for contributions from 13C-depleted lipids within muscle samples, we 

also ran both lipid-extracted and untreated duplicates for a subsample of each potential prey 

species. These data were used to ensure accurate end-member values for mathematical 

corrections applied to all samples (McConnaughey & McRoy 1979, Alexander et al. 1996, 

Kiljunen et al. 2006). The performance of alternative lipid-correction equations was assessed 

through a comparison of the mathematically corrected and lipid-extracted subsamples 

(Supplementary information section 3.5.2). Lipid-normalisation equations from Kiljunen et al. 

(2006) were subsequently used to predict lipid-extracted 𝛿13C values for species with C:N 

ratios >3.15.  

Lipid extraction was undertaken using 8 ml of cyclohexane on ~200 mg of dried ground 

sample. Following addition of cyclohexane, samples were agitated for 60 minutes then 

centrifuged for 5 minutes at 3000 rpm. The supernatant containing lipids was discarded and the 

sample was washed in cyclohexane and centrifuged again. Following solvent removal, samples 

were re-dried at 50°C. ~0.5 - 0.7 mg of both treated and untreated samples were weighed into 

tin capsules for analysis.  

Stable isotope analyses were carried out at the Natural Environment Research Council 

Life Science Mass Spectrometry Facility in East Kilbride by continuous flow isotope mass 

spectrometry. Samples were analysed using either a Flash HT elemental analyser (2012) or 

Elementar vario PYRO cube elemental analyser (2013), coupled with a Thermo Electro Delta 

XP isotope ratio mass spectrometer (IRMS), or a Costech ECS 4010 elemental analyser coupled 

with a Thermo Scientific Delta V plus IRMS (2013). Isotope ratios were expressed in 𝛿 notation 

in parts per thousand (‰), according to the following equation:  

 

𝛿 X = [(Rsample/Rstandard) – 1] x 1000 

 

where X is either 13C or 15N and R is the corresponding ratio 13C/12C or 15N/14N. Rstandard values 

denote the ratio for international standards of 𝛿13C (Pee Dee Belemnite) and 𝛿15N (atmospheric 

N2). Multiple measurements of three internal laboratory standards (gelatine, glycine and alanine) 
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and an additional fish muscle standard across SIA experiments indicated that measurement error 

was ≤ 0.2‰ for 𝛿15N and ≤ 0.1‰ for 𝛿13C.  

3.2.5 Data analysis 

Geolocation light-level data were processed using BAStrak software (British Antarctic 

Survey, Cambridge, UK), with a light threshold of 10, to provide twice-daily estimates of 

latitude and longitude. Individual light curves were manually evaluated and unreliable sunrise 

and sunset transitions with obvious light interference were excluded. Data were filtered to 

remove dark periods of <4 hours, unreliable locations around the equinoxes (±15 days), 

unrealistic locations >52° and <30°N, and locations associated with unrealistic travel distances 

based on maximum likely travel speeds of 55 km h-1 (Meier et al. 2015). The sensitivity of 

individual geolocators to different sun elevation angles was calibrated during the late incubation 

& chick-rearing period when it was assumed that birds’ movements were centred near the 

colony, and the angle that resulted in the smallest location bias and/or fewest points on land was 

used (angles between -3.0° - -4.0°; SI Figure 3.5).   

To identify locations relating to the likely period of feather growth, the start and end 

dates of each individual’s non-breeding period were defined as those following and prior to the 

last and subsequent first night visit to the colony, respectively. Night visits were identified in the 

geolocator activity data as periods of continuous dryness (≥2 hours) during nighttime hours. 

Non-breeding locations between May-July (P1 feather) and July-August (P6 feather) were used 

to assign birds to different spatial areas. Analysis of moult phenology indicated that most birds 

in the NE Atlantic had finished P1 growth by August, and that the main period of P6 re-growth 

was between July and August (details in section 3.3.2).  

Non-breeding areas were determined using fixed kernel density estimation (KDE) in the 

‘KernSmooth’ package in R (Wand 2013) (data projection: lambert conformal conic; cell size: 1 

km2). Optimised KDE Plugin bandwidths were obtained for each bird using the ‘ks’ package 

(Duong 2013). Individual birds were assigned to one of three areas: (i) the northern Bay of 

Biscay (latitude >44°N), (ii) the western Iberian Peninsula (latitude range: >37.5°N - <44°N) 

and (iii) southern Iberia including waters around of the Strait of Gibraltar or within the 

Mediterranean (latitude <37.5°N & Mediterranean locations). Assignments were made based on 

the spatial areas that 50% probability kernels fell predominantly within. The areas within which 

median non-breeding locations and 50% KDE centroids fell within were also visually assessed 

(SI Figure 3.6 & SI Figure 3.7).  
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A binomial generalized linear model (GLM) with a logit link function was used to 

investigate the relationship between moult stage and day of the year. Daily mean primary moult 

score data (normalised to re-scale between 0-1 prior to modelling) were fitted as a response, 

while Julian day and region were tested as fixed effects (only images from the Strait of Gibraltar 

area, Bay of Biscay and English Channel were used in the model, owing to insufficient sample 

sizes from western Iberia and the Mediterranean). Model selection was performed using second-

order Akaike Information Criteria (AICc).  

To calculate the isotopic niche space occupied by bird groups using different non-

breeding areas, standard ellipse areas (corrected for small sample sizes: SEAc) and convex hulls 

were calculated in the ‘SIAR’ package in R (Parnell & Jackson 2013), after testing for bivariate 

normality with the Henze-Zirkler’s test (Korkmaz et al. 2014). We also adopted the SIBER 

approach (Stable Isotope Bayesian Ellipses in R; Jackson et al. 2011) for calculating ellipse-

based metrics of isotope niche width (which, unlike more conventional convex hulls are 

unbiased with respect to sample size), and obtained posterior estimates of ellipse covariance 

matrices. Linear discriminant function analysis was used to examine how well stable isotope 

markers differentiated between feathers (P1 and P6) grown in different non-breeding areas. 

Discriminant functions were developed using isotope data from 22 tracked birds and a jackknife 

leave-one-out cross-validation procedure (training data; no repeated individual measures). 

Additional data from 10 tracked birds sampled in a second year were used to test discriminant 

function efficiency (test data). 

To investigate temporal variability in predator isotope values, differences in 𝛿15N and 

𝛿13C values of P1 and P6 feathers between 2011 and 2012 were tested using linear mixed-

effects models (LMMs), with a random intercept to account for repeated individual measures. 

Likelihood ratio tests (LRTs) were used to compare full models with null models containing no 

fixed effect.  

While the prey of Balearic shearwaters during the non-breeding period are largely 

unknown, dietary observations within the Mediterranean (Oro & Ruiz 1997, Arcos & Oro 2002a) 

were used to suggest four likely prey fish functional groups (pelagic spp. >17cm and <17cm in 

length, demersal spp. >17cm and <17cm in length; Table 3.1). All sampled fishes were assigned 

into the four groups, and isotopic compositions were compared using one-way ANOVA and 

Tukey’s post-hoc tests. In cases where heteroscedasticity was detected, data were log-

transformed or one-way ANOVA tests with Welch’s correction were applied. 

To examine diet during the non-breeding period, feather isotope ratios were compared 

to fish and squid data from core non-breeding areas. Birds over-summering around the Strait of 
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Gibraltar were excluded from dietary analysis as no matching prey samples were obtained here. 

The contribution of different prey sources to the diet was estimated using a Bayesian multi-

source stable isotope mixing model (SIAR: Stable Isotope Analysis in R, Parnell & Jackson 

2013). We used 𝛿15N and 𝛿13C values from three primary feathers (P1, P3 and P6) of each bird 

to reflect diet over the majority of the moult period in 2012. Isotopic discrimination factors 

between feather protein and prey muscle protein have not been published for adult 

Procellariiformes. Therefore, to compare feather isotopes to prey data, the mean of published 

isotopic discrimination values for comparable species (yellow-legged gulls Larus michahellis, 

Ramos et al. 2009c; great skuas Stercorarius skua, Bearhop et al. 2002; great cormorants 

Phalacrocorax carbo, Bearhop et al. 1999; European shags Phalacrocorax aristotelis, Bearhop 

et al. 1999; common murres Uria aalge, Becker et al. 2007) were incorporated into SIAR 

(Δ15Ndiet-tissue: 3.7 ‰, Δ13Cdiet-tissue: 1.9 ‰; SI Table 3.7). Standard deviations of ±1 ‰ for 𝛿15N 

and ±0.5 ‰ for 𝛿 13C were added to account for uncertainty in discrimination factors.  

To provide insight into the degree of fishing activity in different non-breeding areas, 

fisheries effort data for the two ICES fishing areas closest to core Balearic shearwater non-

breeding areas in 2012 were obtained from the Scientific, Technical and Economic Committee 

for Fisheries (STECF) (STECF Report 14-20; STECF 2014). Yearly totals of hours fished in 

ICES fishing rectangles were calculated for four gear groups (demersal seines/trawlers, pelagic 

seines/trawlers, longlines and unspecified gear types) and mapped in relation to the core non-

breeding areas of tracked birds. Only data from 2012 were used for mapping due to poor data 

coverage off the western Iberian Peninsula in 2011 (STECF 2014). All analyses were carried 

out in R version 3.0.2 (R Core Team 2013) and ArcGIS version 10.0. 

 

3.3 Results 

3.3.1 Device impacts 

There were no significant differences in hatching success (measured as the proportion of eggs 

that hatched) or fledging success (measured as the proportion of eggs that hatched and fledged) 

between control and experimental nests in the study (Hatching success: experimental = 0.74, 

control = 0.81; Fledging success: experimental = 0.65, control = 0.72; Fisher’s exact tests, 

p >0.05; n: experimental = 72, control = 23; SI Table 3.8). 
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Figure 3.1. Fish sampling areas in the northeast Atlantic during summer 2012, and locations of sample 
stations where European anchovies Engraulis encrasicolous and European sardines Sardina pilchardus 
were collected during Ifremer Pelgas cruises in 2011 & 2012 within the Bay of Biscay (see Chouvelon et 
al. 2015 for methods). Isobaths (400m intervals starting at 200m: GEBCO 30-arc second bathymetry 
data) are denoted with grey lines, and the colony location is indicated with a star. 

3.3.2 Moult phenology 

Based on 755 collated images, Balearic shearwaters predominantly moulted primary feathers 

between June and October when the majority of the sampled population were in the northeast 

Atlantic (Figure 3.2b, Supplementary information section 3.5.1). No differences were found in 

the timing and progression of moult for birds sighted in the three modelled Atlantic areas 

(Figure 3.2c), and the optimal model, containing day of year as a fixed effect (z-value = 2.364, 

p-value = <0.001), explained 76.4% of deviance in the data (Table 3.2). Of the 67 birds scored 

from images taken in the western Mediterranean (months: April – June), only one individual 

showed signs of primary feather moult. By September, the majority of birds photographed in the 

northeast Atlantic had completed P1 - P8 feather re-growth (Overall: 91%, n = 85; Bay of 

Biscay: 90%, n = 57; English Channel: 89%, n = 18; Strait of Gibraltar: 100%, n = 7) 

(Supplementary information 3.5.1). A larger proportion of birds were still growing P9 and P10 

during September and October (Sept, P9: 54% birds; P10: 75% birds, n = 85; Oct, P9: 16% 

birds; P10: 37% birds, n = 43), coinciding with the species’ main period of return migration. We 

therefore confirm that P1 primarily reflects the period of arrival and early moult in non-breeding 

areas, while P6 reflects the core of the non-breeding period. 

Western
Iberian

Peninsula

Bay of Biscay

Strait of Gibraltar
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Figure 3.2. a) Schematic of a Balearic shearwater showing the location of sampled primary (P) and 
secondary (S) feathers (black; arrow = the direction of primary feather moult). b) The total primary moult 
score of individual Balearic shearwaters against day of the year (Julian day: 1st January = 01) for five 
geographical areas within the species’ range (n = 520). Total primary moult scores ranged between 0 – 30 
and consisted of the sum of individual primary feather scores, where 0 = an old feather, 1 = a missing 
feather, 2 = a new feather in growth and 3 = a fully-grown new feather. English Channel = southern UK 
and northern Brittany; Biscay = the Bay of Biscay; Portugal = the western Iberian Peninsula; Strait of 
Gibraltar = Southern Iberia from the Bay of Cádiz to Málaga; Mediterranean = Valencia, Catalonia and 
the Balearic Islands. Dark grey dotted lines = mean migration departure and return dates, light grey dotted 
lines = earliest migration departure and latest migration return date. c) Fitted values (solid line) and 95% 
confidence bands (blue shaded area) from a binomial GLM applied on re-scaled mean daily primary 
moult score data from three NE Atlantic areas (bird n = 359; daily means n = 56). 
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3.3.3 Non-breeding distributions 

Forty-six birds were recovered during the study, yielding 32 usable non-breeding tracks from 22 

individuals for which feather isotope data were collected (n, 2011: males = 8, females = 9, 2012: 

males = 7, females = 8; birds sampled in both years = 11). Geolocators on three birds failed 

shortly before the first visit to the colony (< 6 weeks), but as the majority of the non-breeding 

season was captured these data were retained.  

Non-breeding distributions of the tracked population were consistent between years. 

Balearic shearwaters migrated to waters stretching from the Alboran Sea in the western 

Mediterranean to the northern Bay of Biscay in the northeast Atlantic, utilizing three main non-

breeding areas (the Bay of Biscay, coastal western Iberia and coastal southern Iberia; Figure 

3.3). Seventy-two percent of birds spent the non-breeding season in the northeast Atlantic, while 

28% of birds utilized both Atlantic and Mediterranean regions to varying extents. Only one bird 

remained entirely in the Mediterranean during non-breeding. Over the two study years, all birds 

that visited the Bay of Biscay were female, with the exception of a single male. In contrast, both 

sexes used waters off the western Iberian Peninsula and southern Iberia. 

 

Table 3.2. Results of model selection for binomial GLMs with logit link functions applied on re-scaled 
total primary moult score data from images of Balearic shearwaters. Measures of second-order akaike 
information criteria, delta AICc components and akaike weights are shown. The most parsimonious 
model is shown in bold. “:” = interaction term. 
 

Model AICc ΔAICc AICc wt 
Null 73.82 32.79 0.00 
Yrday 41.0 0.00 0.85 
Yrday + Region 44.8 3.76 0.13 
Yrday:Region 48.8 7.80 0.02 
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Figure 3.3. Carbon and nitrogen isotope values of a) primary 1 feathers (P1) and c) primary 6 feathers 
(P6) from Balearic shearwaters, coloured by non-breeding area (blue = the Bay of Biscay, red/orange = 
western Iberia, green = southern Iberia / Mediterranean; males = triangles, females = circles), and core 
non-breeding areas (50% kernel density contours) of tracked birds between b) May – July and d) July – 
August in 2011 and 2012 (n = 32). Dotted lines show the spatial boundaries used for assignment of birds 
to one of three non-breeding areas (b,d). Standard deviation ellipses (corrected for small sample sizes; 
solid lines) and convex hulls (dotted lines) are show (a,c). Kernel density estimates were produced using a 
Lambert conformal conic map projection and plug-in bandwidth selector.  

3.3.4 Spatial patterns in feather isotopes compositions  

Isotope data were recovered from 32 tracked and 9 untracked individuals. Large ranges in both 

𝛿15N and 𝛿13C values were found in feathers grown during the non-breeding period (Table 3.3; 

Supplementary information section 3.5.3). No significant differences in 𝛿15N or 𝛿13C values of 

P6 feathers and 𝛿15N values of P1 feathers were found between the two sample years (LRTs, P1 

𝛿15N: 𝜒2
1 = 0.019, p = 0.444, P6 𝛿15N: 𝜒2

1 = 0.297, p = 0.586, 𝛿13C: 𝜒2
1 = 3.287, p = 0.070; n2011 

= 23, n2012 = 18; Figure 3.3a & c, Table 3.3). However, P1 𝛿13C values were significantly more 

enriched in 2012 than 2011 (LRTs, P1 𝛿13C: 𝜒2
1 = 10.969, p = 0.001; Figure 3.3c, Table 3.3). 

There were also no significant isotope differences between males and females utilizing non-
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breeding areas off Iberia (Wilcoxon rank sum test, 𝛿15N: W test-statistic range = 33 - 41, 

p >0.05; 𝛿13C: W test-statistic range = 37 - 44, p >0.05; 1000 bootstrap iterations with no 

repeated ‘individual’ measures). 

Birds foraging in the three non-breeding areas largely occupied different isotope niche 

space, as recorded in P1 and P6 feathers, although some overlap occurred (Figure 3.3a,c; 

Supplementary information section 3.5.3). Differences between birds from the three areas were 

largely attributed to 𝛿15N values. Isotope niche space was closer among spatial groupings during 

P6 feather growth than during P1 growth, at the beginning of the moult period. The isotope 

niche areas occupied by birds off western Iberia were smaller than those of bird groups in the 

Bay of Biscay and Gibraltar (P1: 63% and 83% of MCMC simulated posterior ellipse areas, 

respectively; P6: 97% and 96% of MCMC simulated posterior ellipse areas; Figure 3.4). 

Measures of overlap in standard ellipse areas can be found in Supplementary information 

section 3.5.3. 

Two discriminant functions differentiated between stable isotopes in feathers from birds 

utilizing the different non-breeding areas (P1: Wilk’s lambda = 0.121, χ2
4 = 39.042, p <0.001; 

P6: Wilk’s lambda = 0.158, χ2
4 = 34.142, p <0.001; Table 3.4). The first and second 

discriminant functions accounted for 81% of the between-group variance for P1, and 74% of the 

between-group variance for P6. Discriminant functions correctly classified 91% of birds to their 

core non-breeding area in the P1 training data, and 86% of birds in the P6 training data. DFA 

accuracy for assigning birds in the test data to their non-breeding area was 70% and 60% for P1 

and P6 feathers, respectively. Misclassifications almost all occurred between birds using areas 

off western Iberia and those further north or south. 

 

Table 3.3. The mean (± standard deviation) of 𝛿15N and 𝛿13C values from four Balearic shearwater 
primary feathers (P1, P3, P6, P9) and one secondary feather (S19), grown during non-breeding periods in 
2011 and 2012 by birds tracked from Mallorca, Spain (n: P1 & P6 = 41, P3, P9 & S19 = 18). Ranges are 
shown in square parentheses. 
 

 2011 2012 
Primary 𝛿15N 𝛿13C 𝛿15N 𝛿13C 

P1 13.7 (±1.6) 
[9.9-15.6] 

-16.9 (±0.7) 
[-18.1--16.2] 

13.7 (±1.6) 
[10.8-16.2] 

-16.1(±0.8) 
[-17.8--14.9] 

P3 --- --- 14.3 (±1.3) 
[11.9-16.3] 

-16.1 (±0.5) 
[-17.3--15.4] 

P6 14.5 (±1.3) 
[11.2-16.2] 

-16.5 (±0.7) 
[-18.0--15.4] 

14.5 (±1.3) 
[12.2-16.9] 

-16.1 (±0.7) 
[-17.4--14.2] 

P9 --- --- 13.6 (±1.9) 
[10.1-16.8] 

-16.1 (±0.4) 
[-16.8--14.7] 

S19 --- --- 13.7 (±1.3) 
[11.7-15.9] 

-16.4 (±0.5) 
[-17.3--15.5] 
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Figure 3.4. The uncertainty in standard ellipse areas (corrected for small sample sizes: SEAc) for three 
non-breeding areas of geolocator-tracked Balearic shearwaters from Sa Cella, Mallorca, represented by 
50%, 75% and 95% credible intervals of posterior estimates obtained through 10,000 iterative draws from 
an MCMC simulation. Black points represent modal areas and asterisks represent SEAc. 
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Table 3.4. The assignment of tracked Balearic shearwaters to non-breeding areas by discriminant 
functions obtained from linear discriminant function analysis based on 𝛿15N and 𝛿13C values in primary 
feathers (P1 and P6). The number (and proportion) of correctly classified birds using training (n = 22) and 
test (n = 10) data is given (rows = observed classes, columns = predicted classes). Cross-validation on the 
training data resulted in 86% (P1) and 77% (P6) accuracy. W. Iberia = western Iberian Peninsula, Biscay 
= Bay of Biscay, SOG/Med = southern Iberia and the Mediterranean. 
 

Feather  W.Iberia Biscay SOG/Med. Accuracy 

P1 (training)* 
W. Iberia  7 (0.88) 0 (0.00) 1 (0.12) 

91 % Biscay  0 (0.00) 7 (1.00) 0 (0.00) 
SOG/Med 1 (0.14) 0 (0.00) 6 (0.86) 

P1 (test) 
W. Iberia  2 (0.67) 1 (0.33) 0 (0.00) 

70 % Biscay  2 (0.67) 1 (0.33) 0 (0.00) 
SOG/Med. 0 (0.00) 0 (0.00) 4 (1.00) 

P6 (training)† 
W. Iberia  9 (1.00) 0 (0.00) 0 (0.00) 

86 % Biscay  1 (0.14) 6 (0.86) 0 (0.00) 
SOG/Med.  2 (0.33) 0 (0.00) 4 (0.67) 

P6 (test) 
W. Iberia  3 (1.00) 0 (0.00) 0 (0.00) 

60 % Biscay  1 (0.33) 2 (0.66) 0 (0.00) 
SOG/Med. 2 (0.50) 1 (0.25) 1 (0.25) 

Discriminant functions:  
*P1: D1 = 1.577 * 𝛿15N – 1.162 * 𝛿13C – 40.852; D2 = -0.043 * 𝛿15N + 1.524 * 𝛿13C + 25.735 
†P6: D1 = 1.717 * 𝛿15N -1.398 * 𝛿13C – 47.702; D2 = 0.177 * 𝛿15N + 1.799 * 𝛿13C + 26.940 
 

3.3.5 Isotope variation in potential prey 

𝛿15N and 𝛿13C values differed among fish groups collected from both western Iberia and the Bay 

of Biscay (one-way ANOVA, western Iberia 𝛿15N: F3.76 =45.49, p <0.001, 𝛿13C: F3,76 = 55.24, p 

<0.001; Bay of Biscay 𝛿15N: F3,117 =46.66, p <0.001, 𝛿13C: FWELCH 3,29 = 30.41, p <0.001; Figure 

3.5). Significant differences predominantly lay between pelagic and demersal fishes (Tukey’s 

post-hoc comparisons: p <0.05). No differences were found between the two pelagic size classes 

in either region (Tukey’s post-hoc comparisons: p >0.05); however, demersal size classes 

differed in 𝛿15N and 𝛿13C values within the Bay of Biscay, and in 𝛿13C values off western Iberia 

(Tukey’s post-hoc comparisons: p <0.05). When fish were grouped into single pelagic and 

demersal classes regardless of size, isotope values of demersal fishes were significantly more 
15N- and 13C-enriched than those of pelagic species in both regions (one-way ANOVA, western 

Iberia 𝛿15N: F1,78 =125.7, p <0.001, 𝛿13C: F1,78 = 101.20, p <0.001; Bay of Biscay 𝛿15N: F1,119 = 

32.27, p <0.001, 𝛿13C: F1,119 = 107.10, p <0.001; Figure 3.5). 
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Figure 3.5. Carbon and nitrogen isotope values of Balearic shearwater primary feathers (P1 and P6) 
grown during summer 2011 and 2012 off western Iberia (a,c) and the Bay of Biscay (b,d). Mean (± SD) 
𝛿15N and 𝛿13C values in fish and squid muscle tissue sampled during the feather moult period within non-
breeding areas are shown (a,b: May & July 2012; d: May 2011). Boxes represent the expected range in 
prey isotope values of birds, based on mean diet-feather trophic enrichment factors of 3.7 ‰ 𝛿15N and 1.9 
‰ 𝛿13C (solid blue boxes), and standard deviations of ±1 ‰ 𝛿15N and 0.5 ‰ 𝛿13C (dotted blue boxes). 
 

3.3.6 Linking isotopes and prey to infer summer foraging 

For birds that foraged off western Iberia in 2012, fractionation-corrected feather isotope 

values were contained within observed pelagic prey niche space (Figure 3.5). This indicates 

either natural foraging or consumption of discards from pelagic fisheries. For birds that foraged 

in the Bay of Biscay, fractionation-corrected feather isotope values overlapped with both 

pelagic and demersal prey niche space (Figure 3.5), indicating partial dependence on discards 

from demersal fisheries.  
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SIAR mixing models estimated that pelagic fishes were the major dietary source for 

birds off western Iberia (modal proportions: 53 - 94%), with smaller possible contributions from 

demersal prey (6 - 47%; Figure 3.6). For birds in the Bay of Biscay, mixing models were not 

able to identify source contributions with high confidence, and there was considerable overlap 

between credibility intervals (modal proportions: pelagic = 48 - 53%, demersal = 47 - 52%; 

Figure 3.6). Correlations between the estimated posterior draws of pelagic and demersal source 

contributions were high for both areas (correlation coefficients: -1.00). Mixing models revealed 

a moderate level of individual variability in the contribution of the two prey sources to the diet 

during non-breeding. Between-feather residual error terms ranged between 0.28 – 1.57 ‰ 𝛿15N 

and 0.12 – 0.22 ‰ 𝛿13C for western Iberia, and 0.18 – 0.20 ‰ 𝛿15N and 0.10 – 0.70 ‰ 𝛿13C for 

the Bay of Biscay.  

 

 
Figure 3.6. The probability of possible contributions of pelagic (a-b) and demersal fishes (c-d) in the diet 
of individual Balearic shearwaters that spent the 2012 non-breeding period off western Iberia (a & c: 
orange bars; n = 7) and in the Bay of Biscay (b & d, blue bars; n = 3), according to Bayesian stable 
isotope mixing models (SIAR). Prey species were divided into pelagic and demersal groupings according 
to information on diet and habitat (see Table 3.1). Estimated 25%, 75% and 95% credible intervals from 
mixing models are shown. 
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Consistent with these isotope patterns, the core non-breeding grounds of birds in the 

Bay of Biscay overlapped with areas of relatively high demersal fishing effort (for vessels >10 

m in length) in 2012 (Figure 3.7). Birds off western Iberia also centred their non-breeding 

activity over coastal waters in which demersal fishing fleets operated. STECF estimates of 

fishing effort in all four gear categories were similar in both non-breeding areas.  

 

 
Figure 3.7. Maps of reported fishing effect (hours fished) for vessels >10 m in length in two northeast 
Atlantic non-breeding areas of Balearic shearwaters during 2012 (ICES fishing areas: Bay of Biscay = 
BOB (8a & 8b), Western Iberian Peninsula = IIB (8c-9a)). Levels of fishing effort are presented for four 
fishing gear groups: demersal seines/trawlers (Otter, Beam, Dutch Seine and Dredge), pelagic 
seines/trawlers, longlines and unspecified gear types (data source: STECF). 25%, 50% and 75% 
probability contours from kernel density estimates of the non-breeding locations of geolocator-tracked 
Balearic shearwaters in the Bay of Biscay (blue) and off western Iberia (red/orange) are shown. 

 

 

Demersal  Seine/Trawler

Longline Unspecified

Pelagic  Seine/Trawler
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3.4 Discussion 

Here, we combined geolocation, stable isotope data and information on species-specific moult 

phenology to identify the feeding ecology of Balearic shearwaters during the non-breeding 

season. Our study provides strong indications that this species relies on a combination of both 

pelagic and demersal prey, and indicates that foraging varies spatially within the NE Atlantic. 

The implications of our results with respect to the drivers of changing distribution of this 

critically endangered seabird and the threat of fisheries interactions are discussed below. 

3.4.1 Non-breeding movements and feather isotope compositions 

The core non-breeding distributions of Balearic shearwaters in areas off western Iberia 

and the Bay of Biscay are consistent with previous tracking data (Guilford et al. 2012). 

Furthermore, our results confirm that the main period of primary feather moult occurs between 

June and September when the majority of the Balearic shearwater population are distributed 

within Atlantic waters (Yésou 1985, Mouriño et al. 2003). While isotope ratios in P1 and P6 

provided information on diet during the early and central non-breeding period, a significant 

number of birds were still growing distal feathers (i.e. P9 and P10) during the main period of 

return migration to the Mediterranean, indicating their limited use in studies of spatial or trophic 

ecology. 

We did not detect strong spatial isotope gradients in the carbon isotope values of 

Balearic shearwater flight feathers throughout their Atlantic non-breeding range. This finding is 

consistent with biogeochemical study of other regional seabird populations (Roscales et al. 

2011), both suggesting a limited potential of bulk carbon isotopes for tracing large-scale seabird 

movements in the temperate northeast Atlantic. Nevertheless, regional differences in food web 

isotopes may still exist, and be masked by the diversification of prey types consumed by 

generalist Balearic shearwaters. Conversely, we found a clear increase in feather 𝛿15N values 

from southern to northern non-breeding areas, which could reflect either trophic differences or 

spatial differences in baseline isotopes. Pelagic forage fish showed no difference in 𝛿15N values 

between Portuguese and French sampling sites, strongly implying that the difference in feather 

𝛿15N values reflects differences in dietary behaviour rather than differences in regional isotope 

baselines between the two Atlantic non-breeding areas.  

Feather isotope compositions were relatively successful at assigning birds to NE 

Atlantic areas, but this discrimination appears to be based on dietary habits, and is likely to be 

specific to the population and time periods of sampling. Nevertheless, feather nitrogen isotopes 

could provide a future means of obtaining information on non-breeding movements of a large 
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proportion of the population, if used appropriately in conjunction with extrinsic trackers. Birds 

feeding in Mediterranean food webs, or in Atlantic waters influenced by Mediterranean outflow 

(Relvas et al. 2007), were generally more depleted in 15N than those that remained within NE 

Atlantic systems during the summer months. We were unable to untangle trophic and spatial 

isotope influences on this group in the absence of prey field data from southern Iberia. However, 

our findings are consistent with previous work demonstrating potential use of stable isotopes for 

tracing regional-scale movement between Mediterranean and Atlantic systems (Gómez-Díaz & 

González-Solís 2007, Ramos et al. 2009a, Militão et al. 2013). 

3.4.2 Non-breeding diet and implications for fisheries interactions 

Our results suggest that Balearic shearwaters feed on a combination of pelagic fishes 

and discarded fish from fisheries. Off the western Iberian Peninsula pelagic fish dominated the 

diet. This is consistent with dietary and vessel-based studies within the Mediterranean, which 

demonstrate the importance of small schooling species such as European anchovies and sardines 

to the diet of Balearic shearwaters (Rebassa et al. 1998, Louzao et al. 2006b, Navarro et al. 2009, 

Käkelä et al. 2010). Moreover, our data corroborate earlier casual observations of birds feeding 

on pelagic fishes within Atlantic waters (Le Mao & Yésou 1993, Gutiérrez & Figuerola 1995). 

It is also possible that some pelagic fish accessed in this region are scavenged from pelagic 

fisheries, given recent reports of Balearic shearwater bycatch in purse seines, longlines and 

static nets off western Iberia (Oliveira et al. 2015). 

Fractionation-corrected δ15N values in P1 feathers grown off western Iberia also 

extended below occupied isotope niche space of pelagic fishes (Fig. 4), suggesting contributions 

of lower trophic level prey than those sampled. Although we did not sample zooplankton, recent 

evidence of krill consumption by breeding Balearic shearwaters (Louzao et al. 2015), 

observations of ichthyoplankton predation (Le Mao & Yésou 1993), and existing information on 

the isotopic niche space of macrozooplankton in the northeast Atlantic (Logan et al. 2011, 

Chouvelon et al. 2012, Varela et al. 2013, Varela et al. 2014), all suggest that Balearic 

shearwaters may feed on zooplankton. P1 feathers grown shortly after migration could also 

contain information on Mediterranean diet assimilated into tissue after movement into the 

Atlantic. However, as feathers appear to be synthesized from relatively new stores or directly 

from diet (Murphy 1996, Bearhop et al. 2002), and as moult usually spans over multiple months 

(Bridge 2006; this study), this explanation is unlikely.  

For birds foraging in the Bay of Biscay, feather isotope values suggested a mixed diet of 

pelagic and demersal prey; similar generalist foraging has also been reported during the 

breeding season (Arcos et al. 2000, Arcos & Oro 2002a, Louzao et al. 2015). Since the diving 
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range of Balearic shearwaters is limited (Meier et al. 2015), the most likely source of demersal 

fish is from fisheries waste. We cannot discount the possibility that some dietary functional 

groups and nutrient sources may not have been well represented in the sampled prey base. For 

example, isotopic gradients in inshore-offshore and benthic-pelagic marine food webs are well 

documented (Hobson et al. 1994, France 1995, Clementz & Koch 2001, Sherwood & Rose 

2005), including within Atlantic study areas (Chouvelon et al. 2012, Mèndez-Fernandez et al. 

2012). The observed isotopic variation could potentially reflect feeding at different proximities 

to shore, with birds in the Bay of Biscay relying on more coastal food webs than those off 

western Iberia. However, neither geolocation data nor existing knowledge of Atlantic coastal 

distributions supports this suggestion (Paterson 1997, Mayol-Serra et al. 2000, Mouriño et al. 

2003, Poot 2005, Guilford et al. 2012), and feathers from northern feeding birds were not 

depleted in 13C as would be expected in birds foraging further inshore (Hobson et al. 1994). 

As expected, variability in 𝛿13C was greater amongst birds that grew feathers in the Bay 

of Biscay, where data indicate exploitation of a range of prey sources, in comparison to birds off 

western Iberia that appeared to forage predominantly on pelagic prey. During the mid-moult 

period (P6), birds feeding off western Iberia occupied smaller isotope niche areas overall than 

those in the Bay of Biscay, which could indicate a higher degree of resource specialisation here. 

In contrast, inter-individual variability in 𝛿15N was lower for birds from the Bay of Biscay than 

off Iberia (particularly for P1). This result could indicate that inter-individual differences in diet 

composition are relatively small in this area, or could be an artefact of small sample sizes. 

Differences might also be associated with proximity to the Mediterranean. The isotopic 

compositions of birds foraging closer to this region are more likely to be influenced by 

Mediterranean outflow. Furthermore, some individuals in southern Iberia travelled back and 

forth through the Strait of Gibraltar during the non-breeding period, and are therefore more 

likely to have fed within isotopically diverse food webs. 

3.4.3 Implications for distribution shifts, changing fisheries practices and conservation 

management 

Our analysis of non-breeding diet suggests that changes in pelagic fish distribution and 

fisheries activity could both be contributing factors to observed changes in non-breeding 

distribution of the Balearic shearwater (Wynn et al. 2007, Wynn & Yésou 2007, Votier et al. 

2008a, Wynn et al. 2008). Pelagic fish are clearly a primary food source during the non-

breeding period, but the evidence for demersal prey in the diet of Balearic shearwaters that fed 

in the Bay of Biscay, and the lack of a similar signature in birds feeding off western Iberia, 

could reflect differences in the nature of fisheries discards targeted in the two areas. The 
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apparent absence of demersal dietary components in birds off western Iberia could equally 

reflect a lower propensity to scavenge on fisheries discards here or limited discarding. 

Interestingly, we found no evidence to suggest that birds in the Bay of Biscay were 

preferentially exposed to fishing activity compared to those feeding in western Iberian food 

webs, although cautious use of regional fishing effort estimates is recommended (STECF 2014).  

The sensitivity of seabirds to discard availability is of particular interest given recent 

fishery policy reform within Europe and imminent changes in discard practices (Bicknell et al. 

2013). For the Balearic shearwater, fisheries represent an important resource that may contribute 

significantly to energetic requirements (Arcos & Oro 2002a), influence foraging movements 

(Bartumeus et al. 2010) and affect breeding success (Louzao et al. 2006b). Management 

changes therefore have potential to impact this species, although it is unclear how birds will 

respond to altering practices given their generalist behaviour (Bicknell et al. 2013). Our isotope 

data, spatially controlled using geolocation, therefore forms a reference for identifying future 

dietary shifts of this facultative scavenger in response to changing discard availability. 

The importance of pelagic fishes to shearwaters within the key NE Atlantic areas 

presented here highlights the potential of prey field changes to cause population-level effects, 

including those not only related to distribution, but to demographic and trophic aspects of 

ecology. Seabird populations can be influenced by environmental change through indirect 

effects on prey (Montevecchi & Myers 1997, Thompson & Ollason 2001, Grémillet & Boulinier 

2009). In the case of the Balearic shearwater, prey-driven changes in non-breeding habitat use 

or behaviour (i.e. Luczak et al. 2011) could have negative downstream consequences for 

breeding ecology and survival (Harrison et al. 2011). A fuller understanding of prey 

distributions and their response to climate change is therefore imperative for understanding and 

managing future population trends of this threatened species.  

In summary, our study provides evidence that Balearic shearwaters feed on both pelagic 

and demersal food sources during the non-breeding season, and indicates spatial variation in 

dietary behaviour, which in turn suggests differences in fisheries interactions. Fisheries have 

been assessed as a serious threat to Balearic shearwaters, therefore our findings emphasise the 

need to address major knowledge gaps regarding fisheries interactions, and to implement 

bycatch mitigation action within key non-breeding areas. We highlight the utility of 

complementary tracking techniques for understanding feeding ecology during important at-sea 

phases, provide baseline data that should allow future identification of shifting dietary habits, 

and suggest the potential of stable isotope approaches for identifying movements of Balearic 

shearwaters between distinct ocean basins.  
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3.5 Supplementary information 

3.5.1 Moult phenology 

3.5.1.1 Colony moult scoring 

SI Table 3.1. The proportion of moult-scored birds at colonies on Mallorca (Sa Cella and Malgrats, n = 
418) that were in wing feather moult (primary and secondary feathers) during different months of the 
year. Scoring took place during 2000, 2001 and 2012. 
 

Month n Birds in wing moult 
Jan 31 0 
Feb 80 0 
Mar 1 0 
Apr 0 - 
May 1 0 
Jun 14 0.64 
Jul 0 - 

Aug 0 - 
Sep 108 0.98 
Oct 81 0.27 
Nov 36 0 
Dec 65 0 
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SI Table 3.2. The proportion of moult-scored birds at colonies on Mallorca (Sa Cella and Malgrats) in 
different stages of wing feather moult during June 2012 (n = 14) and September 2000 (primary feathers: n 
= 25; secondary feathers: n = 22). Moult stage of feathers was scored following Ginn and Melville 
(1983), where 0 = old feather, 1 = old feather missing / new feather in pin, 2 = new feather emerging from 
sheath and ≤ one-third grown, 3 = new feather between one- and two-thirds grown, 4 = new feather > 
two-thirds grown with sheath remains at base and 5 = fully grown new feather with no remaining sheath 
at base. P = primary, S = secondary.  
 

 
 Moult score - June (n = 14) 

 
Moult score - September (n = 25) 

Feather 0 1 2 3 4 5 
 

0 1 2 3 4 5 
P1 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

P2 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
P3 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

P4 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
P5 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

P6 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
P7 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

P8 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.04 0.24 0.72 
P9 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.04 0.16 0.44 0.36 

P10 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.08 0.0 0.04 0.32 0.52 0.04 
S1 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S2 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S3 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.05 0.95 

S4 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.23 0.04 0.73 
S5 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S6 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S7 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S8 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S9 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.05 0.0 0.0 0.0 0.0 0.95 

S10 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.05 0.0 0.0 0.0 0.0 0.95 
S11 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.05 0.0 0.0 0.05 0.0 0.90 

S12 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.09 0.18 0.73 
S13 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.04 0.04 0.19 0.73 

S14 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.04 0.14 0.82 
S15 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S16 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S17 0.86 0.14 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S18 0.57 0.43 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S19 0.50 0.50 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S20 0.79 0.21 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 
S21 1.0 0.0 0.0 0.0 0.0 0.0 

 
0.0 0.0 0.0 0.0 0.0 1.0 

S22 1.0 0.0 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 0.0 1.0 

 

3.5.1.2 Moult analysis from at-sea imagery 

The moult phenology of the Balearic shearwater was investigated using a database of 755 

photographs of the species taken within the NE Atlantic and western Mediterranean regions. 

The overall presence or absence of primary feather moult was recorded for all images in which 

wings were visible. A subset of higher quality images in which individual primary feathers were 

visible (n = 520) was then used to determine moult stage based on a simple moult score criterion 

(modified from Ginn and Melville 1983), where 0 = an old feather, 1 = a missing feather, 2 = a 

new feather in growth and 3 = a fully grown new feather. A total primary moult score for each 
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bird ranging from 0 – 30 and consisting of the sum of individual primary feather scores was 

then assigned.  

Image quality was assessed to remove unreliable, poor quality images of limited use to 

the study (n = 59). Images were assigned to the following four quality classes: 0 = poor (not 

suitable for moult scoring); 1 = low (still of use to moult study but image is either out of focus, 

taken at a distance, taken in poor light or taken at a difficult angle to the bird); 2 = moderate (in 

focus, moderate-good lighting, individual primary feathers can be seen in sufficient detail to 

detect presence/absence of moult); 3 = high (well-focused image taken at close distance in 

excellent light, individual primary feathers can be clearly seen).  

Images were scored by one of three observers and checked by a second. Potential 

observer bias was assessed for the three observers using a subset of images. Inter-observer 

agreement was high when assessing the overall presence or absence of primary feather moult 

(SI Table 3.3). The images for which there was observer disagreement were all of lower quality 

(Q0-1), and in each case only 1 of 3 assessors gave a conflicting assessment. Images assigned to 

quality classes 1-3 were used in the study within which observer error was deemed to be low 

(6.7%). Differences in observer assigned total primary moult scores were also small (≤4; 

repeated-measure ANOVA: F2,51 = 0.016, P = 0.984).  

  Birds in unequal stages of primary moult between the left and right wing represented 

only a small proportion of the sampled population (based on a subset of images in which both 

wings were clearly visible; Q1-3 = 3.0% birds, n: 164; Q2-3 = 2.7% birds, n = 112). For these 

images (n = 5, month = August), the wing in the earlier stage of moult was used for scoring, as 

it provided a better indicator of whether feather growth would be complete upon return to the 

breeding area. 

Images of birds suspected of being juveniles within the northeast Atlantic in the 

summer months (birds with glossy dark plumage, no signs of moult and an often scaled 

appearance to body contour feathers) were removed from the dataset prior to analysis to prevent 

potential bias on the moult analysis. 82% of these images were taken in the English Channel (n 

= 68). 
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List of photographers that contributed Balearic shearwater images to the study: 

Laurent Thébault, Tom Brereton, Mark Darlaston, Armel Deniau, Carlos Gutíerrez Expósito, 
Mikaël Buannic (PNMI), Sylvie Pianalto (PNMI), Albert Cama, Matxalen Pauly, Joe Pender, 
António Gonçalves, Grégoire Duffez, Benjamin Callard, Bretagne Vivante sepnb, Ricard 
Gutiérrez, Roger Christopher, Xavier Martínez, Carlos Peche, Isidro Vila Verde, Michael 
Southcott, Kris Gillam, Nuno Barros, Andy Paterson, Tom Hines, John Stanton, Mike Langman, 
Victor Guimera, Javier Elorriaga, Brian Harrison, John Irvine, Stephen Daly, Romain Bazire, 
Miguel McMinn, Jean-Luc Dourin, David Appleton, Shane Shac, Johnny Jönsson, Hanna & 
Duncan Jones (Marine Discovery), Josemari Gimon/Héctor González, Jordi Jornet, Robin 
Chittenden, João Nuno Gonçalves, Luis Rodrigues, Diogo Oliveira, David Monticelli, Rui 
Pereira, Daniel Valverde, Joaquim Muchaxo and Fernando del Valle Cortés. 

 

 
SI Figure 3.1. Plate of images showing the moult scoring approach used in the study. a) bird prior to 
moult: P1-P10 old with signs of wear and tear (image: Miguel McMinn, 2010), b) bird in early stages of 
moult: P1 and P2 in growth, P3 missing/not visible, P4-P10 old (image: Armel Deniau, 2013), c) bird in 
heavy primary moult: P1-P2 new, P3-5 in growth, P6 missing/not visible, P7-P10 old (image: Tom 
Brereton, 2009), d) bird with no signs of moult in P1-P10 (image: Mark Darlaston, 2011). P = primary 
feather.  

 

a) b)

c) d)
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SI Figure 3.2. The mean ± standard deviation total moult score of primary feathers within Balearic 
shearwater images by month, in five different geographical areas throughout the species’ distribution 
range. English Channel = coastal waters off southern UK and northern Brittany; Bay of Biscay = French 
coastal waters in the Bay of Biscay; Portugal = Portuguese waters off the Iberian Peninsula; Strait of 
Gibraltar = Bay of Cádiz to Málaga; Mediterranean = Waters off Valencia, Catalonia and the Balearic 
Islands. Total primary moult scores ranged between 0 – 30 and consisted of the sum of individual primary 
feather scores, where 0 = an old feather, 1 = a missing feather, 2 = a new feather in growth and 3 = a 
fully-grown new feather. Numbers in bars show monthly sample sizes for each region.  
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SI Table 3.3. The inter-observer agreement in assessment of primary feather moult for a subset of 
Balearic shearwater images (quality classes 0-3), and the mean (± standard deviation) difference in total 
primary moult scores (moult score difference) assigned by each pairwise combination of observers 
(observer combination). Observer agreement = the percentage of images that all three observers chose 
matching scores for. Observer conflict = the number of observers (maximum = 3) that disagreed with 
others in their moult assessment for images with conflicting scores (no. of images is given in square 
parentheses). 
 

Image quality subset n Observer agreement (%) Observer conflict 
Quality 0-3 40 87.5 1/3 [5] 

Quality 1-3 only 30 93.3 1/3 [2] 
Quality 2-3 only 17 100 --- 

Observer comparison n Moult score difference  
Obs. 1 – Obs. 2 19 0.7 (± 1.1)  
Obs. 1 – Obs. 3 19 1.2 (± 1.4)  
Obs. 2 – Obs. 3 19 1.9 (±1.5)  

 

 
SI Figure 3.3. The proportion of a) primary 1 and b) primary 6 feathers in different stages of moult for 
Balearic shearwaters photographed in the NE Atlantic between June and September (1999 – 2014). Moult 
score criteria: PS0 = old feather, PS1 = missing feather, PS2 = new feather in growth and PS3 = fully-
grown new feather. 
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3.5.2 Lipid extraction 

Lipid-normalization equations used to predict lipid-corrected 𝛿13C values of fish muscle tissue 

samples (following Kiljunen et al. 2006): 

Equation A1. (McConnaughey and McRoy 1979): 

𝐿 =
93

1 + 0.246  ×   𝐶:𝑁 − 0.775 !! 

where L is the proportional lipid content of the sample and C:N is the carbon to nitrogen ratio of 

the sample.  

Equation A2. (Kiljunen et al. 2006): 

𝛿!"𝐶! =   𝛿!"𝐶 + 𝐷  ×    𝐼 +
3.90

1 + 287𝐿
 

where D is the isotopic difference (‰) between protein and lipid (assigned a value of 7.018) and 

I is a constant (assigned a value of 0.048). The model assumes that fish muscle contains no lipid 

at a C:N ratio of approximately 3. 

𝛿13C values of chemically treated fish muscle subsamples from each species (n = 5 - 10) 

were compared to mathematically corrected 𝛿13C values of paired untreated subsamples. Fish 

lipid-normalization equations from three published sources (McConnaughey & McRoy 1979, 

Alexander et al. 1996, Kiljunen et al. 2006) were tested. Mathematically corrected and lipid-

corrected subsamples were highly correlated for all three lipid-normalization equations (SI 

Figure 3.4), providing support for the use of mathematical corrections. 
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SI Figure 3.4. a) The observed (chemically treated) versus predicted (model corrected) 𝛿13C values of 
fish muscle samples (Spearman’s rank correlation, McConnaughey & McRoy correction: r = 0.98, S = 
1490, p <0.001; Alexander et al. correction; r = 0.97, S = 2060, p <0.001; Kilijunen et al.: r = 0.97, S = 
2152, p <0.001; solid line - 1:1 reference). Point size is scaled by the C:N ratios of untreated samples. b) 
Difference in 𝛿13C values between chemically-extracted and untreated fish muscle samples (blue, red and 
green), and model corrected values and untreated samples (black), plotted against observed C:N ratios. 

 

a)

b)
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3.5.3 Spatial assignment of birds 

 
SI Figure 3.5. Median latitudinal bias of geolocation positions for 17 example Balearic shearwaters from 
Sa Cella during a period between April-May 2012, relative to different sun elevation angles used to 
estimate location from light data. Data incorporate the period toward the end of chick-rearing and the 
beginning of post-breeding, when the birds’ were assumed to centre their activity near the colony 
(following Frederiksen et al. 2012). 
 

 
SI Figure 3.6. a) Centroids of 50% kernel density estimates (KDEs calculated with a plug-in bandwidth 
selector and Lambert conformal conic projection) and b) median non-breeding locations of geolocator-
tracked Balearic shearwaters between May – August, 2011 and 2012. Dotted lines denote the three spatial 
categories used in the study (Bay of Biscay = blue, western Iberia = red/orange, southern Iberia = green).   
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SI Figure 3.7. Median non-breeding locations (triangles), centroids of 50% kernel density estimates 
(circles) and kernel density contours (25%, 50%, 70% and 90%) for three example Balearic shearwaters 
tracked with geolocators from Sa Cella, Mallorca during the study. Birds classed as spending the non-
breeding season in the Bay of Biscay (blue), western Iberian Peninsula (yellow-red) and south Iberia 
(green) are shown. Dotted lines denote the three spatial categories used in the study. KDEs were 
calculated with a plug-in bandwidth selector and Lambert conformal conic projection. 

 

SI Table 3.5. Mean (± standard deviation) 𝛿15N and 𝛿13C values of primary 1 (P1) and primary 6 (P6) 
feathers sampled from geolocator-tracked Balearic shearwaters from Sa Cella, Mallorca assigned to one 
of three non-breeding areas (Biscay = Bay of Biscay, W.Iberia = western Iberia, S.Iberia = southern 
Iberia). Sample sizes (n) for P1 / P6 are shown in brackets. Chi-square values, degrees of freedom 
(subscript number) and p-values (in brackets) summarise likelihood ratio tests performed to compare 
linear mixed-effects models (with random individual intercepts) with and without a fixed effect for non-
breeding area. Areas with matching superscript letters showed significant differences at the 5% level 
(Tukey’s all pairs comparison tests). 
 
 P1 P6 
Area 𝛿15N 𝛿13C 𝛿15N 𝛿13C 
Biscay (n = 10/10) 15.2 (±0.6)b,c -16.4 (±0.8)b 15.6 (±0.7)b -16.6 (±1.0) 
W. Iberia (n = 11/12) 14.1 (±0.7)a,c -16.0 (±0.5)a 14.8 (±0.4)a -15.9 (±0.4)b 

S. Iberia (n = 11/10) 11.9 (±1.0)a,b -17.2 (±0.7)a,b 13.5 (±1.1)a,b -16.6 (±0.4)b 

𝜒2
2 (p) 44.602 (<0.001) 12.909 (0.002) 24.436 (<0.001) 6.931 (0.032) 
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SI Figure 3.8. a) 𝛿15N and b) 𝛿13C values in the 1st, 3rd, 6th and 9th primary feathers and 19th secondary 
feathers (S19) of geolocator-tracked Balearic shearwaters from Sa Cella, Mallorca, grown during the non-
breeding period in 2012 (n = 15). Dotted lines connect intra-individual feather values. 

 

SI Table 3.6. The extent of overlap between standard ellipse areas (SEAc) for the three Balearic 
shearwater non-breeding areas, based on 𝛿15N and 𝛿13C values in the 1st (P1) and 6th (P6) primary feathers 
of geolocator-tracked birds. 
 

Comparison Area 1 Area 2 Overlap Area 
W.Iberia – Biscay (P1) 1.135 1.292 0.000 

Biscay – S.Iberia (P1) 1.292 1.953 0.000 

W.Iberia – S.Iberia (P1) 1.135 1.953 0.000 

W.Iberia – Biscay (P6) 0.531 1.763 0.000 

Biscay – S.Iberia (P6) 1.763 1.362 0.000 

W.Iberia – S.Iberia (P6) 0.531 1.362 0.045 

 

a)

b)

Feather
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3.5.4 Discrimination factors 
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3.5.5 Breeding success 

SI Table 3.8. Breeding success (egg hatching and chick fledging success) of experimental and control 
nests at the Balearic shearwater colony of Sa Cella, Mallorca between 2011 and 2013. Values indicate the 
proportion of total nests in both groups that bred successfully. Numbers in brackets = sample sizes. P-
values of fisher’s exact tests are shown. Birds that were simultaneously tagged with GPS devices for 
another study during the same season were excluded from this comparison. 
 

Parameter Group 
Year  

2012 2013 All  

Hatching 
success 

GLS 0.86 (14) 0.56 (9) 0.74 (23) 
Control 0.92 (38) 0.68 (34)  0.81 (72) 
p 0.602 0.696 0.560* 

     

Fledging 
success 

GLS 0.71 (14) 0.56 (9) 0.65 (23) 
Control 0.79 (38) 0.65 (34) 0.72 (72) 
p 0.713 0.706 0.601* 

*power of fisher’s exact tests: hatch = 0.1, fledge = 0.1.  

 

 





Chapter 4                                                                                                                                    Population differentiation  

	   93	   	   	  

Chapter 4      Population differentiation in a critically 

endangered seabird: can migratory behaviours and 

phenology provide new insights into taxonomic status? 

 

ABSTRACT 

The potential roles of seasonal movements and breeding schedules in promoting evolutionary 

divergence are increasingly recognised, emphasising the importance of behavioural variation 

amongst populations and migratory connectivity. Here we focused on the critically endangered 

Balearic shearwater (Puffinus mauretanicus), one of two sympatric Puffinus shearwaters that 

breed in the Mediterranean Sea. Genetic and phenotypic evidence of hybridization with 

Yelkouan shearwaters (P. yelkouan), at the easternmost island in the Balearic shearwater’s 

breeding range, has provided important insights into relationships between these recently 

diverged species. Nevertheless, levels of behavioural and ecological differentiation amongst 

populations remain largely unknown. Using coupled geolocation and stable isotopes, we 

compared the migratory behaviour, at-sea distributions and breeding phenology of birds from 

the Menorcan ‘hybrid’ population with a population of Balearic shearwaters on neighbouring 

Mallorca. Clear spatial segregation was detected in non-breeding movements of the two 

populations, with post-breeding Mallorcan shearwaters predominantly migrating to the Atlantic, 

and Menorcan birds remaining largely resident in the western Mediterranean (as indicated by 

both tracking and isotope data). We found additional indications of delayed breeding schedules 

within the Menorcan population, which combined with movement patterns, are consistent with 

population differences identified through genetic and morphological studies. The Menorcan 

population display a suite of behavioural features seen in both Balearic and Yelkouan 

shearwaters, with implications for our understanding of evolutionary processes acting on this 

group. Together, our findings suggest a potential role of non-breeding and breeding behaviours 

in the development and/or maintenance of population differentiation in closely related Puffinus 

shearwaters in the Mediterranean, and indicate a need for conservation strategies that account 

for population-specific behaviours. 

 

 

 



Chapter 4                                                                                                                                    Population differentiation  

	   94	   	   	  

Author declaration: 

Data presented in this chapter were collected with the help of R.B. Wynn, T. Guilford, M. 

McMinn Grivé, A. Rodríguez, L. Maurice, L. Suberg, G. Morgan, A.R. Jones and other 

volunteers (see acknowledgements). Feather isotope compositions were analysed using 

continuous flow IRMS with the help of Jason Newton (SUERC). All data processing, analysis 

and writing were undertaken by the author under the supervision of Prof. R.B. Wynn, Prof. T. 

Guilford, Dr. S.C. Votier and Dr. C. Trueman.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4                                                                                                                                    Population differentiation  

	   95	   	   	  

4.1 Introduction 

Behavioural and ecological processes can contribute to differentiation amongst animal 

populations, which may influence genetic structure and lead to evolutionary divergence, with 

implications for conservation (Bearhop et al. 2005, Irwin & Irwin 2005, Webster & Marra 2005, 

Delmore et al. 2012). This is particularly true for wide ranging marine top predators such as 

seabirds, which are often unconstrained by the physical barriers to gene flow that promote 

species divergence (Friesen et al. 2007a). Factors such as non-breeding segregation (Friesen et 

al. 2007a), habitat specialization (Burg & Croxall 2004, Rayner et al. 2011), natal philopatry 

(Steeves et al. 2005) and mate preference (Cohen & Dearborn 2004) have all been proposed to 

promote genetic isolation, placing an importance on understanding behavioural variation 

amongst populations and levels of migratory connectivity (Webster et al. 2002, Webster & 

Marra 2005). 

In this study, we focus on behavioural and ecological differentiation of two closely 

related Puffinus shearwater populations in the Mediterranean. Two sibling species breed in this 

region: the Balearic shearwater Puffinus mauretanicus and the Yelkouan shearwater P. yelkouan. 

Their present taxonomic status follows successive changes, initially separating these two species 

from the Manx shearwater P. puffinus (Bourne et al. 1988, Yésou et al. 1990), and at a later date 

from each other (Walker et al. 1990, Heidrich et al. 1998, Sangster et al. 2002). These 

Mediterranean Puffinus species are believed to have diverged from a common North Atlantic 

ancestor, either prior to the formation of the Mediterranean Sea or some time after the reopening 

of the Strait of Gibraltar over 5 million years ago (Bourne et al. 1988, Austin 1996, Heidrich et 

al. 1998, Zotier et al. 1999)  

In recent years, the taxonomic relationship between Balearic and Yelkouan shearwaters 

has been the subject of considerable study (Genovart et al. 2005, Genovart et al. 2007, Genovart 

et al. 2012, Militão et al. 2014). This is partly because of evidence for population declines (Oro 

et al. 2004a, Oppel et al. 2011; they are currently listed as Critically Endangered and Vulnerable, 

respectively; IUCN 2014), but also owing to discovery of a ‘hybrid’ population, at the 

easternmost extent of the Balearic shearwater’s breeding range (Genovart et al. 2005). Genetic 

analyses of mitochondrial DNA (mtDNA) have revealed the presence of both Balearic and 

Yelkouan haplotypes in the Puffinus population on the island of Menorca, providing evidence 

for natural hybridization between the two species (Genovart et al. 2005, Genovart et al. 2007, 

Militão et al. 2014). This process has both evolutionary and conservation significance as 

hybridization could influence, or be accentuated by, ongoing declines of one or both species 

through “genetic swamping” (Genovart 2009, Genovart et al. 2012). 
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Phenotypic differences between Balearic shearwaters from Menorca (hereafter referred 

to as ‘Menorcan shearwaters’) and elsewhere in the Balearic archipelago have also been 

detected, including those related to morphology (Alcover et al. 2003, Ruiz et al. 2003, Ruiz & 

Martí 2004, Genovart et al. 2012, Militão et al. 2014), plumage colouration (Genovart et al. 

2012, Militão et al. 2014, Gil-Velasco et al. 2015), vocalisations (Robb et al. 2008, Curé et al. 

2010) and potentially breeding phenology (Gutiérrez 2004, Robb et al. 2008). Together, these 

differences have led to uncertainties surrounding the taxonomic status of the Menorcan 

population. However, other behavioural and ecological attributes of birds on this island remain 

largely unknown. While recent tracking studies have provided insights into the year-round at-

sea distributions of Balearic shearwaters from Mallorca (Guilford et al. 2012), and Yelkouan 

shearwaters from multiple colonies (Péron et al. 2013, Raine et al. 2013), there is a lack of 

comparable at-sea information for Menorcan shearwaters (although see Ruiz & Martí 2004), 

partly owing to the current inaccessibility of nesting birds on Menorca (McMinn, personal 

observation). 

Here, we present the first year-round tracking data of Menorcan shearwaters and combine 

this with stable isotope analyses to investigate migratory behaviour, spatial ecology and 

phenology of these enigmatic birds. One of the key aims of this study was to test whether post-

breeding Menorcan birds migrate into northeast Atlantic waters akin to Balearic shearwaters 

from western colonies (Guilford et al. 2012), or remain in the Mediterranean in a similar fashion 

to Yelkouan shearwaters (Militão et al. 2013, Péron et al. 2013, Raine et al. 2013). We 

compared data from Menorcan birds with contemporaneous data from a neighbouring 

population of Balearic shearwaters on Mallorca, and discuss our findings in the context of 

existing knowledge on the movement ecology of Yelkouan shearwaters. Our results provide 

new behavioural insights into Menorcan shearwaters of relevance to this population’s 

taxonomic status, and highlight the potential role of at-sea behaviours in the differentiation of 

closely related seabird populations. 

 

4.2 Materials and methods 

4.2.1 Study site 

This study was conducted at two Balearic shearwater colonies in the northwestern 

Mediterranean: 1) Mola de Maó, Menorca, the largest known colony of Menorcan shearwaters 

(39°52’N, 004°19’E) and 2) Sa Cella cave, Mallorca (39°36’N, 002°21’E), one of the largest 
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known colonies of Balearic shearwaters. Colony work was conducted under permits issued by 

the Government of the Balearic Islands (permit numbers: CAP31/2011, CEP04/2012, 

CEP03/2013, CEP15/2014) and following established protocols to minimise disturbance (see 

Guilford et al., 2012).  

4.2.2 Bio-logging 

Between 2011 and 2014, the year-round movements of birds from both colonies were tracked 

using BAS geolocators (British Antarctic Survey, Cambridge, UK; Models: MK15, MK18, and 

MK19; Weight: 1.9 - 2.5 g; 0.43 ± 0.08 % and 0.50 ± 0.07 % of body mass for Menorcan and 

Mallorcan birds, respectively). During the breeding season (March - May), devices were 

attached to the tarsus of birds using a plastic ring, and recovered during the subsequent year. 

Individuals were either removed directly from the nest while incubating (both colonies), or 

captured in cave entrances prior to pair switchovers when nests were inaccessible (Menorca). 

Birds were handled for a mean duration of 19.7 (± SD 7.7) minutes on Menorca and 22.2 (± SD 

8.9) minutes on Mallorca.  

Geolocation light data were processed with BAStrak software (British Antarctic Survey, 

Cambridge, UK), using a light threshold of 10. Light curves were manually assessed and 

discarded in the presence of obvious light interference during sunrise and sunset transitions. 

Data were filtered to remove dark periods of <4 hrs, unreliable fixes around the equinoxes (10 

days on the winter side, and 5 days on the summer side), unrealistic locations >52° and <30°N, 

and locations associated with unrealistic travel distances based on a maximum travel speed of 

55 km h-1 (Meier et al. 2015). The sensitivity of individual devices to different sun elevation 

angles (EA) was calibrated during the late incubation and chick-rearing period, when it was 

assumed that the birds’ movements were centred near the colony. The angle that resulted in the 

smallest locational bias, and/or fewest points on land, during this period was used for each 

geolocator (EA: -3.0° - -4.0°).   

Balearic shearwaters predominantly attend colonies between October and June, but do not 

begin incubating until the early spring (Guilford et al. 2012). We defined the start and end dates 

of the non-breeding period as the birds’ last and first night visits to the colony, respectively. 

Following Guilford et al. (2012), night visits were identified as periods of continuous night-time 

dryness in the salt-water immersion trace (≥2 hrs), while day time visits to the colony were 

identified as complete daytime darkness in the geolocator light trace. Both activity and light 

data were used to estimate lay date, based on patterns of asynchronous daytime visits to the 

colony between pair members (or when only one pair member was tracked, the onset of regular 

daytime visits lasting ≥2 days in males, and first colony visit after the post-laying exodus in 



Chapter 4                                                                                                                                    Population differentiation  

	   98	   	   	  

females). The core non-breeding areas of individual birds from Menorca were determined using 

fixed kernel density estimation (KDE) in the ‘KernSmooth’ package in R (Wand 2013) (data 

projection: lambert conformal conic; cell size: 1 km2). Optimised KDE bandwidths were 

obtained for each bird using the multivariate plug-in selector in the ‘ks’ package in R (Wand & 

Jones 1994, Duong 2013). Seasonal population-level KDEs were also obtained for the two 

colonies between 2013 and 2014 (June 2013, July-September 2013, October-December 2013, 

January-March 2014). 

4.2.3 Stable isotopes 

The isotopic compositions of animal tissues reflect diet during tissue growth, and therefore 

isotope values of individuals moving between isotopically distinct habitats can hold information 

on the spatial location of feeding (Graham et al. 2010). To examine non-breeding movements of 

a larger number of Menorcan and Mallorcan shearwaters with the use of stable isotopes, 

primary flight feathers (P1, P6) grown during the non-breeding season (see chapter 3) were 

sampled from tracked birds during spring 2012 and 2013 (Menorca: n = 4, Mallorca: n = 32). 

Feathers from 32 untracked birds at the Menorcan colony and 9 untracked birds at the 

Mallorcan colony were also collected. Feather choice was based on extensive moult scoring of 

Balearic shearwaters from at-sea images and at colonies (see chapter 3). To obtain reference 

isotope data for the western Mediterranean region, feather down from 40 Mallorcan chicks was 

sampled in June 2013.  

Feathers were washed in a solution of 0.25 M sodium hydroxide, rinsed in successive 

washes of milli-Q water and oven dried at 50°C until reaching constant weight. Samples were 

then cut into ~1 mm pieces prior to weighing.  

Stable isotope analyses were carried out at the Natural Environment Research Council 

Life Science Mass Spectrometry Facility in East Kilbride, using a Flash HT elemental analyser 

(2012) or Elementar vario PYRO cube elemental analyser (2013) coupled with a Thermo 

Electro Delta XP continuous flow isotope ratio mass spectrometer. Isotope ratios were 

expressed in delta notation in parts per thousand (‰), relative to international standards of 𝛿13C 

(Pee Dee Belemnite) and 𝛿15N (atmospheric N2). Multiple measurements of three internal 

laboratory standards (gelatine, alanine and glycine) in each SIA experiment indicated that 

measurement error was smaller than 0.2‰ for 𝛿15N and 0.1‰ for 𝛿13C. 

We used hierarchical clustering analysis with the Ward’s minimum variance method on 

stable isotope data from P1 and P6 feathers to investigate the degree to which Menorcan and 

Mallorcan birds from different non-breeding areas clustered together. Standard ellipse areas 
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(SEAc: corrected for smaller sample sizes), Bayesian approximations of standard ellipse areas 

(SEAb) and convex hulls were calculated for groups obtained via hierarchical clustering using 

the SIAR package in R (Jackson et al. 2011, Parnell & Jackson 2013). Discriminant function 

analysis (DFA) was then performed on P6 isotope values to examine how well isotopic tracers 

discriminated between, and assigned individuals to, the non-breeding regions of birds. The 

isotope values of 26 tracked individuals (Mediterranean = 8, Atlantic = 18; no repeated 

individual measures) were first used as a training dataset to develop the discriminant function, 

before predictions were made for 41 untracked birds (32 Menorcan birds, 9 Mallorcan birds). 

The obtained DFA was validated using a jackknife leave-one-out cross-validation method on 

training data. 

In order to disentangle spatial and trophic influences on feather stable isotope 

compositions from the Mediterranean and Atlantic, isotope values from P6 feathers grown 

during summer 2012 were compared with fractionation-corrected isotope values in pelagic and 

demersal fish muscle samples (see SI Table 4.1 for sample details). Fish samples were collected 

from coastal fisheries operating out of Vilanova i la Geltrú, Spain during May 2012, and both 

Lorient, France and Aveiro, Portugal during July 2012. 𝛿13C fish muscle values were lipid-

corrected following lipid-extraction experiments, and analysed following the methods outlined 

above (see chapter 3 for further details).  

 

4.3 Results 

4.3.1 Inter-population differences in at-sea movements 

Thirteen of 25 devices were recovered from birds on Menorca, yielding 10 tracks that 

encompassed non-breeding periods between 2011 and 2013. A total of 52 comparison tracks 

(and simultaneously collected salt-water immersion data) were collected from birds recovered 

on Mallorca (16 from 2011, 16 from 2012 and 20 from 2013). 

Eight tracked Menorcan birds (80%) spent the non-breeding season in the western 

Mediterranean (Figure 4.1). The core distribution of individuals within this region was highly 

variable, spanning areas up to 1400 km apart from the Ligurian Sea to the Alboran Sea. Two of 

the Menorcan birds were located further west during the non-breeding season, their core 

distributions extending into northeast Atlantic waters between the Straits of Gibraltar and 

central Portugal (Figure 4.1). One individual was tracked in two separate years and visited non-

breeding areas between the Gulf of Lion and Ligurian Sea in both (Figure 4.1).  
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There were notable differences in the non-breeding distributions of birds from the two 

colonies, with Balearic shearwaters predominantly migrating to Atlantic waters off west Iberia 

and northwest France, in comparison to the largely Mediterranean-based movements of 

Menorcan shearwaters (Figure 4.2 and SI Figure 4.1). Between October and June, when birds 

were predominantly active at colonies engaging in pre-breeding and breeding behaviours 

(Figure 4.3), the core at-sea Mediterranean distribution of the Menorcan population fell further 

east of that of Mallorcan birds (SI Figure 4.1). 

 

 
Figure 4.1. 50% kernel density distributions of Balearic shearwaters tracked with geolocators from La 
Mola, Menorca during non-breeding periods between 2011 and 2013 (bandwidth selector = plug-in; map 
projection used in KDEs = Lambert conformal conic; non-breeding period = time between the last night 
visit to the colony before departure for migration and first night visit to the colony after return to the 
breeding grounds). Kernel density estimates of individual birds are given in different colours (n = 10; 
green = 2011, red/orange = 2012, blue/purple = 2013, dotted green = 2013 track from individual shown in 
the same colour in 2011). The colony location is marked with a star. Bathymetry = GEBCO 30-arc 
second data. 
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Figure 4.2. Kernel density estimates of Balearic shearwaters tracked with geolocators from La Mola, 
Menorca (a,c,e) and Sa Cella, Mallorca (b,d,f) during non-breeding periods in 2011 (Menorca n = 2; 
Mallorca n = 16), 2012 (Menorca n = 2; Mallorca n = 16) and 2013 (Menorca n = 6; Mallorca n = 20) 
(bandwidth selector = plug-in; map projection used in KDEs = Lambert conformal conic). 25%, 50%, 
70% and 90% kernel density contours are shown. 
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Figure 4.3. Individual phenology traces of a) 10 Menorcan shearwaters tracked with geolocators between 
2011 and 2014 and b) 20 Mallorcan shearwaters tracked during 2013 – 2014. The dark blue portion of the 
trace shows the timing and duration of the non-breeding season (July - Sept) bounded by the last and first 
night visit to the colony. Purple bars indicate day visits to the colony, identified by logged daytime 
darkness in geolocator light data. Black bars indicate periods with no data. In Fig b, individuals are 
arranged by nest pairings (denoted by bracketed letters). 

 

 

 

 

b)

a)
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4.3.2 Isotopic variation between non-breeding regions 

𝛿15N and 𝛿13C values of feathers grown during the non-breeding period differed significantly 

between Menorcan and Mallorcan birds (Table 4.1). Hierarchical clustering analysis identified 

two distinct isotopic groups from 𝛿15N and 𝛿13C data (Figure 4.4, SI Figure 4.2, SI Figure 4.3). 

For P6, tracked birds that spent the non-breeding period in the Mediterranean and Atlantic 

differentiated into separate clusters. The same pattern was seen for P1, with the exception of a 

single individual that clustered with Mediterranean birds but spent the majority of the non-

breeding period in the Atlantic.  

Discriminant function analysis on P6 isotopes correctly assigned all 26 tracked birds in 

the training data to their non-breeding area (100% accuracy; Wilks’ Lambda 0.221, F = 84.725, 

χ2 = 34.755, p <0.001). A leave-one-out cross-validation of the training data also correctly 

classified 100% of birds. 26 of 32 (81%) untracked Menorcan birds were then predicted by the 

discriminant function to have spent the non-breeding season in the Mediterranean, and all 

predictions agreed with clusters defined by hierarchical cluster analysis (Figure 4.4; SI Figure 

4.2). SEAc and discriminant functions for individual years are presented in the Supplementary 

information. The obtained discriminant function was: 

D = 1.235* 𝛿15N - 0.033* 𝛿13C – 17.995 

Fisher’s classification functions: 

D(Mediterranean) = 35.138* 𝛿15N – 55.545* 𝛿13C – 684.788 

D(Atlantic) = 39.971* 𝛿15N – 55.674* 𝛿13C – 751.429 

The isotope values of P6 feathers grown during the 2012 non-breeding period overlapped 

with fractionation-corrected isotope space of both pelagic and demersal fishes in Mediterranean 

and Atlantic regions (Figure 4.5). There was little overlap in the isotope niche space of fishes 

from the two regions, and all birds occupied isotope prey space from fish samples collected in 

the region that they were either tracked to, or were predicted (by DFA) to have used (Figure 4.5). 
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Figure 4.4. Carbon and nitrogen stable isotope values in primary 1 (P1) and 6 (P6) feathers of adult 
shearwaters tracked with geolocators from the Menorcan (circles) and Mallorcan (triangles) colonies 
between 2011 and 2013. Feather values relate to non-breeding periods in 2011 and 2012. Isotope values 
for chick down collected from the Mallorcan colony in June 2013 are shown to provide a Mediterranean 
reference (dimonds). Solid lines show standard ellipse areas (corrected for small sample sizes: SEAc) for 
the two groups defined by hierarchical clustering analysis, while dotted lines show convex hulls. 

 

P1

P6
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Figure 4.5. Carbon and nitrogen stable isotope values in primary 6 feathers of adult shearwaters from 
Menorcan (circles) and Mallorcan (triangles) colonies grown during summer 2012. Birds are coloured by 
the non-breeding area that they were tracked to and/or were predicted to have used during the non-
breeding season based on a discriminant function analysis (green = Mediterranean, red = Atlantic). 
Coloured boxed indicate the fractionation-corrected isotope space (mean ± SD) of pelagic and demersal 
fishes (<20 cm total length) collected from coastal Mediterranean (n = 69) and Atlantic (n = 89) waters 
during spring – summer 2012 (trophic enrichment factors of 3.7‰ and 1.9‰ for 𝛿15N and 𝛿13C, 
respectively, were applied to prey data based on published feather-diet values from the literature; see 
chapter 3 & SI Table 4.1).  

 

Table 4.1. 𝛿15N and 𝛿13C values of primary feathers (P1 and P6) from Menorcan and Mallorcan 
shearwaters, grown during non-breeding seasons in 2011 and 2012 and collected during incubation in 
2012 and 2013. Chi-square values and p-values summarize likelihood ratio tests used to compare full 
linear mixed-effects models (with ‘colony’/’year’ as a fixed effect and ‘individual’ as a random intercept 
term) with models containing no fixed effect. No significant differences in isotope ratios were found 
between years, with the exception of 𝛿13C values in P1 feathers. 
 

  P1 P6 

Isotope ratio Year Menorca Mallorca Menorca Mallorca 

𝛿15N (‰) 
2011 12.1 (±1.4) 13.7 (±1.6) 11.8 (±1.5) 14.5 (±1.3) 
2012 11.8 (±0.8) 13.7 (±1.6) 11.8 (±1.8) 14.5 (±1.3) 

All years 11.9 (±1.2) 13.7 (±1.6) 11.8 (±1.6) 14.5 (±1.3) 
colony only (P1) 
colony only (P6) LRT χ2

1 = 19.347, p <0.001 χ2
1 = 37.459, p <0.001 

𝛿13C (‰) 
2011 -17.5 (±0.7) -16.9 (±0.7) -17.4 (±0.6) -16.5 (±0.7) 
2012 -17.2 (±0.4) -16.1 (±0.8) -16.9 (±0.4) -16.1 (±0.7) 

All years -17.4 (±0.6) -16.6 (±0.8) -17.2 (±0.6) -16.3 (±0.7) 
colony+year (P1) 
colony only (P6) LRT χ2

1 = 36.637, p <0.001 χ2
1 = 33.885, p <0.001 
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4.3.3 Phenology and plumage variation 

Geolocator data indicated that the timing of key life cycle events for tracked individuals from 

both populations was variable (Figure 4.3, Table 4.2). During 2013 - 2014, when the majority of 

Menorcan birds were tracked, the non-breeding periods of birds from both colonies lasted for 

median durations of ~3.5 months, focussed on July - Sept (Menorca: median = 102 days, range 

= 86 - 147; Mallorca: median = 105 days, range = 81 - 151). 

Small within-year sample sizes at the Menorcan colony prevented a statistical 

comparison of phenology with the Mallorcan population. Nevertheless, there was little overlap 

in the timing of the last over-day colony visit (signifying the hatch date) and the onset of the 

non-breeding season between populations (Figure 4.3 and Figure 4.6). There were also 

indications for slight differences in the timing of breeding: the onset of incubation in Menorcan 

birds occurred predominantly during mid-March (median = 12/03/2014, range = 6/03/2014-

22/03/2014; Table 4.2), while Mallorcan birds initiated incubation in early March (median = 

06/03/2014, range = 03/08/2014-08/03/2014). 

Eight of 10 tracked birds from Menorca had white underparts consistent with plumage 

colouration of Yelkouan shearwaters, all but one of which remained in the Mediterranean (Table 

4.2; see SI Figure 4.4 for examples of plumage differentiation between the two study 

populations). 

 
Figure 4.6. The timings of colony attendance of Menorcan (blue) and Mallorcan (red) shearwaters during 
2013 and 2014. The first and last day visits to the colony were identified by logged daytime darkness in 
geolocator light data, while first and last night visits were identified as periods of continuous nighttime 
dryness within activity data.  Dotted lines show the median Julian day of each respective event for the two 
colonies. 
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4.4 Discussion 

Here, we report for the first time the non-breeding movements, year-round distribution and 

detailed breeding phenology of Menorcan shearwaters, and show that this population display a 

suite of behavioural traits intermediate to those of Balearic and Yelkouan shearwaters, with 

relevance to our understanding of the potential behaviours promoting species divergence and the 

relatedness of Puffinus shearwaters within the Mediterranean. 

4.4.1 Inter-population differences in at-sea behaviour 

We found a clear difference in the migratory behaviour of the two study populations. Tracking 

and isotope data both suggest that the majority of Menorcan birds remain resident in the western 

Mediterranean post-breeding, while all Balearic shearwaters from Mallorca engaged in 

westward movements extending into the northeast Atlantic, indicating the presence of different 

migratory controls. The two Menorcan birds that did exit the Mediterranean remained 

predominantly in southwest Iberian waters, showing little overlap with frequented non-breeding 

areas of Balearic shearwaters off northwest Iberia and France (Figure 4.2; Guilford et al. 2012). 

These findings are consistent with the limited sight records of Yelkouan shearwater in Atlantic 

waters (particularly away from the Iberian coast; Gutiérrez 2004), coupled with indications that 

Menorcan birds are inseparable at sea from Yelkouan shearwaters (Gutiérrez 2004, Gil-Velasco 

et al. 2015). Furthermore, the dispersive Mediterranean non-breeding movements exhibited by 

the Menorcan population are similar, or intermediate to, migration behaviour of tracked 

Yelkouan populations in recent years (Péron et al. 2013, Raine et al. 2013). Tracking data of 

Yelkouan shearwaters from colonies on the Mediterranean French coast (Péron et al. 2013) and 

Malta (Raine et al. 2013) indicate that this species remains in the Mediterranean post-breeding, 

and there is evidence for colony-based differences, with a large proportion of birds from French 

colonies engaging in movements further west than birds on Malta, which either remain resident 

in central regions or migrate to the eastern Mediterranean (Péron et al. 2013, Raine et al. 2013). 

In light of the migratory behaviours reported here for Menorcan and Balearic shearwaters, we 

suggest that there may be a gradient of migration strategies in Puffinus populations across the 

Mediterranean. The hybrid zone on Menorca may in fact fall at the centre of this gradient with 

populations either side showing divergent migratory directions, as seen in some terrestrial 

species (Helbig 1991, Bensch et al. 1999, Irwin & Irwin 2005). Nevertheless, further 

simultaneous tracking of a wider range of populations would be needed to thoroughly explore 

and substantiate this suggestion.   
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The proportion of Menorcan shearwaters predicted to remain in the Mediterranean by 

both feather isotope compositions and tracking data was highly consistent (~80% with both 

methods). Feather isotope compositions corresponded to clear 𝛿15N and 𝛿13C differences 

between Mediterranean and Atlantic systems, seen in our reference prey isotope data, and more 

widely at lower trophic levels (Bode et al. 2004, Bode et al. 2007, Navarro et al. 2009, Cardona 

et al. 2012, Chouvelon et al. 2012). Moreover, our findings are consistent with existing 

interpolated isoscapes of Atlantic and Mediterranean baselines, based on dissolved inorganic 

carbon and zooplankton (Graham et al. 2010, McMahon et al. 2013). Observed regional-scale 

differences are therefore likely to reflect spatial variability in baseline community biochemistry 

and sources of assimilated nutrients (Goericke & Fry 1994, Altabet 2001, Montoya 2007), rather 

than differences in consumer trophic habits.  

The core distributions of Menorcan and Balearic shearwaters in the October - June 

period (when birds are engaging in pre-breeding or breeding behaviours) also differed (SI 

Figure 4.1), with Menorcan birds predominantly occupying waters north and northeast of the 

colony stretching into the Gulf of Lion, while Mallorcan birds were located further west towards 

Catalan and Valencian coasts. Despite the coarse resolution of geolocator data (186 ± 114 km; 

Phillips et al. 2004a), this result is consistent with foraging movements of satellite-tracked 

Menorcan shearwaters during chick-rearing (Ruiz & Martí 2004), and recent GPS tracking of 

incubating Balearic shearwaters from Mallorca (Meier et al. 2015). Our findings indicate that 

Menorcan birds utilize similar foraging areas to French-breeding Yelkouan shearwaters during 

both pre-breeding and breeding (Péron et al. 2013), demonstrating the potential for population 

mixing. In contrast, differences in habitat use between Balearic and Menorcan populations 

during these periods may further promote their divergence (e.g. Rayner et al. 2011). 

4.4.2 Phenotypic differentiation of Mediterranean Puffinus populations 

In addition to observed population differences in at-sea movements, we found evidence for 

differences in breeding and migratory schedules between Menorcan and Balearic shearwaters. 

While limited sample sizes prevented statistical comparisons, the chick hatching date and onset 

of the non-breeding period occurred later in most Menorcan birds. Similarly, there was some 

indication that colony arrival and lay dates were on average later for Menorcan shearwaters. 

These patterns corroborate earlier casual observations of delayed egg laying and chick fledging 

in Menorcan populations by a few weeks (Gutiérrez, 2004; Robb et al., 2008). Furthermore, our 

findings indicate that the timing of colony attendance and breeding on Menorca may be similar 

or intermediate to that of Yelkouan shearwaters (Vidal 1985). There is growing evidence to 

suggest that breeding asynchrony in seabirds may have a role in population differentiation 
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(Monteiro & Furness 1998, Friesen et al. 2007b, Rayner et al. 2011), and it is plausible that 

offsets in breeding schedules may help to explain the genetic structure of Mediterranean 

Puffinus populations. Nevertheless, formal comparisons of phenological events, and quantitative 

data on breeding phenology of Yelkouan populations are still required. 

Observed patterns of at-sea behaviour and phenology are also consistent with existing 

information on genetic and morphological attributes of Balearic, Menorcan and Yelkouan 

shearwater, providing substantial evidence for broad phenotypic differences between Menorcan 

birds and ‘parent’ species, but most notably with Balearic shearwaters. Morphological and 

osteological differences amongst populations of Balearic shearwaters (Alcover et al. 2003, 

Genovart et al. 2007, Genovart et al. 2012), and more widely between Balearic and Yelkouan 

shearwaters (Walker et al. 1990, Altaba 1993, Bull et al. 2004, Genovart et al. 2007, Genovart et 

al. 2012, Militão et al. 2014) have been well established, with the smaller-sized Menorcan birds 

showing similar morphologies to Yelkouan populations (Bourgeois et al. 2007, Genovart et al. 

2012, Militão et al. 2014). Puffinus populations in the Mediterranean also vary in their vocal 

structure, with Menorcan birds showing intermediate characteristics to the two sibling species, 

tentatively attributed to body size differences (Robb et al. 2008, Curé et al. 2010). Lastly, 

population differences in plumage colouration have been observed, with many Menorcan birds 

(including most tracked birds in the current study) showing white underparts comparable to 

Yelkouan shearwaters that are rarely observed elsewhere in the Balearic archipelago (Genovart 

et al. 2012).  

4.4.3 Conclusions 

The mechanisms by which divergent movement behaviour influence the genetic structure of 

populations are still poorly understood (Irwin & Irwin 2005, Friesen et al. 2007a). However, 

pre-breeding and post-breeding barriers to gene flow caused by population-specific migratory-

related attributes (i.e. breeding schedules or mate choice) have been proposed (Bearhop et al. 

2005, Irwin & Irwin 2005, Rayner et al. 2011). Our findings are consistent with these 

suggestions, indicating that a potential interplay between movement behaviours and breeding 

phenology may play a role in maintaining the genetic structure of contemporary shearwater 

populations in the Mediterranean, and could plausibly have been involved in earlier 

evolutionary divergence of Balearic and Yelkouan shearwaters.  

Menorcan shearwaters do not fit this divergent pattern, exhibiting spatial, behavioural and 

genetic traits of both Balearic and Yelkouan populations, and are therefore an interesting case 

study from an evolutionary perspective. Our results support recent phenotypic and genetic 

analyses, indicating that Menorcan populations display a suite of behavioural features seen in 
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the two sibling species, although potentially more comparable to Yelkouan shearwaters. For 

instance, the predisposition of most Menorcan shearwaters to remain in the Mediterranean post-

breeding suggests that this population is under similar migratory controls (whether they be 

genetic, social or physiological) to those influencing Yelkouan populations. One interpretation 

of these patterns would therefore be that the Menorcan colony is in fact predominantly 

composed of Yelkouan shearwaters. Nevertheless, a small proportion of the Menorcan 

population engaged in longer-distance migration into the Atlantic. This range of migration 

strategies could provide behavioural evidence for hybridization (Helbig 1991), or alternatively, 

could simply be attributed to the western location of the colony. The observed variation for 

migratory behaviour may offer some resilience to environmental or anthropogenic change, that 

may not be present in populations with strong migratory connectivity (Dolman & Sutherland 

1994, Webster & Marra 2005). Alternatively, intermediate migration strategies in Menorcan 

birds may actively select against hybrid individuals, should their migratory behaviours be 

suboptimal (Helbig 1991, Irwin & Irwin 2005). Together, our findings suggest that Menorcan 

shearwaters represent an evolutionary important population, with the potential to provide further 

insights into processes of speciation in the Mediterranean, highlighting their high conservation 

value. This study also identifies a crucial need for conservation strategies that account for inter-

population differences in at-sea behaviour.  
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4.5 Supplementary information 

S1 Equation The discriminant function and Fisher’s classification functions based on 𝛿15N and 
𝛿13C values in primary feathers (P6) of Balearic shearwaters, tracked during 2011-2012 from 
colonies on Menorca and Mallorca (n = 19). 
 

D = 1.392* 𝛿15N + 0.550* 𝛿13C – 10.623 
 

D(Mediterranean) = 23.438* 𝛿15N – 57.413* 𝛿13C – 632.585 
 

D(Atlantic) = 31.159* 𝛿15N – 54.364* 𝛿13C – 681.292 
 

S2 Equation The discriminant function and Fisher’s classification functions based on 𝛿15N and 
𝛿13C values in primary feathers (P6) of Balearic shearwaters, tracked during 2012-2013 from 
colonies on Menorca and Mallorca (n = 17). 
 

D = 1.346* 𝛿15N - 0.046* 𝛿13C – 19.997 
 

D(Mediterranean) = 41.377* 𝛿15N – 55.512* 𝛿13C – 726.595 
 

D(Atlantic) = 45.791* 𝛿15N – 55.663* 𝛿13C – 789.065 
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SI Figure 4.1. Kernel density estimates of Balearic shearwaters tracked with geolocators from La Mola, 
Menorca (n = 6; Fig a,c,e,g) and Sa Cella, Mallorca (n = 20; Fig b,d,f,h) between April 2013 – March 
2014 (bandwidth selector = plug-in; map projection used in KDEs = Lambert conformal conic). 25%, 
50%, 70% and 90% kernel density contours are show for different seasons (June 2013, July – September 
2013, October – December 2013 and January – March 2014). Colony locations are denoted with stars. 
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SI Figure 4.2. Dendrograms showing the isotopic similarity between samples according to hierarchical 
clustering analysis with Wards’ minimum variance method on 𝛿15N and 𝛿13C data for a) the first primary 
(P1) feather and b) the secondary primary (P6) feather. Label colours indicate the oceanic region where 
birds spent the non-breeding season: red = Atlantic, green = Mediterranean, blue = time in both regions, 
black = unknown. LM = Menorcan birds; SC = Mallorcan birds; m = males; f = females; u = unknown 
sex. 
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SI Figure 4.3. Carbon and nitrogen stable isotope values in primary 1 (P1) and 6 (P6) feathers of adult 
shearwaters collected from the La Mola, Menorca (circles) and Sa Cella, Mallorca (triangles) colonies 
during 2012 (top row) and 2013 (bottom row). Feathers relate to non-breeding periods in 2011 and 2012. 
Isotope values for chick down (dimonds, n = 40) collected from the Mallorcan colony in June 2013 are 
also shown to provide a Mediterranean reference. Solid lines show standard ellipse areas (corrected for 
small sample sizes: SEAc) for the two groups defined by hierarchical clustering analysis, while dotted 
lines show convex hulls. 
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SI Figure 4.4. Images of Menorcan shearwaters (a,b) and Balearic shearwaters from Mallorca (c,d). Both 
Menorcan shearwaters show pale yelkouan-type colouration, while both Mallorcan birds show 
intermediate Balearic shearwater colouration. Moult score: a = 2, b = 1, c = 3 - 4, d = 3. 
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SI Table 4.1. Mean (± standard deviation) muscle carbon and nitrogen stable isotope values, and total 
lengths of fish samples from the northeast Atlantic and western Mediterranean regions used in the study. 
Atlantic samples were collected in July 2012 from fisheries operating in the Bay of Biscay and off 
western Iberian coasts. Mediterranean samples were collected in May 2012 from fisheries operating off 
the Catalan coast. 
 

  NE. Atlantic W. Mediterranean 
Species n 𝛿15N 𝛿13C TL n 𝛿15N 𝛿13C TL 

Sardina pilchardus (P) 20 11.3 
(±0.6) 

-17.8 
(±0.5) 

14.2 
(±2.6) 10 8.4 

(±0.4) 
-19.4 
(±0.2) 

12.4 
(±0.2) 

Engraulis encrasicolus (P) 14 11.6 
(±0.7) 

-17.6 
(±0.4) 

14.3 
(±0.9) 10 8.0 

(±0.3) 
-19.1 
(±0.1) 

11.1 
(±0.5) 

Sardinella aurita.(P) - - - - 10 8.2 
(±0.3) 

-19.4 
(±0.2) 

14.4 
(±0.6) 

Trachurus trachurus (P) 10 11.6 
(±0.9) 

-18.8 
(±0.6) 

11.5 
(±1.0) - - - - 

Micromesistius poutassou (P) - - - - 10 7.7 
(±0.3) 

-19.0 
(±0.1) 

16.8 
(±0.5) 

Merluccius merluccius (P)* 10 10.2 
(±0.4) 

-19.6 
(±0.2) 

15.4 
(±1.1) - - - - 

Trisopterus luscus (D) 15 12.4 
(±0.8) 

-17.7 
(±1.0) 

15.4 
(±3.9) - - - - 

Dicologlossa cuneata (D) 10 12.1 
(±0.5) 

-16.7 
(±0.3) 

15.1 
(±0.9) - - - - 

Chelidonichthys lucerna (D) 10 13.4 
(±0.5) 

-16.4 
(±0.5) 

15.4 
(±1.8) - - - - 

Phycis blennoides (D) - - - - 5 9.7 
(±0.4) 

-19.1 
(±0.1) 

18.8 
(±1.3) 

Lampanyctus crocodilus (D) - - - - 10 7.2 
(±0.4) 

-18.8 
(±0.2) 

11.1 
(±0.8) 

Boops boops (D) - - - - 10 9.2 
(±0.3) 

-19.3 
(±0.2) 

14.7 
(±1.2) 

Spicara maena (D) - - - - 4 10.2 
(±0.5) 

-18.3 
(±0.6) 

18.4 
(±0.5) 

P = pelagic; D = demersal; TL = total length. 
*Juvenile M. merluccius (≤16.5 cm TL) grouped with pelagic species owing to likely diet of this size 
class (see Ferraton et al. 2007).  
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Chapter 5      Consistent foraging areas and commuting 

corridors of the critically endangered Balearic shearwater 

in the northwestern Mediterranean 

 

ABSTRACT 

 

Unprecedented changes to the marine environment and growth of bio-logging science make 

detailed study of the movement ecology of threatened marine species timely. Here, we study 

spatial and temporal patterns of marine space use by a critically endangered seabird: the 

Balearic shearwater Puffinus mauretanicus. Using a suite of bio-logging systems, 67 foraging 

trips were recorded during incubation periods between 2011 and 2014 from one of the species’ 

largest colonies (Sa Cella, Mallorca). Most birds followed narrow flight corridors to restricted 

neritic foraging grounds on the Iberian continental shelf. Productive foraging areas along the 

Catalan coast (NE Spain) were consistent across multiple years and between sexes, indicating 

extensive use of predictable resources. While our study emphasises the vulnerability of this 

species to anthropogenic activity in nearshore waters, consistent commuting corridors and 

foraging grounds represent tractable habitat for protection and offer hope for developing area-

based management approaches. Preferred foraging areas showed strong overlap with recently 

declared Special Protection Areas, strengthening the evidence base for targeted management at 

these sites. 
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5.1 Introduction 

Seabirds are one of the most threatened groups of marine vertebrates (Croxall et al. 2012, Spatz 

et al. 2014), and while there have been some successes in protecting terrestrial breeding sites, 

this group spend the majority of their lives at sea where the level of protection afforded is poor 

(Grémillet & Boulinier 2009, Lewison et al. 2012). Recent marine conservation measures have 

largely focused on establishing networks of marine protected areas (MPAs) (Abdulla et al. 

2009). While these tools show promise for some taxa (Halpern 2003, Selig & Bruno 2010), 

protection of seabirds and other highly mobile top predators is challenging (Game et al. 2009, 

Hooker et al. 2011, Ronconi et al. 2012). For example, predictable oceanographic features are 

potential priority areas for conservation (e.g. Hazen et al. 2013, Scales et al. 2014b), yet few 

pelagic environments and associated species have been incorporated into existing management 

frameworks (Game et al. 2009). Furthermore, movement corridors (e.g. migration or 

commuting) between key marine habitats are ecologically important, but often overlooked, 

areas in need of protection (Hooker et al. 2011). Initiatives to identify marine Important Bird 

Areas (IBAs), such as the recent inventories of Spain and Portugal (Ramírez et al. 2008, Arcos 

et al. 2009), and ongoing work in other regions (Lascelles et al. 2012), represent an important 

step towards improving levels of protection for seabirds. However, comprehensive knowledge 

of at-sea movements and their spatio-temporal variability is often lacking. 

The Mediterranean Sea is under particular pressure from increasing human activity 

(Bianchi 2007, Coll et al. 2012, Lewison et al. 2014). This semi-enclosed basin contains high 

biodiversity, high levels of endemism, and significant extinction threats (Coll et al. 2010). 

Seabirds are no exception, with several endemic taxa of immediate conservation concern due to 

their small and declining populations (Zotier et al. 1999). One such species is the Balearic 

shearwater, Europe’s only critically endangered seabird (Arcos 2011, IUCN 2014). Breeding is 

restricted to the Balearic Islands (Ruiz & Martí 2004), with an estimated breeding population of 

~3200 pairs (although this figure contains considerable uncertainty: Arcos et al. 2012a). This 

species is experiencing severe decline driven by low rates of adult survival (Oro et al. 2004a), 

likely because of direct and indirect effects of human activity. Although small pelagic fish 

represent the main prey of Balearic shearwaters (Gutiérrez & Figuerola 1995), they also feed on 

fisheries discards, leading to severe risk of bycatch (Le Mao & Yésou 1993, Arcos & Oro 2002a, 

Navarro et al. 2009, Oliveira et al. 2015). Other factors, including unregulated levels of 

predation by introduced mammals at colonies (Arcos 2011), climate change (Wynn et al. 2007, 

Luczak et al. 2011), changes in discard availability (Bicknell et al. 2013), fisheries 

overexploitation (Arcos et al. 2008) and coastal development (Arcos 2011) place the long-term 

survival of this seabird in jeopardy.  
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Intensive research in the western Mediterranean has provided important insights into the 

distribution and ecology of the Balearic shearwater in recent years. Vessel-based observations 

and tracking data have revealed that the species preferentially forages in highly productive, but 

heavily fished, waters along the Iberian continental shelf and Balearic archipelago (Abelló et al. 

2003, Ruiz & Martí 2004). Additional information on the species’ variable foraging habits and 

oceanographic characteristics of high-density areas has aided interpretation of marine habitat 

use (i.e. Arcos et al. 2000, Arcos & Oro 2002a, Louzao et al. 2006a, Louzao et al. 2012). 

Despite such attention, this species has been the focus of relatively few tracking studies. 

Satellite tracking on Mallorca and Menorca (Ruiz & Martí 2004, Bartumeus et al. 2010), and 

more recently on Eivissa (Louzao et al. 2012) has provided insights into at-sea movements of 

birds from known colonies. Nevertheless, detailed multi-year information on foraging 

movements of confirmed breeders is lacking, and little is known about at-sea behaviours outside 

of the chick-rearing period.  

Following identification of marine IBAs in Spanish waters (Arcos et al. 2009), the 

Spanish Government is engaged in affording protection to these sites under the European Union 

Birds Directive (2009/147/EC). A network of Special Protection Areas (SPAs) covering nearly 

50 000 km2 was designated in July 2014 as part of the Natura 2000 network, and efforts to 

establish management plans are now underway (Boletín Oficial del Estado 2014). Of 39 new 

SPAs, 20 sites were considered relevant for conservation of Balearic shearwaters, including 14 

sites used during the breeding period. There is now a need to validate the importance of these 

conservation areas for breeding birds of known origin, and to assess their stability of use over 

time.  

We undertook the first multi-year tracking study of incubating Balearic shearwaters 

from one of the largest known colonies on Mallorca, with the aim of generating detailed 

information on the movement ecology of this species of relevance to conservation management. 

We aimed to: i) identify the main commuting and foraging areas of breeding birds, ii) determine 

levels of inter-annual variability in foraging distributions, iii) determine the extent to which 

current Special Protection Areas (SPAs) overlap with at-sea distribution and behaviour and iv) 

test previously unexplored environmental controls of observed commuting and foraging 

strategies.  
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5.2 Materials and methods 

5.2.1 Study site and field methods 

The study was conducted at one of the largest Balearic shearwater breeding colonies (Sa Cella 

cave; ~6.3% of the global population), situated on the western tip of Mallorca, Spain, during 

March–April 2011-2014 (Figure 5.1; 39°36’N, 02°21’E). To investigate at-sea movements and 

activity patterns, 61 incubating birds were fitted with both i-gotU GPS loggers (modified GT-

120: 11.2-15.4 g) and British Antarctic Survey geolocators (MK18 or MK14: 1.4-1.9 g) during 

82 deployments over 4 years. To validate behavioural information collected with GPS and 

geolocators, a subset of 22 individuals were also fitted with 2.7 g time-depth recorders (TDRs: 

Cefas Technology Ltd, Lowestoft, UK) in 2013 and 2014.  

Targeted birds were temporarily removed from the nest and GPS loggers were attached 

to contour feathers on the back using Tesa tape (details in Guilford et al. 2008), while 

geolocators and TDRs were mounted on plastic leg rings attached to the tarsus (details in 

Guilford et al. 2012). GPS devices were configured to obtain hourly positions, while TDRs 

collected pressure readings at 1-second intervals. Geolocators provided a measure of time spent 

on or in the water, by recording the number of 3-second blocks in a 10-minute period that the 

device was immersed. The total weight of combined bio-loggers and attachments was ≤4.7% of 

the body mass of birds (mean: 4.2 ± SD 0.3%; body mass: 508 ± 33 g), and was thus within the 

3-5% limit recommended by most authors (Wilson et al. 2002, Phillips et al. 2003).  

To reduce potential detrimental effects to the birds, bio-loggers were deployed for the 

duration of one foraging trip and, upon return to the cave, birds were caught and devices 

removed. On three occasions birds evaded recapture after a single trip and two or more trips 

were recorded. Feather loss was low-to-negligible in all cases, and birds were handled on 

average for 19 (± SD 6) minutes during device deployment and 23 (± SD 6) minutes during 

recovery. Birds were sexed from DNA extracted from blood (Vetgenomics, Spain) or feathers 

(Avian Biotech, UK) collected during device recovery. 

5.2.2 Ethics statement 

All research work was performed under relevant permits issued by the Government of the 

Balearic Islands (Permit numbers: CAP04/2010, CAP31/2011, CEP04/2012, CEP03/2013, 

CEP15/2014), in accordance with regional legislation (BOIB 97 Decret 65/2004) and following 

established field procedures that minimise colony disturbance (see Guilford et al. 2012).  
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To assess potential impact of tag attachment, breeding success (measured by egg hatching 

and chick fledging success of a pair) was recorded for both experimental birds and a set of 

unhandled closely matched control nests within the colony (see section 5.3.1). To minimise 

disturbance, individuals were only tagged once during a season.  

5.2.3 Data analysis 

5.2.3.1 Data processing 

Geolocator activity data were processed using BAStrak software (British Antarctic Survey, 

Cambridge, UK). To account for the mismatch in recording intervals of GPS loggers and 

geolocators, activity data were matched to 1-hour GPS track segments (Mean ± SD segment 

duration: 60.0 ± 6.7 minutes) after having been split from 10-minute blocks into 1-minute units. 

GPS track segment break-points would often occur part way through a 10-minute block, so in 

this way 1-minute values from the same block could be partitioned either side of the break. The 

proportion of time spent immersed within each track segment was then calculated.  

TDR data were processed in the ‘diveMove’ package in R (Luque 2007). Depth 

measurements were calibrated using a ‘moving quantile’ zero-offset correction method (details 

in Luque & Fried 2011), and classified using a dive threshold of 1 m. Dives were matched to 1-

hour track segments for behavioural classification purposes. All analyses were carried out in R 

version 3.0.2 (R Core Team 2013), Matlab R2013a (Mathworks, USA) and ArcGIS version 

10.0 (ESRI, USA). 

5.2.3.2 Foraging distributions and SPAs 

Multiple bio-logging systems were used to identify areas likely to be associated with foraging 

(Supplementary information section 5.5.1). A filtering method was developed on a subset of 18 

birds for which simultaneous dive, GPS and immersion data were obtained, before applying to 

the full GPS dataset. Track segments likely to be predominantly associated with commuting 

flight (speed of movement >7 ms-1) and rest (night-time locations between 21:00 and 06:59 

Central European Summer Time (CEST)) were discarded, based on speed distributions with and 

without dives, and on temporal patterns of dive and immersion activity (see Supplementary 

information section 5.5.1). Filtering retained 54% of locations and 98% of dive time in the test 

dataset, and 56% of locations in the full 4-year dataset. 

The distribution of foraging birds was plotted with the subset of retained locations, 

using fixed kernel density estimation (KDE) in the Geospatial Modelling Environment (Beyer 

2012) (cell size: 1 km2). Only GPS fixes falling between two consecutive track segments 
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assigned to the foraging class were used in KDE. To avoid pseudo-replication caused by 

multiple trips from the same individual, a single track per individual per year was randomly 

selected (repeat tracks were used in other analyses). Covariance bandwidth matrices were 

obtained using the plug-in estimator (Wand & Jones 1994) in the ‘ks’ package in R (Duong 

2013; see SI Table 5.1. and SI Figure 5.4. for bandwidth matrices and a comparison of 

bandwidth optimisers). To quantify spatial overlap between foraging distributions and protected 

waters off Spain and France, we determined the proportion of foraging locations falling within 

SPAs and all designated MPAs.  

For each foraging trip, the total distance travelled, maximum trip range and total trip 

duration were calculated. To compare between tracking periods and between sexes, linear 

mixed-effects models (LMMs) with a random individual intercept were fitted using the ‘lme4’ 

package in R (Bates et al. 2013). Full models and models with fixed effects were then compared 

using likelihood ratio tests. Owing to insufficient sample sizes, within-year comparisons 

between sexes were limited to 2013 and 2014 

5.2.3.3 Foraging consistency 

Inter-annual consistency in foraging areas was evaluated by measuring the overlap of kernel 

density estimates, within 50% and 90% kernel density contours. 50% contours were used to 

compare core foraging areas, while 90% contours provided a more encompassing estimate of 

foraging range (Börger et al. 2006). Site fidelity was measured using the Volume of Intersection 

(VI) Index (Seidel 1992), a statistical measure of overlap between two utilization distributions 

(calculated implementing R functions from Fieberg 2014). The VI index ranges from zero to 1, 

where zero signifies no overlap and 1 signifies identical density areas (Fieberg & Kochanny 

2005). The same method was used to compare foraging areas between the sexes in 2013 and 

2014. 

5.2.3.4 Route fidelity and commute efficiency 

To test for individual consistency in outbound routes to foraging grounds, median nearest 

neighbour distances (Freeman et al. 2011) between the outbound paths of tracks were calculated 

for a) pairs of tracks from the same individual collected in separate breeding seasons and b) 

pairs of tracks from different individuals collected in separate breeding seasons for all bird 

combinations. LMMs were then fitted on nearest neighbour distances with a random individual 

intercept and fixed group (a and b) effect. 

To determine orientation efficiency (the strength with which individuals actively oriented 

towards mainland foraging areas or back to the colony) we calculated the straightness index 
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(ratio of the beeline distance to the path distance travelled) of outbound and inbound track 

sections for birds that commuted to the Catalan coast off the Spanish mainland. The track 

locations at which birds began actively orienting towards their goal (the orientation distance), 

and the subsequent commute sections of track, were determined using a backward path analysis 

(BPA) (Bonadonna et al. 2005; details in Supplementary information section 5.5.2). To validate 

the directionality of the track section chosen by BPA, linear regression was performed on the 

retained portion of each track. The outbound goal was defined as the location after the bird 

reached the mainland foraging area (<30 km from the coast where 99% dive activity fell) and 

subsequently dropped its speed to <7 ms-1. The 10 km radial boundary from the colony was 

used as the inbound goal as rafting predominantly occurred within this distance. 

5.2.3.5 Activity patterns 

Trip activity budgets were determined based solely on geolocator activity data. To retain high-

resolution activity data, immersion values were matched to 10-minute interpolated GPS tracks 

(interpolation using piecewise cubic hermite polynomials, following Tremblay et al. 2006). 

Data were then grouped into three classes according to the proportion of time spent immersed 

within a track segment. Sensitivity tests indicated that grouping levels within the tested range 

had little effect on mapped distributions (see SI Table 5.3). Final immersion activity classes 

were validated using the TDR test dataset and were believed to broadly identify the following 

behaviours: Low (≤ 0.05 time) = track segments associated with sustained commuting flight 

(segments containing dive activity: 0.9%), Moderate (> 0.05 - < 0.95 time) = segments 

predominantly associated with foraging and search behaviours (segments containing dive 

activity: 47.9%), High (≥ 0.95 time) = segments associated with rest or water-based foraging 

behaviours (segments containing dive activity: 10.3%). Activity budgets were determined based 

on the proportion of time spent in the three classes throughout a foraging trip.  

The proportion of total dive time falling within each hour of the day and the number of 

dives falling within 2 m depth bins were calculated for the subset of TDR-tracked individuals. 

To plot maps of dive activity, dive data were matched to the nearest 10-minute interpolated GPS 

locations, and the number of dives hour-1 were calculated within cells over a 10 x 10 km grid. 

This cell size provided data at an appropriate spatial scale for foraging movements and 

protected area management considerations (both covering areas >100 km2), while accounting 

for dive location uncertainty. 
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5.2.3.6 Meteorological controls of foraging strategy 

Binomial Generalized Additive Models (GAMs) with a logit link function were used to test the 

influence of the local wind field and lunar cycle on the choice of which foraging area birds 

headed to at the beginning of an outbound trip (Hastie & Tibshirani 1990). GAMs were fitted 

with the mgcv package in R (Wood 2006). 6-hourly 0.125° gridded 10 m U and V wind 

component data fields were obtained from European Centre for Medium-Range Weather 

Forecasts (ECMWF) operational models (ECMWF 1995; provided by UKMO through BADC: 

https://badc.nerc.ac.uk/home/). Data on the fraction of the moon illuminated each day were 

provided by the U.S Naval Observatory & Astronomical Applications Department 

(http://aa.usno.navy.mil/data/). Wind fields from the operational model were validated through a 

comparison with re-analysis model data (see SI Figure 5.8). Zonal and meridional wind fields 

were converted to total wind speed (ms -1) and direction (wind vector azimuth, degrees) values 

before environmental data were matched to GPS locations. Mean values for each covariate 

within the outbound track sections of individual foraging trips were then calculated. Foraging 

site was used as the binomial response variable in the model (0 = Balearic Islands, 1 = Mainland 

Spain), and mean environmental covariates were tested as fixed effects. Birds were assigned to 

two foraging areas based on the distribution of median track distances from the colony during 

the first trip day (SI Figure 5.9). Generalized Additive Mixed-Effects models (GAMMs) were 

initially run to account for any dependence introduced by multiple tracks from the same 

individual. However, the level of between-group variability was not sufficient to warrant 

incorporating individual as a random effect (SI Table 5.5). Model selection was undertaken 

using a manual forwards stepwise-selection method involving comparison of model Akaike 

Information Criteria (AICc).  

For birds that commuted directly to the mainland, the outbound track section was defined 

as that falling 10 km from the colony and 30 km from the mainland (see section 5.2.3.4). For 

birds remaining around the Balearic Islands (for the entire trip or >6 hrs prior to mainland travel) 

the first 6 hours of track (corresponding to the minimum mainland commute duration) were 

used. 
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5.3 Results 

5.3.1 Impact of device attachment 

Eighty-nine percent of tracked pairs and 69% of control pairs bred successfully (SI Table 5.7). 

In two of four years all tracked pairs hatched and fledged young, and in a third year all but one 

chick hatched and fledged. There was no evidence to suggest that experimental nests had 

significantly lower hatching or fledging success than controls; overall, tracked birds were more 

successful (Fisher’s exact tests, Hatching: p > 0.05, power = 0.55, Fledging: p = 0.006, power = 

0.90; SI Table 5.7). See Supplementary information section 5.5.5 for a comparison of trip 

characteristics of birds carrying different device loads. 

5.3.2 Foraging distributions and SPAs 

Seventy-seven (94%) instrumented birds were recaptured, and 69 (84%) GPS loggers recovered, 

yielding 67 complete foraging trips from 50 individuals (2011 = 16, 2012 = 14, 2013 = 23, 2014 

= 14; SI Table 5.9). Sixty-four (96%) tracked birds foraged north of the colony, with only three 

individuals showing initial southerly-directed movement (Figure 5.1). Shearwaters used two 

coastal areas in the northwestern Mediterranean: waters along the Iberian continental shelf and 

those around the Balearic Islands (Figure 5.2). Foraging birds utilized small proportions of the 

total area of sea available within their median or maximum foraging trip ranges (median: 214 

km radius, 10.7% area; maximum: 491 km radius, 7.0% area; Figure 5.2), and were absent from 

accessible stretches of coast both west and south of the colony. 

Birds ranged maximum distances of between 75.6 km and 491.1 km from the colony, 

travelling total distances of between 203 km and 2109 km, with trip durations of between 15.6 

and 309.2 hours (Table 5.1). Movements were predominantly coastal: 92% of all track locations 

occurred within 20 km of the shoreline and 91% fell over water depths <100 m (Figure 5.1). 

All birds visited Spanish SPAs during foraging trips, while only five birds during six trips 

visited French SPAs. Sixty-one percent of foraging locations fell within designated SPAs (60% 

within Spain, and 1% within France), 63% overlapped with all listed Natura 2000 sites, and 65% 

overlapped with areas designated as some form of MPA, regardless of whether the Balearic 

shearwater was a listed feature (SI Figure 5.11). The majority of high-use areas overlapped with 

conservation sites; however, frequented stretches of coast between Barcelona and Cap de Creus 

fell largely within unprotected waters (Figure 5.2). 
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Figure 5.1. Balearic shearwater foraging trips recorded during incubation periods in 2011 (n = 16), 2012 
(n = 14), 2013 (n = 23) and 2014 (n = 14). Individual trips are coloured in unique shades within each 
year, and only complete foraging trips are displayed. Isobaths are denoted with grey lines (200m, 1000m, 
1500m, 2000m and 2500m; GEBCO 30-arc second bathymetry data) and the colony location is indicated 
with a star. 
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Table 5.1. Foraging trip characteristics of Balearic shearwaters tracked during incubation from Sa Cella, 
Mallorca between 2011 and 2014. The mean (± SD) trip range, trip duration and total distance travelled is 
shown for each study year and sex. Chi-square values, degrees of freedom (subscript numbers) and p-
values summarise likelihood ratio tests used to compare full LMMs (containing a random ‘individual’ 
intercept term and ‘year’ or ‘sex’ as a fixed effect) with LMMs containing no fixed effect. In the absence 
of repeated measures for individuals, one-way ANOVA tests (summarised by F values) were used to 
compare trip metrics between males and females for single tracking periods in 2013 and 2014. Years with 
matching superscript letters showed significant differences at the 5% level (Tukey’s all pairs comparison 
test). P-values <0.05 are given in bold. 
 

Tracking season n Trip range (km) Trip duration (h) Total distance (km) 
2011 16 185.7 (± 53.1)a 153.5 (± 58.5) 771.1 (± 261.8) 

2012 14 288.2 (± 101.1)a 162.7 (± 65.7)a 956.1 (± 479.2) 

2013 23 223.5 (± 55.6) 114.2 (± 38.3)a 696.2 (± 191.1) 

2014 14 228.2 (± 98.8) 157.1 (± 36.3) 818.2 (± 321.0) 
χ2

3 - 11.845 (p = 0.008) 11.147 (p = 0.011) 5.467 (p = 0.14) 
     

Male (all yrs) 
Female (all yrs) 

27 219.8 (± 67.2) 140.2 (± 45.0) 749.9 (± 240.3) 
25 243.4 (± 77.7) 139.6 (± 40.6) 800.8 (± 251.7) 

χ2
1 - 1.257 (p = 0.26) 0.025 (p = 0.88) 0.459 (p = 0.50) 
     

Male (2013) 

Female (2013) 
8 210.1 (± 38.8) 114.5 (± 19.7) 684.5 (± 141.1) 

13 241.8 (± 53.0) 123.6 (± 38.8) 745.7 (± 179.2) 
F1,19 - 2.137 (p = 0.16) 0.376 (p = 0.55) 0.670 (p = 0.42) 

     
Male (2014) 

Female (2014) 
8 237.0 (± 97.1) 171.4 (± 34.8) 881.3 (± 323.4) 
6 216.5 (± 109.1) 138.0 (± 31.1) 734.1 (± 326.5) 

F1,12 - 0.137 (p= 0.72) 3.438 (p= 0.09) 0.705 (p= 0.42) 
 

5.3.3 Foraging consistency 

Foraging areas overlapped among years (90% probability contours: VI index = 0.22 - 0.64; 

Table 5.2). Core foraging areas were more variable, but there was still considerable overlap (50% 

probability contours: VI index = 0.00 - 0.49).  

There was some variation in foraging distributions because of inter-individual 

differences during 2011 and 2014 (Figure 5.1 & 5.2). In both years, a small number of birds 

remained exclusively around the Balearic Islands (2011: n = 7; 2014: n = 4). A second group 

also foraged locally prior to commuting to the mainland (n = 7). In other years, all birds except 

one engaged in direct commuting trips. Foraging trips were significantly shorter in 2013 than in 

2012, and trip range differed significantly between 2011 and 2012. There were no significant 

differences in total trip distance between years (Table 5.1).  
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Male and female foraging areas overlapped substantially in both 2013 and 2014 (VI index: 

2013 50% = 0.26, 90% = 0.46; 2014 50% = 0.63, 90% = 0.68; SI Figure 5.12), with no 

significant differences in trip range, trip duration and total distance (Table 5.1). 

5.3.4 Route fidelity and commute efficiency 

Tracked birds commuted to Catalonia along consistent routes (Median nearest neighbour 

distances: within years - between individual: 15.8 km (IQR 9.3-48.7); between years - within 

individual: 30.6 km (IQR 9.8-54.3), between individual: 40.0 km (IQR 16.3-61.3)) (Figure 5.3a, 

SI Figure 5.7). Intra-individual variation in route fidelity was similar to inter-individual 

variation (LMM, χ2
1 = 0.358, p = 0.549). Eighty-five percent of birds undertook commuting 

trips, and the orientation efficiencies of these individuals were high during both outbound and 

inbound track sections (Straightness index, outbound: 0.98 ± 0.03, inbound: 0.96 ± 0.04; 

Orientation distance, outbound: 161 ± 23 km, inbound: 183 ± 26 km; SI Table 5.2). 

 

 

Table 5.2. Pairwise overlap of 50% and 90% kernel density (KD) contours for the tracked Balearic 
shearwater population between years. Foraging area overlap was compared with the volume of 
intersection (VI) index (Seidel, 1992). 
 

Year 
VI index 

50% KD contour 90% KD contour 
2011-2012 0.36 0.37 
2011-2013 0.36 0.41 
2011-2014 0.04 0.22 
2012-2013 0.49 0.64 
2012-2014 0.14 0.34 
2013-2014 0.00 0.27 
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5.3.5 Activity patterns and diving behaviour 

Birds spent on average 53.4 ± 6.6% of trip time engaged in high immersion activity, which is 

likely to represent rafting or foraging from the surface (SI Table 5.4). High on-water activity 

took place most frequently during the night and least frequently during crepuscular hours, when 

peak numbers of track segments associated with low on-water time occurred (Figure 5.3). 

Comparatively little time was engaged in low immersion behaviour indicative of bouts of 

sustained flight (7.2 ± 3.9%). Periods of moderate immersion activity likely to be associated 

with foraging behaviours and slower pre-commute flight accounted for a significant proportion 

of trip time (39.4 ± 5.0%), and were largely in daylight hours (Figure 5.3, SI Table 5.4). 

We recorded 19,808 dives from 19 birds during 20 foraging trips in 2013 and 2014. Dives 

were recorded for one individual in both years and only one of the two tracks was used for 

analysis. Simultaneous GPS and immersion data were obtained for 18 individuals. Dives took 

place in both of the foraging areas identified with GPS and activity data (Figure 5.4a). Birds 

dived almost exclusively during the daytime and crepuscular hours, with a high proportion of 

dive time preceding dusk (SI Figure 5.2a). Birds predominantly dived within the top 4 m of the 

water column (proportion of dives per trip ≤4 m = 0.63 - 0.93; Figure 5.4b), although reached 

depths of up to 28 m. The majority of dives lasted ≤ 10 seconds (66 – 98% of trip dives; 

maximum duration = 69 s). 

5.3.6 Meteorological controls of foraging strategy 

The probability of birds remaining in waters around the Balearic Islands was greater 

during southerly winds than northerlies (p = 0.002, Figure 5.5a), and during lower wind 

velocities (p = 0.003, Figure 5.5b). The optimal model, containing wind speed and wind 

direction, explained a considerable amount of deviance in the data (% deviance = 43.7, r2 = 

0.481; SI Table 5.6). Lunar phase was not found to be a significant predictor variable.  

See SI Figure 5.13 for additional maps of chlorophyll-a (chl-a), sea-surface temperature 

(SST) and thermal frontal activity during different tracking periods. 
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Figure 5.4. a) Dive rate (dives hour-1) of Balearic shearwaters (n = 18) within 100 km2 grid cells in the 
northwestern Mediterranean and b) the mean (± SD) proportion of dives per trip within 2 m depth bins (n 
= 19,480). 
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Figure 5.5. Estimated smooth terms from the binomial GAM used to model the probability of Balearic 
shearwaters heading to foraging grounds off Catalonia as a smooth function of a) wind direction (°; cyclic 
smooth term) and b) wind speed (ms -1; thin plate regression spline smooth term). The solid line 
represents the smoother, shaded areas represent 95% confidence bands and vertical lines along the x-axis 
indicate values of the explanatory variables (n = 65). 

 

5.4 Discussion 

Through combined use of multiple tracking systems, our study demonstrates that Balearic 

shearwaters undertake direct commuting flights from their island colony to spatially restricted 

neritic foraging areas near the mainland coast. These foraging areas are remarkably consistent 

across multiple years and between sexes. Such findings highlight the potential benefits of site 

protection within the Balearic shearwater’s breeding range, and the value of detailed tracking 

data in MPA evaluation and refinement processes. 

5.4.1 Foraging and Commute Consistency 

Many seabirds show foraging site fidelity (Weimerskirch 2007, Ramos et al. 2013, Patrick et al. 

2014), typically attributed to use of stable or persistent oceanographic features such as shelf 

breaks and fronts (Hyrenbach et al. 2000, Scales et al. 2014a). Here, Balearic shearwaters 

repeatedly foraged along the Catalan continental shelf, known for predictable meso-scale 

hydrographic features (Salat 1996, Millot 1999), elevated productivity (Estrada 1996, Sabatés et 

al. 2007) and large spawning aggregations of small pelagic fishes (Palomera et al. 2007). These 

neritic waters are influenced by interactions between the southward flowing northern current 

and shelf-slope topography (La Violette et al. 1990, Salat 1996), which in addition to riverine 

inputs from sources such as the Ebro delta, and localized wind-driven upwelling, result in 

a) b)
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persistent enhanced productivity during the spring (Estrada 1996). Such oceanographic features 

may help to explain observed foraging distributions. While prior studies have identified 

the importance of these coastal shelf waters, and their oceanographic characteristics, for 

Balearic shearwaters (Arcos & Oro 2002a, Abelló et al. 2003, Louzao et al. 2006a, Arcos et al. 

2012b), the consistency with which breeding adults of known provenance return to these areas 

has not been previously shown. Our findings suggest that birds forage on prey (either small 

shoaling pelagic fish or fisheries discards) with relatively predictable distributions within 

coastal Catalan waters (Louzao et al. 2009).  

Balearic shearwaters varied in their use of waters close to the Balearic Islands, 

suggesting that resources may be more ephemeral here. Lower levels of spring-summer 

productivity around the Balearic archipelago (Estrada 1996, Bosc et al. 2004), and variability in 

the north Balearic front (La Violette et al. 1990, García et al. 1994) may reduce prey 

predictability, with consequences for shearwater foraging. Furthermore, local wind conditions 

may influence the choice of foraging area, as results indicated that birds had an increased 

probability of heading east along the Mallorcan coast to forage in southerly winds and lower 

wind velocities. We tentatively suggest that this could be due to a sheltering effect along the 

elevated northern coasts of Mallorca and Menorca during such conditions, or to enhanced 

foraging opportunities associated with coastal wind-driven upwelling. Inter-annual differences 

in trip characteristics were largely attributable to extended movements into the Gulf of Lion in 

2012, and local foraging in 2011. Inter-annual variation in environmental conditions 

(Supplementary information section 5.5.6), is likely to have influenced observed foraging 

distributions, although a quantitative investigation of environmental drivers is still required.  

At-sea surveys and predictive models indicate that waters around the Ebro Delta, Cap 

de la Nau and, to a lesser extent, southern Mallorca are key Balearic shearwater foraging 

grounds (Louzao et al. 2006a, Louzao et al. 2012). However, few of our tracked birds visited 

these productive areas, despite falling within observed foraging ranges (Figure 5.2). Unused 

areas may instead be important for other Balearic shearwater populations. While colony 

segregation has been recorded for some seabirds (i.e. Wakefield et al. 2013) it is currently 

unclear whether this is the case for the Balearic shearwater (although see Louzao et al. 2011c).  

Direct commuting flights over narrow corridors of the Catalan Sea were characteristic of 

Balearic shearwater foraging trips across study years. The straightness and consistency of this 

commute phase indicates that this species uses prior knowledge (Ward & Zahavi 1973) to 

access predictable foraging grounds. Commuting is common amongst seabirds (Weimerskirch 

2007), but the efficiencies recorded here are high, and either equal or surpass those reported for 

other species (Benhamou et al. 2003a, Bonadonna et al. 2005, Pettex et al. 2010, Regular et al. 
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2013). The restricted commuting corridors of tracked birds hold conservation relevance as they 

fall within an area of prevalent anthropogenic activity, where low-flying Balearic shearwaters 

may be at increased risk from offshore developments and associated barriers to movement 

(Masden et al. 2010). These flyways therefore represent tangible offshore targets for protection 

in the Catalan Sea. 

5.4.2 Activity patterns and their relevance to management 

Simultaneous deployment of GPS, geolocators and TDRs revealed strong diel patterns in 

Balearic shearwater activity, as with other Puffinus shearwaters (Aguilar et al. 2003, Raymond 

et al. 2010, Ronconi et al. 2010, Dean et al. 2013, Péron et al. 2013). Birds were mostly active 

during daylight hours and dived predominantly within the top 4 m of water column. A greater 

proportion of dives were undertaken to shallower depths and for shorter durations than 

previously reported for this species during the chick-rearing period (Aguilar et al. 2003). 

Moreover, maximum depths were shallower than published allometric relationships with body 

mass indicate are possible (Burger 2001), suggesting exploitation of relatively shallow prey. 

Such knowledge is valuable given that sizable fishing fleets, operating to exploit a range of 

pelagic and demersal species, frequent similar coastal areas to foraging Balearic shearwaters 

(Pertierra & Lleonart 1996, Lleonart & Maynou 2003), and may influence the species’ 

movements (Bartumeus et al. 2010). Observations of peak bird activity around crepuscular 

hours, when seabird-longline interactions can become heightened (Laneri et al. 2010), support 

recommendations for restrictions on the timing of longline settings (Belda & Sánchez 2001). 

While night-setting may not successfully mitigate bycatch for all scavenging seabirds in the 

western Mediterranean (Arcos & Oro 2002b, Sánchez & Belda 2003, Laneri et al. 2010), our 

findings suggest that gear setting outside of the periods around dawn and dusk could reduce 

Balearic shearwater bycatch. 

5.4.3 Area-based management and wider conservation implications 

The restricted movements exhibited by tracked Balearic shearwaters in this study emphasise the 

species’ vulnerability to fisheries-induced mortality and acute pollution events within high-use 

areas. Nevertheless, high foraging area fidelity and association with well-defined coastal 

features indicate that site management has considerable potential to contribute to protection 

within the species’ breeding range. Many existing marine protected areas within the western 

Mediterranean are multi-use areas (Abdulla et al. 2009) that confer limited protection to species 

like the Balearic shearwater from at-sea threats. Large, newly designated SPAs present new 

opportunities to tackle threats within important foraging habitat. The highest density areas of 
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tracked birds in this study align closely with new SPAs along the Catalan coast and around the 

Balearic Islands, strengthening the evidence base for targeted management strategies at these 

sites. We suggest that further unprotected foraging habitat of incubating shearwaters, identified 

between Barcelona and Cap de Creus, may represent a high priority for protection during future 

assessments. 

 The extent to which observed movements can be generalised to other breeding phases 

and colonies is unknown, highlighting clear requirements for future multi-colony and cross-

season tracking. Continued monitoring of Balearic shearwater movements to establish the 

efficacy of MPA design will be crucial for effective conservation outcomes, as has recently 

been discussed for a range of seabird species (e.g. see Ronconi et al. 2012 and references 

therein). For example, adaptive management approaches (Hooker et al. 2011) may become 

important should Balearic shearwaters adjust their foraging movements in response to future 

management-driven changes in fisheries activity (Bartumeus et al. 2010, Laneri et al. 2010). 

Furthermore, it is likely that integrated management strategies within the Mediterranean, 

incorporating both area-based and non-area-based measures, will be required to tackle the range 

of pressures currently threatening the Balearic shearwater. The critical status of this species 

requires a wider conservation strategy to compliment MPA approaches, incorporating regional 

regulations focused on the most acute threats (i.e. bycatch and oil spills). 

 While this study has conservation relevance for Europe’s most threatened seabird, 

several other seabirds of high conservation concern forage in the northwest Mediterranean 

including Yelkouan shearwaters Puffinus yelkouan (Péron et al. 2013) and Audouin’s gulls 

Larus audouinii (Christel et al. 2012). Although marine IBA and SPA designation processes 

took these species into account, the importance of the region for a range of other sensitive 

vertebrates (including sea turtles: Cardona et al. 2009, sharks: Mancusi et al. 2005, large pelagic 

migratory fish: Block et al. 2005, and marine mammals: Gonzalvo et al. 2008) calls for moves 

towards collaborative research efforts, multispecies assessments and management strategies that 

extend beyond national borders. Our ability to foster such approaches may ultimately determine 

whether there is a future for marine apex predators in the Mediterranean. 
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5.5 Supplementary information 

5.5.1 Behavioural classification 

To determine the spatial distribution of foraging Balearic shearwaters, we aimed to identify 

locations likely to be associated with foraging behaviours and remove track segments 

predominantly associated with commuting flight and rest. This was initially performed on a test 

dataset of 18 birds simultaneously tracked with GPS loggers, geolocators (GLS) and time-depth 

recorders (TDRs).  

To identify locations associated with commuting flight, the frequency distributions of 

derived ground speeds for track segments ‘with’ and ‘without’ dive activity, and in which birds 

showed high and low on-water activity (>50% and <50% time immersed, respectively), were 

examined. Speed of movement was <7 ms-1 within 98% of track segments containing dive 

activity, while 99% of dive time aligned with speeds <7 ms-1. Similarly, fast speed flight rarely 

occurred in track segments with high on-water activity (<0.001% segments with immersion 

values >0.5 had speeds >7 ms-1) (SI Figure 5.1). Sensitivity testing revealed that kernel density 

estimates of retained locations (after the filtering process) were not sensitive to changes in speed 

threshold between 4 - 10 ms-1 (Pearson’s product moment correlation coefficients between pairs 

of kernel density surfaces were all >0.99). Consequently, track segments with speeds >7 ms-1 

were discarded, as this conservative threshold allowed retention of dives that were associated 

with all speeds below this value. 

The diurnal patterns of both dive activity and time spent immersed were examined for 

the remaining data. Dives were almost entirely constrained to daylight hours or periods 

surrounding crepuscular hours, while higher periods of on-water activity where identified 

during the night-time (SI Figure 5.2). Subsequently, all track segments falling outside of the 

period 07:00 – 20:59 Central European Time (CEST) were considered to be predominantly 

associated with night-time rest and were discarded.  

The filtering method retained 54% of GPS locations and 98% of dive time in the test 

dataset. SI Figure 5.3 demonstrates the filtering steps on the 18 TDR-tracked birds. Locations 

likely to be associated with foraging for all 67 Balearic shearwater GPS tracks were then 

extracted using the same process (56% of locations were retained). 
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SI Figure 5.1. Distribution of derived ground speeds (ms -1) between the GPS locations of TDR-tracked 
Balearic shearwaters (n = 18) for all track segments a) with and b) without associated dive activity, and all 
track segments with c) high (≥ 50% time) and d) low (≤ 50% time) on-water time. Sub-plots in figure a 
and b show speeds >7 ms-1 from each respective figure. 
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SI Figure 5.2. The median (and interquartile range) a) proportion of total trip dive time in each hour of 
the day, b) proportion of total trip time in each hour spent immersed and c) maximum trip dive depth for 
18 Balearic shearwaters tracked with GPS, GLS and TDRs. Times are given in 24-hour Central European 
Summer Time format (CEST). Orange and blue dotted lines indicate the mean time of dawn and dusk at 
all GPS locations during tracking periods (07:27 and 20:18, respectively). Grey background shading 
indicates night-time hours. 
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SI Figure 5.3. a) Track segments from 18 Balearic shearwater tracks used to inform the behavioural 
classification method, b) all track segments associated with derived ground speeds >7 ms-1 (orange) and 
<7 ms-1 (blue), c) remaining track segments after removal of speeds >7 ms-1, coloured by night (orange) 
and day (blue), d) track segments likely to be associated with foraging, after removal of night-time 
segments (locations between 21:00 and 6.59 CEST). 
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SI Figure 5.4. Kernel density estimates produced using different bandwidth (h) estimators for Balearic 
shearwater foraging locations between 2011 and 2014 (n = 63, no within-year repeated measures). 
Estimators/bandwidth: LSCV = Least-squares cross-validation, BCV = Biased cross-validation, PI =  
Plug-in, SCV = Smoothed cross-validation, h = 10 000 000 m2, h = 50 000 000 m2, h = 100 000 000 m2, h 
= 500 000 000 m2 (h values shown in the bottom four figures were used for both x and y in the covariance 
matrix). Kernel density estimates were produced in the Geospatial Modelling Environment (Beyer, 2012) 
with a cell size of 1 km2. 
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SI Table 5.1. Covariance bandwidth matrices obtained from the plug-in bandwidth estimator and used in 
kernel density estimates in the study. Kernel bandwidths (h) for longitude (x), latitude (y) and the 
covariance between longitude and latitude are shown. Bandwidth values represent squared standard 
deviations of x and y and are reported to the nearest 1 000 000. 
 

KDE Longitude h (m2) Latitude h (m2) Covariance 
Forage (All years) 39 000 000 44 000 000 15 000 000 
Forage (2011) 107 000 000 76 000 000 -37 000 000 
Forage (2012) 84 000 000 100 000 000 73 000 000 
Forage (2013) 34 000 000 22 000 000 24 000 000 
Forage (2014) 33 000 000 102 000 000 26 000 000 
    
Male (2013) 60 000 000 22 000 000 26 000 000 
Female (2013) 39 000 000 32 000 000 31 000 000 
Male (2014) 26 000 000 134 000 000 21 000 000 
Female (2014) 84 000 000 199 000 000 70 000 000 
    
Low immersion (All) 64 000 000 104 000 000 17 000 000 
Moderate immersion (All) 17 000 000 23 000 000 5 000 000 
High immersion (All) 12 000 000 13 000 000 4 000 000 

 
Low immersion (2011) 76 000 000 94 000 000 -36 000 000 
Moderate immersion (2011) 40 000 000 33 000 000 -18 000 000 
High immersion (2011) 47 000 000 32 000 000 -12 000 000 

 
Low immersion (2012) 93 000 000 404 000 000 64 000 000 
Moderate immersion (2012) 30 000 000 49 000 000 23 000 000 
High immersion (2012) 18 000 000 20 000 000 14 000 000 

 
Low immersion (2013) 80 000 000 198 000 000 44 000 000 
Moderate immersion (2013) 22 000 000 22 000 000 14 000 000 
High immersion (2013) 12 000 000 9 000 000 7 000 000 

 
Low immersion (2014) 97 000 000 183 000 000 33 000 000 
Moderate immersion (2014) 16 000 000 48 000 000 12 000 000 
High immersion (2014) 13 000 000 33 000 000 11 000 000 

 

5.5.2 Backward path analysis 

We used a backward path analysis (BPA) (Girard et al. 2004, Bonadonna et al. 2005) to identify 

the sections of track during which birds undertook actively oriented movements to and from 

mainland foraging areas. This involved calculating the beeline (or ‘straightline’) distance of 

track segments in relation to the path length travelled for increasing sections of track, starting at 

the goal location of the animal and working backwards through the track towards the commute 

start point. The point at which the beeline distance and the path length stopped increasing 
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linearly with respect to one another was taken to be the orientation distance (the distance at 

which the bird began actively orienting toward its goal, see SI Figure 5.5 for example plot), and 

the straightness index (SI) from this point to the goal was calculated (Girard et al. 2004, 

Bonadonna et al. 2005). 

Visually distinguishing the point at which the beeline distance stopped increasing linearly 

with respect to the path length was prone to subjectivity. BPA was therefore compared to four 

alternative methods used to define the point from the colony at which birds initiated and ended 

commute phases (following similar methodology to Bonadonna et al. 2005). The location before 

each bird i) crossed the 5 km boundary from the colony ii) crossed the 10 km boundary from the 

nearest coastline of the Balearic Islands, iii) increased speed of movement > 5 ms -1 and iv) 

increased speed of movement > 7 ms -1 was identified. Straightness indices were calculated 

between these points and the goal location for the four alternative methods listed above and 

compared to the straightness index obtained with BPA. As initial foraging movements along the 

Balearic Islands prior to the mainland commute influenced orientation parameters, only tracks 

in which birds headed directly to the mainland were included in this comparison. No significant 

differences were found between straightness indices calculated within outbound and inbound 

track sections for the five methods (Kruskal-Wallis tests: SI Figure 5.6a, Outbound: χ2 = 6.930, 

p  = 0.140, n = 49; SI Figure 5.6b, Inbound: χ2 = 8.203, p  = 0.084, n = 49), therefore the use of 

backward path analysis to determine orientation efficiencies was not deemed to involve 

significant assessor bias. 

 

SI Table 5.2. Mean (± SD) orientation parameters for outbound and inbound track segments of Balearic 
shearwater foraging trips to mainland Spain during incubation in 2011 –2014 (n = 49). Minimum and 
maximum values are shown in square parentheses. Chi-square values and p-values summarise likelihood 
ratio tests used to compare full LMMs (containing a random ‘individual’ intercept term and ‘track 
segment’ as a fixed effect) with LMMs containing no fixed effect. Orientation distance = the distance at 
which birds began actively oriented movement towards their goal (defined by BPA). r2 = coefficient of 
determination from linear regression analyses on oriented track sections of each trip. 
 

Parameter Outbound Inbound χ1 p 
Straightness index (BPA) 0.98 (±0.03) 

[0.83-0.99] 
0.96 (±0.04) 
[0.84-0.99] 

4.839 0.028 

Orientation distance (km) 161.0 (±23.2) 
[93.8-250.4] 

182.9 (±25.8) 
[133.4-268.0] 

20.078 <0.001 

r2  > 0.99 > 0.99 - - 
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SI Figure 5.5. The backward path length travelled versus the backward beeline distance for two example 
outbound track sections (green: trip with direct commute to mainland, blue: trip in which bird foraged off 
Mallorca prior to commute to mainland). Dotted black lines indicate the orientation distance (the distance 
at which the backward path length and backward beeline distance stopped increasing linearly with respect 
to one another and at which birds were deemed to begin actively orienting toward their goal). Points 
indicate GPS fixes. 
 

 
SI Figure 5.6. Straightness indices for a) outbound and b) inbound sections of track, calculated using five 
methods for goal determination (5 ms = speed change above/below 5 ms-1, 7 ms = speed change 
above/below 7 ms-1, 5 km = 5 km boundary from colony, 10 km = 10 km boundary from coast, BPA = 
backward path analysis) (n = 49). 
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5.5.3 Sensitivity testing of immersion classes 

SI Table 5.3. Pearson’s product moment correlation coefficients between pairs of kernel density estimate 
grids for datasets to which different immersion grouping levels had been applied (level 1: ≤0.15, >0.15-
<0.85, ≥0.85; level 2: ≤0.10, >0.10-<0.90, ≥0.90; level 3: ≤0.05, >0.05-<0.95, ≥0.95). Grouping level 
values relate to on-water activity measured as the proportion of time immersed during 1-hour GPS 
segments. Kernel density surfaces were highly correlated in all cases (n = 60). 
 

Grouping comparison Low immersion Moderate immersion High immersion 
1 - 2 0.999 0.999 0.996 
1 - 3 0.998 0.998 0.986 
2 - 3 0.997 0.999 0.996 

 

SI Table 5.4. Mean (± SD) activity budgets for Balearic shearwaters during foraging trips in March-April 
between 2011 and 2014. Three categories based on the proportion of time that birds spent immersed 
during a GPS track segment are shown (Low immersion:  ≤5% time immersed, moderate immersion: >5 
to <95% time immersed, high immersion: ≥ 95% time immersed). 
 

Year Period Low immersion (%) Moderate immersion (%) High immersion (%) 
2011 (n = 15) Day 9.0 (±5.3) 57.6 (±8.5) 33.4 (±8.8) 
 Night 6.6 (±8.1) 22.3 (±5.1) 71.1 (±10.2) 
2012 (n = 9) Day 7.2 (±3.6) 46.2 (±3.3) 46.7 (±4.9) 
 Night 3.7 (±4.3) 18.9 (±6.4) 77.4 (±8.2) 
2013 (n = 22) Day 8.4 (±3.0) 51.5 (±5.2) 40.0 (±6.1) 
 Night 4.4 (±3.6) 20.3 (±4.6) 75.2 (±6.0) 
2014 (n = 14) Day 10.5 (±4.9) 51.6 (±4.0) 37.9 (±7.5) 
 Night 4.3 (4.7) 17.8 (±4.0) 77.9 (±7.2) 
     
All years All 7.3 (±3.9) 39.4 (±5.0) 53.4 (±6.6) 
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SI Figure 5.7. Kernel density estimates for Balearic shearwater GPS locations allocated to three 
immersion classes based on thresholds applied to geolocator activity data (a-c: 2011, d-f: 2012, g-i: 2013, 
j-l: 2014). Immersion classes relate to the proportion of time spent immersed during a track section 
between two GPS fixes: a,d,g,j) ≤ 0.05, b,e,h,k) ≥ 0.95, c,f,i,l) > 0.05 - < 0.95. 25%, 50%, 75% and 95% 
kernel density kernels are shown (n = 60). 
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5.5.4 Wind modelling 

ECMWF operational models (ECMWF 1995) were used to investigate the influence of wind on 

choice of foraging area during the beginning of a trip, as they provided high-resolution U and V 

wind component data. To validate use of operational data we compared wind components from 

these models, with those obtained from the lower-resolution ECMWF ERA-interim reanalysis 

model (ECMWF 1996). Daily averages of U and V components during tracking periods in each 

study year were obtained from a 0.75° x 0.75° geographical box within the Mediterranean. 

Mean values for both datasets were highly correlated for both U and V components (SI Figure 

5.8; Pearson’s product moment correlation, U: t211 = 56.41, r2 = 0.97, p < 0.001; V: t211 = 54.97, 

r2 = 0.97, p < 0.001). 

 
SI Figure 5.8. Time series of U component (top figures) and V component (bottom figures) 10 m surface 
wind fields from 6-hourly 0.75° ECMWF ERA Interim data (black points) and 0.125° ECMWF 
operational data (red points). Daily mean wind vectors were extracted for both datasets from a 0.75 x 
0.75° geographical box within the northwestern Mediterranean (box boundaries: bottom left = 40.125° N, 
3.375° E; top right = 40.875° N, 4.125° E). 
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SI Table 5.5. Summary of final binomial GAMM (with a random intercept term for ‘individual’) for the 
probability of birds heading to either local or mainland foraging grounds as a function of ‘wind direction’ 
and ‘wind speed’. Effective degrees of freedom (edf) for each smooth term (s) are shown in parentheses. 
P-values, % deviance explained by the model and the adjusted R2 value are given. 
 

Covariate edf F-value P Adj. R2 
Wind direction s(1.524) 3.513 0.015 0.401 
Wind speed s(0.916) 2.410 0.006  
  Random intercept Residual 
Standard deviation 0.0001  1.171 

 

SI Table 5.6. Summary of binomial GAM for the probability of birds heading to either local or mainland 
foraging grounds as a function of wind direction and wind speed. Effective degrees of freedom (edf) for 
each smooth term (s) are shown in parentheses. P-values, % deviance explained by the model and the 
adjusted R2 value are given. Model performance was assessed using the area under the ROC curve (AUC 
= 0.90). 
 

Covariate edf P Deviance (%) Adj. R2 
Wind direction s(1.804) 0.002 43.7 0.481 
Wind speed s(2.601) 0.003   

 

 
SI Figure 5.9. Frequency distribution of the median distance of birds from the colony during the first day 
of the foraging trip. Birds that commuted directly to mainland Spain are shown in red (n = 48) and those 
that initially remained around the Balearic Islands in blue (n = 17). The dotted black line indicates the 
distance threshold used to assign birds to a foraging area. 
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5.5.5 Breeding success 

SI Table 5.7. Breeding success (chick hatching and fledgling success) of experimental and control pairs 
of Balearic shearwaters for each study year. The proportion of total nests in each group that bred 
successfully is shown (numbers in brackets show sample sizes). P-values from Fisher’s exact tests 
between all tagged and control nests are shown. GPS-GLSi = birds fitted with GPS loggers and short-term 
geolocators (during incubation only); GPS-GLSy = birds fitted with GPS loggers and long-term 
geolocators (to track year-round movements: unpublished data); GPS-TDR = birds fitted with GPS 
loggers, geolocators and TDRs (during incubation only); Total = all birds fitted with one or multiple 
tracking devices. P-values <0.05 are given in bold. 
 

Parameter Group 
Yearb 

2010a 2011 2012 2013 All  

Hatching 
success 

GPS-GLSi 1.00 (5) 0.71 (14) 1.00 (7) 1.00 (5) 0.87 (31) 
GPS-GLSy - - - 0.86 (7) 0.86 (7) 
GPS-TDR - - 1.00 (3) 1.00 (5) 1.00 (8) 
Total 1.00 (5) 0.71 (14) 1.00 (10) 0.94 (17) 0.89 (46) 
Control 0.70 (27) 0.77 (22) 0.92 (38) 0.68 (34)  0.78 (121) 

 p 0.296 0.712 1.000 0.042 0.123 
       

Fledging 
success 

GPS-GLSi 1.00 0.71 1.00 1.00 0.87 
GPS-GLSy - - - 0.86 0.86 
GPS-TDR - - 1.00 1.00 1.00 
Total 1.00 0.71 1.00 0.94 0.89 
Control 0.63 0.64 0.79 0.65 0.69 

 p 0.155 0.727 0.177 0.038 0.006 
a GPS deployment trial with dummy devices 
b Field constraints prevented collection of full breeding success data in 2014. Breeding failure was recorded in 
two experiment nests during the 2014 field period.  

 

SI Table 5.8. Summary of trip characteristics for GPS-tracked birds with and without simultaneously 
deployed TDRs. Chi-square values and p-values summarised likelihood ratio tests used to compare full 
LMMs (containing a random ‘individual’ intercept term and ‘device type' as a fixed effect) with LMMs 
containing no fixed effect. Trip range, trip duration and total distance travelled did not differ significantly 
between the two groups. 
 

Device type n Trip range (km) Trip duration (hours) Total distance (km) 
GPS 48 232.5 (± 82.1)  142.5 (± 58.0)  803.2 (± 335.1) 

GPS-TDR 19 220.1 (± 85.3)  143.1 (± 39.6)  770.3 (± 285.6) 

χ2
3 -  0.316 (p = 0.287)  0.002 (p = 0.483)  0.149 (p = 0.350) 
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SI Figure 5.10. The density distributions of trip durations seen in GPS-tracked birds (GPS birds; red bars, 
n = 48) and paired geolocator-tracked control birds that initiated foraging trips on the same day (±1 day) 
(GLS birds; blue bars, n = 48). Data from birds tracked only with geolocators were collected between 
2011 and 2014 during a simultaneous migration study at the colony (see Guilford et al. 2012 for 
methods). A small number of GPS-tracked individuals engaged in long foraging trips not seen in control 
birds, however differences in the empirical distributions of trip durations between the two groups were 
not significant (Two-sample Kolmogorov-Smirnov test, D = 0.271, p = 0.06). 

 

SI Table 5.9. Summary of the number of device deployments, bird recoveries and full tracks obtained in 
each year of the study. The numbers of device recoveries and partial tracks are shown in the respective 
column in square parentheses. 
 

Year No deployments Bird recoveries Abandonments Full tracks 
2011 24 22 [20b] 2 16a [3] 
2012 17 17 [12] 0 14a [0] 
2013 24 23 [22] 1 23a [0] 
2014 17  15 [15] 2 14 [1] 
Total 82  77c [69b] 5 67 

a multiple within-year tracks obtained from one bird (2011, 2013 = 2 tracks; 2012 = 3 tracks) 
b two waterlogged devices recovered 
c eight devices lost at sea before the bird returned to the colony and could be recovered 
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5.5.6 Foraging distribution and SPA overlap 

 
SI Figure 5.11. Foraging locations of 67 Balearic shearwaters tracked from Sa Cella, Mallorca during 
incubation periods (March - April) between 2011 and 2014. Special Protection Areas (SPAs: green), 
Special Areas of Conservation/Sites of Community Importance (SACs/SCIs: blue, pSCIs not included) 
and other Marine Protected Areas (orange) off Spain and France are shown (sources: European 
Commision 2014; IUCN and UNEP-WCMC 2014, Ministerio de Agricultura, Alimentación y Medio 
Ambiente 2014). Grey lines indicate the 200 m and 1000 m isobaths. 
 

 
SI Figure 5.12. Kernel density estimates (50% and 90% probability contours) for foraging locations of 
male and female Balearic shearwaters during a) 2013 and b) 2014 (KDE bandwidth selector: plug-in, cell 
size: 1 km2). 

 

2013 2014
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SI Figure 5.13. Mean chlorophyll-a concentration (Chl-a, mg m3: left column), sea surface temperature 
(SST, °C: middle column) and thermal frontal activity (Fcomp: right column) in the western Mediterranean 
during the main tracking periods in 2011 – 2014 (April). Fcomp combines information on the frontal 
gradient, persistence of fronts (ratio of frontal observations to cloud-free images during the month) and 
proximity to neighbouring fronts (Miller 2009). 1 km2 Chl-a (AQUA-MODIS), SST (AVHRR) and 
composite front data (Miller 2009) were processed by Neodaas, Plymouth. Coloured lines show the 25%, 
50%, 75% and 95% kernel density (KD) contours of tracked Balearic shearwaters in each study year. 
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Chapter 6      General Discussion 

The primary aim of this thesis was to apply state-of-the-art technology and techniques to 

improve current understanding of the at-sea distribution, behaviour and ecology of the Balearic 

shearwater, and to contribute evidence in support of conservation action throughout its range. 

This chapter therefore discusses how this research extends knowledge of the species’ movement 

behaviour, the benefits of multiple (intrinsic and extrinsic) data streams to this problem, the 

wider conservation implications, and further research directions. 

6.1 Contributions to a wider understanding of at-sea ecology 

Movement is an important aspect of the life history strategies of marine top predators, with 

implications for individual fitness, survival and population dynamics (Greenberg & Marra 2005, 

Nathan et al. 2008, Dingle 2014). Understanding movement behaviour, its variability over time, 

and its relationship to the surrounding environment is therefore vital for studies of ecology, 

demographics and evolution (Webster et al. 2002, Morales et al. 2010), as well as for effective 

conservation (section 6.3). This thesis, based on one of the first multi-year tracking datasets of 

Balearic shearwaters, contributes to our understanding of several of these processes, and 

provides new information on inter-annual variability in distributions and individual movement 

strategies. Inter-seasonal patterns of activity, population differentiation, and aspects of foraging 

ecology during both the non-breeding and breeding seasons were also revealed. 

6.1.1 Consistency in at-sea distributions 

Prior knowledge of at-sea distributions has identified discrete areas off west Iberia and 

northwest France as important for post-breeding Balearic shearwaters (Yésou 2003, Poot 2005, 

Guilford et al. 2012). However, the consistency with which populations and individuals utilize 

particular at-sea habitats has remained largely unknown. The research in chapter 2 

demonstrates persistent use of non-breeding areas and a differential migration strategy in the 

main study population over multiple years. The majority of individuals also showed high site 

fidelity, utilizing migration strategies that took them to waters off northwest France, the western 

Iberian Peninsula or southern Iberia.  

There is increasing evidence that long-term climate change is affecting ecological 

processes, including migration of avian populations (Fiedler 2003, Grémillet & Boulinier 2009, 

Robinson et al. 2009). For example, advances in migratory phenology have been linked to 

warming temperatures, and range shifts are taking place in a variety of marine and terrestrial 
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vertebrates, likely in response to changing conditions within key habitat (Parmesan et al. 1999, 

Thomas & Lennon 1999, Gordo 2007, Chen et al. 2011, Knudsen et al. 2011). The high 

individual consistency in migration behaviour observed during this five-year study could affect 

the Balearic shearwater’s ability to respond to rapid environmental change, should it lack the 

ability to alter movements and phenology to changing patterns in weather conditions or food 

availability. However, evidence for a degree of behavioural plasticity within individuals, 

coupled with existing indications of range shifts (Wynn et al. 2007, Luczak et al. 2011), 

indicates some capacity for phenotypic adaptation over longer (e.g. decadal) timescales (Pulido 

& Berthold 2004). These longer-term range shifts have been interpreted as northwards 

compensatory movements in response to spatial changes in food availability, driven by climate, 

fisheries or a combination of both (Wynn et al. 2007, Votier et al. 2008a, Luczak et al. 2011). 

Temporal mismatches between predators and peak prey abundance (i.e. phenological 

asynchrony) as a result of climate change are also capable of driving range shifts, and can have 

serious consequences for populations (Parmesan 2006, Durant et al. 2007, Singer & Parmesan 

2010). However, such temporal influences have not yet been considered for the study species. 

Longer-term tracking studies that build on the five-year baseline dataset presented in this thesis 

will have an important future role in assessing decadal-scale changes in individual and 

population level migration strategies in response to climate- and fisheries-driven changes in 

prey availability. 

On a finer scale, high population level consistency in use of foraging areas and 

commuting corridors was found during the breeding season over multiple years (chapter 5). 

These movements indicate that Balearic shearwaters, when constrained as central-place foragers, 

make use of predictable prey resources on the inner continental shelf, and are likely to be 

utilizing information gained through prior foraging experience (Weimerskirch 2007). In 

particular, the highly consistent commute paths of birds to central foraging areas indicate an 

important role of memory, learning, or potentially information sharing in this species (Ward & 

Zahavi 1973, Trathan et al. 2008, Pettex et al. 2010). Consistency in individual migration 

strategies could also indicate a role of prior experience in long-distance movements, based on 

learning during early life (e.g. Guilford et al. 2011b). Further investigation into the underlying 

mechanisms of migration and navigation is clearly still required. The highly directional nature 

of commuting trips between island colonies and the Iberian continental shelf, followed by a 

change in bearing as birds approach the coast, makes this seabird a particularly good candidate 

for investigating orientation mechanisms, as it suggests that they could be utilizing some form 

of memorised map or relying on visual cues to navigate (Bonadonna et al. 2003). Elevated 

topographic features on both the Catalan and Balearic Island coasts might provide useful 

reference points for shearwaters as they approach land. However, individuals commute 
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hundreds of kilometres to foraging areas and are likely to cross relatively featureless stretches of 

ocean prior to moving in sight of land. Birds may therefore rely on other mechanisms during 

certain phases of commuting flight, such as route-based navigation, whereby directional 

information is updated throughout the journey through path-integration processes (Benhamou et 

al. 2003b). Higher-resolution tracking data would help to elucidate the nature of these respective 

cues in orientation.   

6.1.2 Relationships between migration behaviour and sex or life stage 

Strong evidence for differences in migration behaviour based on sex (and/or potentially life 

stage) was found in the main study population across years (chapter 2), most likely attributable 

to the varying degrees to which these different classes are bound to the breeding grounds. The 

tendency of males to stay closer to breeding areas, spend shorter periods at sea, and return to the 

colony earlier than females, coupled with wider ranging movements of females, demonstrates 

the influence of different reproductive roles on non-breeding behaviour, and the inter-seasonal 

components that may influence this species’ life-history strategy. Sex-specific differences in 

movement behaviour are seen in a range of birds (Cristol et al. 1999, Phillips et al. 2005, 

Wearmouth & Sims 2008), and for the Balearic shearwater this information is likely to be 

important for understanding population dynamics. For example, one of the sexes could 

experience increased interspecific competition or reduced food availability within non-breeding 

habitat that may have consequences for fitness or survival (Cristol et al. 1999; see also section 

6.3), and might therefore be subject to different selective pressures.  

The non-breeding movements of adults also strongly imply that life stage may affect at-

sea habitat use, as tracked birds rarely ventured into waters off northern Brittany and southwest 

UK during the summer months; areas in which large numbers of Balearic shearwaters are 

observed. This provides substantial support to the hypothesis that these northernmost 

aggregations are composed largely of immature birds (Guilford et al. 2012, Jones et al. 2014). 

Alternatively, these northernmost birds may in part be adults from other colonies, as opposed to 

purely representing early life stages. This latter hypothesis seems unlikely as large numbers of 

birds are sighted in this region after the main return of adults to the Mediterranean (Bourne et al. 

1988, Le Mao & Yésou 1993, Ruiz & Martí 2004, Guilford et al. 2012, Jones et al. 2014). 

However, to test these contrasting hypotheses, tracking of juveniles and non-breeders 

throughout the year is required, combined with simultaneous tracking of birds from multiple 

colonies (including those on Ibiza and Formentera), as has recently been undertaken for species 

such as northern gannets (Fort et al. 2012).  
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6.1.3 Importance of carry-over effects for individuals and populations 

As with many migratory marine vertebrates, difficulties in following long-distance movements 

of shearwaters have prevented the investigation and identification of links between distinct 

seasons (Fretwell 1972, Webster et al. 2002). The research in this thesis provides evidence to 

suggest that non-breeding processes may influence, or be influenced by, reproductive 

performance (chapter 2), thus identifying the important role that carry-over effects might play 

in influencing individual condition and fitness, and population dynamics (Inger et al. 2010, 

Sedinger et al. 2011, Daunt et al. 2014, Harms et al. 2015). These findings are likely to be 

particularly relevant for predicting how local habitat change could influence ecological 

processes and demography of the Balearic shearwater. For example, changes in non-breeding 

habitat that influence foraging effort, such as reduced food availability caused by extreme 

weather events or changing climatic conditions (see section 6.1.1), may have consequences for 

subsequent reproductive performance by affecting the body condition of individuals at the end 

of the summer (Norris & Marra 2007, Harrison et al. 2011). Spatial differences in both non-

breeding foraging effort and diet were found in this study (chapter 2 & 3), and therefore it is 

likely that changing environmental conditions within non-breeding habitat (i.e. removal of food 

sources through changing discard practices; Bicknell et al. 2013), might have different effects 

on birds that utilize different non-breeding areas, creating fitness inequalities with the potential 

to shape populations (Alves et al. 2013).  

6.1.4 Diet, foraging behaviour and at-sea habitat use 

Changes in food availability linked to climate change or fisheries can have important 

consequences for animal movement and fitness (Durant et al. 2007, Grémillet & Boulinier 

2009). Understanding trophodynamics and the feeding ecology of seabirds is therefore vital for 

assessing the mechanisms underlying space use and behavioural variability (Young et al. 2015). 

However, for many species, including the Balearic shearwater, diet and foraging behaviour are 

poorly understood outside of breeding. The research in chapter 3 identifies key aspects of the 

feeding ecology of Balearic shearwaters during the summer months, and represents the first 

attempt at post-breeding dietary reconstruction in this species. This study identifies spatial 

differences in dietary behaviour, and suggests that both pelagic fish and fisheries are likely to 

influence northeast Atlantic movements. However, further work investigating spatial and 

temporal variability of prey populations and fisheries is needed. As these data become available, 

dietary findings should help to elucidate the drivers underlying distributions and range 

expansion. Furthermore, new knowledge gained through this research should inform future 

study of the behavioural responses of seabirds to climate and human-induced change in the 
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marine environment (e.g. changes in food availability). Individual specialization in dietary 

behaviour can have important implications for fitness (Bolnick et al. 2003), and therefore future 

work to identify levels of foraging specialization within different non-breeding areas would help 

to interpret dietary variation. Observed spatial differences in dietary behaviour (chapter 3), in 

combination with high site fidelity of individuals (chapter 2), might indicate that individual 

foraging specialization occurs in the population (e.g. Patrick et al. 2015).  

While this thesis contributes to knowledge of the foraging behaviour of birds during the 

incubation phase (chapter 5), detailed information on habitat selection during pre-breeding and 

chick-rearing phases is still required (although see Ruiz & Martí 2004, Louzao et al. 2012). 

Previous isotope work has indicated that diet may vary throughout the breeding season, with 

birds relying more heavily on demersal fish (and therefore fisheries) during the pre-breeding 

season in comparison to incubation and chick-rearing stages (Navarro et al. 2009). It is highly 

plausible, therefore, to expect that spatial behaviour will differ as the breeding season 

progresses in response to changing reproductive constraints and environmental conditions 

(Salamolard & Weimerskirch 1993, Weimerskirch et al. 1993). The oceanographic 

characteristics of coastal foraging habitat within the western Mediterranean have been well 

characterised in previous work (Louzao et al. 2006a, Louzao et al. 2009, Louzao et al. 2012). 

Chapter 5 contributes to this knowledge by identifying both the potential role of wind in 

influencing fine-scale movement, and persistent use of productive coastal waters. Nevertheless, 

the manner in which habitat selection is shaped by environmental conditions during the non-

breeding season still requires substantial investigation. Understanding associations with specific 

oceanographic features in high-use areas will help to further elucidate the underlying drivers of 

observed at-sea behaviour in the Balearic shearwater, and will aid the development of 

appropriate conservation strategies (Game et al. 2009, Hooker et al. 2011). 

 

6.2 Combined approaches for studying at-sea ecology 

Capturing the complex behaviours and movements undertaken by marine top predators requires 

a suite of sophisticated tracking and analytical methods (Costa et al. 2012). Many of the studies 

in this thesis have utilized combined approaches (chapters 3, 4, 5 & 6) and demonstrate the 

depth of information that can be gained as a result. The Hidden Markov Models used in chapter 

2, for example, have allowed behavioural patterns to be identified (from salt-water immersion 

data) on a daily basis throughout the non-breeding season, revealing differences in the way that 

birds allocate their time to foraging, flight and rest in distinct seasons. Furthermore, HMMs 
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provided a sophisticated method of quantifying foraging effort during inaccessible at-sea phases 

that has allowed a relationship to subsequent reproductive performance to be identified, and 

highlighted differences in foraging effort relating to space use.  

Stable isotopes can be powerful tools for studying dietary behaviour and movement, yet 

uncoupling trophic and spatial influences on consumer isotope compositions is one of the major 

challenges in isotope ecology (MacKenzie et al. 2014), particularly in isotopically understudied 

regions such as the northeast Atlantic (Roscales et al. 2011, Ramos & González-Solís 2012). 

The combined application of tracking, stable isotopes and moult data in this thesis (chapter 3 

and 4), corroborates the effectiveness of the isotope approach for distinguishing between non-

breeding areas in the Mediterranean and Atlantic (chapter 4), and emphasises the difficulty in 

tracing seabird movements between food webs at smaller scales in the northeast Atlantic 

(chapter 3).  

Previous work has used apparent differences in food web isotope values between 

Mediterranean and Atlantic regions to predict migratory behaviour in seabirds (Gómez-Díaz & 

González-Solís 2007, Ramos et al. 2009a, Militão et al. 2013). However, the studies contained 

in chapters 3 and 4 are the first to extensively combine data on feather moult, logger-derived 

movements and stable isotopes of consumers and potential prey to verify use of these spatial 

isotope patterns for determining movement. While birds utilizing areas off west Iberia and in 

the Bay of Biscay might not be readily distinguishable in their isotope compositions, there is 

future potential for using tested regional isotope differences to examine individual repeatability 

in migratory behaviours at relatively low cost (e.g. Quillfeldt et al. 2010b). Furthermore, both 

chapters have contributed to an improved understanding of migration strategies and feeding 

ecology that could not have been gained exclusively through bio-logging technologies. Chapter 

4 additionally highlights the advantage of stable isotopes for tracing long-distance movement 

from colonies that are problematic to work in. The Menorcan study colony represents a 

challenge to conventional tracking studies of breeding birds due to the inaccessibility of most 

nests, but isotopes offer a simple means of gaining information on non-breeding destinations 

over multiple years at this site.  

Moult remains an understudied process amongst seabirds, knowledge of which is vital 

for correct interpretation of feather isotope compositions (Ramos et al. 2009b, Bourgeois & 

Dromzee 2014, Carravieri et al. 2014). The study undertaken in chapter 3 provides detailed 

information on the phenology and chronology of flight feather moult in Balearic shearwaters, 

which allowed an unambiguous interpretation of dietary behaviour during the non-breeding 

season, and should prove useful in future isotope studies. This investigation of moult phenology 

would not have been possible without a large numbers of photos taken by bird observers and 
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non-governmental organisations throughout the Balearic shearwater’s distribution range, 

demonstrating a further potential benefit of ‘citizen science’ to seabird research (see also Gil-

Velasco et al. 2015).  

 

6.3 Implications for conservation management 

6.3.1 Spatial management 

The Balearic shearwater was listed as ‘Critically Endangered’ on the IUCN Red List over a 

decade ago, after population modelling provided evidence of rapid declines and a threat of 

extinction (Oro et al. 2004a, IUCN 2014). An updated population viability analysis has recently 

been undertaken and is providing indications of sustained extinction risks, associated with at-

sea pressures such as fisheries bycatch (Genovart et al. in press). Models continue to predict 

extinction of this species within ~60 years, despite an increase in population estimates from 

those used in original population modelling, and suggest that bycatch is responsible for 

approximately half of all adult mortality (Genovart et al. in press). The Balearic shearwater 

therefore continues to be one of the most threatened seabirds in Europe, and is consequently a 

high conservation priority. As with many threatened marine top predators, European member 

states are obligated to protect Balearic shearwaters and their habitat under a number of 

multilateral environmental agreements (i.e. the Birds Directive 2009/147/EC, Habitats Directive 

92/43/EEC, Bern Convention, OSPAR Convention, EU Marine Strategy Framework Directive, 

Bonn Convention on Migratory Species), and National and Regional legislation within the 

countries spanning its distribution range (Arcos 2011). Nevertheless, levels of protection 

afforded to this species currently remain insufficient if population declines are to be halted and 

reversed. A central aim of this thesis was to provide urgently needed information on at-sea 

distributions, movement behaviours and ecology of the Balearic shearwater to contribute to 

ongoing conservation processes. Many of the thesis findings discussed above are highly 

relevant to conservation management and should contribute to an improved capacity for 

implementing appropriate conservation strategies at-sea.  

High consistency in space use at the individual and population level reported during 

both the non-breeding and breeding seasons (chapters 2 and 5) highlights the vulnerability of 

the study species to anthropogenic pressures (e.g. acute pollution events) within key marine 

areas, and may influence the capacity of populations to respond to rapid environmental change 

(Grémillet & Boulinier 2009). Nevertheless, evidence of site fidelity throughout the annual 
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cycle emphasises the potential value of targeted area-based management strategies for species 

protection. The ongoing process of identifying Important Bird Areas (IBAs), and implementing 

Special Protection Areas (SPAs), within Mediterranean and northeast Atlantic regions has 

represented one step towards improving at-sea protection of the Balearic shearwater (Ramírez et 

al. 2008, Arcos et al. 2009, Arcos et al. 2012b). However, data deficiencies have limited the 

capacity of managers to assess the long-term importance of high-use sites for confirmed 

breeders of known origin. The detailed foraging behaviour of breeding birds from the Mallorcan 

colony presented in chapter 5 makes an important contribution to current understanding of 

inter-annual variability in use of Mediterranean foraging habitat, representing a first step 

towards verifying the longer-term efficacy of MPAs for breeders, and demonstrating the 

potential of designated conservation sites, as part of a wider management framework, pending 

implementation of appropriate management plans. In addition, fine-scale tracking data have 

identified the importance of commute corridors for this species between their island colony on 

Mallorca and the Spanish mainland shelf, which should be incorporated into future conservation 

plans.  

While management efforts within the breeding range are encouraging, site protection at 

colonies and within Mediterranean foraging habitat is unlikely to increase the viability of 

populations if mortality risks remain high across migratory corridors and non-breeding areas, 

and threatening human activities (i.e. fisheries, see section 6.3.2) are not managed both within 

and outside of MPAs (Costa et al. 2012). While large coastal areas in the northeast Atlantic 

have been identified as IBAs, legal protection of these sites by many countries remains slow 

(Birdlife International 2014), and many areas identified as core habitat in this thesis remain 

unprotected. Furthermore, in the case of the Balearic shearwater data deficits have hindered 

identification of important habitat within the Atlantic. The research contained in chapters 2 to 4 

therefore provides valuable inter-annual information that can underpin spatial conservation 

processes within the non-breeding distribution range of this species. Populations showing 

persistent site use over time could benefit from site protection within non-breeding habitat if 

appropriate MPA management plans are implemented, however the need for adaptive 

management approaches is likely, during both non-breeding and breeding periods, in light of 

climate- and fisheries-induced changes and their potential effect on movement and distributions 

(Wynn et al. 2007, Grémillet & Boulinier 2009, Robinson et al. 2009). Moreover, owing to the 

great mobility of Balearic shearwaters during migration and foraging, and the observed 

variability in movement behaviours both within and between populations, site-based 

management will need to be accompanied by strict regulation of threatening human activities 

(i.e. fisheries, oil transport, coastal/nearshore development) across the Balearic shearwater’s 

entire distribution range.  
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The identification of sexual-segregation in non-breeding distribution, and indications of 

alternate forms of class partitioning (potentially related to life stage, age or experience), has 

particularly high conservation relevance (chapter 2). In order to develop policy and 

management strategies that offer population-wide protection, an understanding of the movement 

behaviours and critical habitat of all life history stages is essential (Hazen et al. 2012). Juveniles, 

in particular, are the most understudied life stage in seabirds, yet are important to demographic 

processes and likely to be amongst the most vulnerable (Votier et al. 2008b, Finkelstein et al. 

2010, Hazen et al. 2012). During this PhD, we initiated a tagging study to track the movements 

of immature birds from Mallorca. To date, ~80 geolocators have been deployed on fledglings 

and it is hoped that upon recovery in subsequent years these data will yield important insights 

into movements during the first few years of life. As many of the tagged juveniles are offspring 

of adults tracked during this thesis, future data could also be used to identify whether offspring 

follow similar routes to their parents, and might therefore offer opportunities for investigating 

heritability of migratory traits and genetic controls on first migration (Berthold 1996, Åkesson 

& Weimerskirch 2014). While tracking of fledglings and non-breeders will help to fill existing 

knowledge gaps relating to this life stage, basic systematic ringing programs to complement 

ongoing tracking work are needed, in addition to sustained monitoring of colonies to obtain 

long-term information on breeding populations and productivity. 

Evidence for population differences in migratory behaviours and at-sea distributions 

across key phases of the annual cycle (chapter 4) emphasise requirements for trans-regional 

conservation actions for non-breeding birds, and the need to identify at-sea behaviours from a 

wider range of colonies, through approaches such as simultaneous multi-colony tracking, in 

order to identify appropriate ecological units for conservation management. Although the 

Mallorcan colony (on which most studies in this thesis are based) is free from the pressure of 

introduced predators, predation by mammals (i.e. cats, genets, pine martins and rats) represents 

a serious threat at many other colonies (Arcos 2011). Such is the case on Menorca where 

predation is a cause of considerable mortality (Ruiz & Martí 2004). Observations at this site 

over the last three decades have revealed a progressive shift of breeding birds from relatively 

accessible caves to small inaccessible caves and crevices (McMinn, personal observation): a 

potential selective consequence of introduced mammalian predators (e.g. Robb et al. 2008) and 

peregrine falcons (Falco peregrinus) utilizing artificial lighting when hunting at night (Wynn et 

al. 2010). The need to tailor conservation strategies to different colonies is therefore highly 

evident, and a thorough understanding of colony-specific at-sea movements is vital for this 

process. Population differences in migration behaviour identified in chapter 4 suggest that 

management strategies for the Menorcan colony will need to differ from those targeting 

populations that utilize the northeast Atlantic during the summer. First indications that habitat 
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use during the breeding season may also differ between Mallorcan and Menorca populations 

highlight future requirements for high resolution tracking of Menorcan shearwaters during 

breeding. This population are unlikely to benefit from conservation management strategies 

within Balearic shearwater foraging habitat off Spain to the same degree as Mallorcan birds. For 

Menorcan shearwaters, management of human activities within French Mediterranean waters 

during the breeding season may prove more important. 

The accuracy of geolocation is limited, and as opportunities for remote tracking 

improve there will be future requirements to trace high-resolution movements in order to 

identify important habitats and behaviours at finer scales off Iberia, northwest France, and the 

western Mediterranean coast, to aid conservation management. While adult survival is of prime 

importance to population growth rates (Croxall & Rothery 1991, Weimerskirch et al. 2002), and 

should be a key target for conservation action of the Balearic shearwater (Oro et al. 2004a, 

ICES 2013, Genovart et al. in press), the research contained in this thesis has highlighted 

important interactions between distinct seasons that have the potential to influence populations 

(chapter 2). Knowledge of such carry-over effects may help to identify underlying causes of 

future fluctuations in reproductive performance that might be relevant at the population level 

(Fretwell 1972, Harrison et al. 2011).  

6.3.2 Fisheries and foraging behaviour 

Fisheries have been assessed as a critical threat to Balearic shearwaters (Arcos 2011), yet 

knowledge of the spatial extent of fisheries interactions and bycatch rates remains insufficient 

over much of the species’ distribution range (Arcos 2011). Nevertheless, on-board observer 

programmes, fishers surveys, boat-based studies and demographic studies are revealing the 

relative frequency and severity with which bycatch can impact this species, and the potential 

influence of fishing activity on shearwater movements (Belda & Sánchez 2001, ICES 2008, 

Bartumeus et al. 2010, Laneri et al. 2010, Louzao et al. 2011a, Louzao et al. 2011b, Cortés et al. 

2013, ICES 2013, Oliveira et al. 2015, Genovart et al. in press). In addition to knowledge gaps 

relating to fisheries, virtually nothing is known about foraging strategies employed by Balearic 

shearwaters outside of the breeding range with the exception of casual feeding observations (Le 

Mao & Yésou 1993). The main aim of chapter 3 was to address some of these deficits in 

knowledge through an investigation of feeding ecology during the non-breeding season. 

Combined isotope and tracking approaches provided spatially explicit information on feeding 

behaviour that improves knowledge of the relative importance of pelagic fish and fisheries 

resources to birds within key non-breeding grounds, and supports earlier suggestions that both 

forage fish and fisheries may have important roles in influencing at-sea distributions in the 
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northeast Atlantic (Wynn et al. 2007, Votier et al. 2008a). Evidence of demersal fisheries-

derived dietary components in birds feeding in the Bay of Biscay, but not off west Iberia, 

highlight the need for area-specific management considerations, as well as further investigation 

into fisheries-specific associations within different foraging areas. Regardless of the nature of 

fisheries associations, bycatch mitigation action (e.g. time-restricted gear settings based on 

diurnal patterns of dive activity: Meier et al. 2015, chapter 5) should be a high management 

priority throughout the northeast Atlantic. Information on dive depth in chapter 5 may also 

prove useful for conservation planning as this study identifies the top ~5 m of the water column 

as that in which this species may be most vulnerable to anthropogenic activity. The further 

development of observer programs on-board fishing vessels and carcass recovery programs, 

such as those already being undertaken within the Mediterranean and northeast Atlantic 

(Gómez-Díaz & González-Solís 2007, ICES 2013, Militão et al. 2014), would also represent 

positive steps towards addressing outstanding knowledge gaps relating to fisheries associations 

and bycatch within identified non-breeding habitat.  

Although associations with fisheries are better studied in the northwest Mediterranean, 

there is a pressing need for future work in this region to establish the spatial distribution of 

fisheries interactions and areas of particular vulnerability; the tracking data presented in this 

thesis should contribute to this process by allowing levels of overlap between foraging adults 

and fishing vessels to be identified. Previous work has suggested that diet and levels of reliance 

on fisheries discards may vary during different phases of the breeding cycle, with heavier 

reliance on demersal fish prior to incubation (Navarro et al. 2009). Therefore, to examine 

patterns of at-sea behaviour that relate to reproductive processes, further fine-scale tracking 

during pre-breeding and chick-rearing phases, both within and across colonies, is recommended. 

Incubating birds tracked during this study rarely ventured into previously identified high-use 

areas of Balearic shearwaters off the Valencian coast and Ebro Delta (chapter 5). Recent 

tracking from a colony on Eivissa during chick-rearing has confirmed use of these areas by 

apparent breeding birds (Louzao et al. 2012), and therefore the possibility of colony-segregation 

in foraging habitat (i.e. between populations breeding on different islands in the Balearic 

archipelago) would be worthy of investigation.  

The impact that fisheries policy reform will have on many seabirds through removal of 

discards remains uncertain (Bicknell et al. 2013). However, evidence in this thesis that Balearic 

shearwaters feed on a variety of food sources in the northeast Atlantic (chapter 3) coincides 

with dietary studies in the Mediterranean (e.g. Navarro et al. 2009, Louzao et al. 2015), and 

suggest that this species might be relatively resilient to removal of fisheries-derived food 

sources through prey switching behaviour (Bicknell et al. 2013). Furthermore, dietary data from 
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the Atlantic suggest that zooplankton or other low trophic level prey may represent an important 

component of the diet (chapters 3). Given imminent changes in fisheries policy within Europe, 

a fuller understanding of feeding ecology will provide valuable information to conservation 

management, and inform future assessment of seabird responses to environmental change. 
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