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Abstract

Recent innovations in the miniaturisation of animal tracking devices have enabled the study of
speciesthat are not amenable to direct observation. This has been particularly the foase
pelagicseabirds whose &-sea behaviour would otherwiske very difficult to observe This
thesis investigates patterns in the migration and behavioural cycle of the Manx shearwater
(Puffinus puffinus using miniature geolocators. By analysing these data with a range of
computational approaches, insights are made into the otherwise cryptic behaviour and ecology
of this seabird.

Chapter 1 provides a general introduction to annual cycles in animal behaviour and migration in
seabirds. The ecology and behaviour of the Manx shearwater is then outlined, as are recent
advances in tracking technologhat have enabledthe study of otherwise unmeasurable
aspects of the ecology of gépecies.

Chapter 2 first details the core fieldwork and data processing procedures which were used to
generate thedata used in this thesis. Using a dataset of Manx shearwater migration tracks
gathered by geolocation tracking programmes on 5 UK islandijidual consistencygolony

level annualand sexdifferences in the phenology of migrations are investigated.

Chapter 3 provides a detailed analysis of Manx shearwater migration routes. Building on
previous work in this area, key differences are identified between éesoand individual birds
in wintering areaand the overall path along which they migrate.

In chapter 4 an unsupervised classification algorithm is trainedleatify behaviouralstates
during the Manx shearwater migration using saltwater immersion data. These behavioural
states are used to identify periods of stopover during which a bird pauses its migration to rest
or refuel. Areas of sea are identified which aremmonly used byManx shearwaters for
stopoverbehaviour.

In chapter 5 a similar algorithm is used ittentify behaviouralstates during the breeding
season using light and saltwater immersion data frarohival loggersThese time series of
behavioural states are used to estimatee timing of major life history events such as egg
laying and incubationenablingthe study ofbreeding behaviour and ecology in this burrow
nesting seabird.

Chapter 6 draws on the results from chapters 2, 3, 4 and 5 to build up a picture of the Manx
shearwater annual cycle and then goes on to investigate how the timing of key life history
periods impacts on future behavioural events.

Chapter 7 provides a general discussion of the Manx shearwatavimiral cyclen light of
the previous chapterswith a focus onnter-colonydifferencesand individuaktonsistency in
behaviour, as well asplications othe researchfor conservation of the species



You cannot prevent the birds of sadness from passing over your head, but

you can prevent their making a nest in your hair.

Chinese proverb.

Between two seas the séaA NRQa g Ay 3
Wind-weary; while with lifting head he waits
For breath to reinspire him from the gates

That open still toward sunrise on the vault
Highdomed of morning.

Swinburng Songs of the Spring Tides.
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Chapterl

Introduction



1.1 Introduction

The seasonal nature of many ecosystems means dnganisms living within them
match their behaviour to cyclical everascurring at a range of time scal@dcNamara

& Houston, 2008 Marra et al., 2015) This leads individuals to carry out different
activities during different parts of the year in response to annual fluctuations in
ecological conditions. These annual fluctuations may include changes in primary
productivity, temperature, and wind conditioné&Studds & Marra, 2031Robson &
Barriocanal, 201;1Genovart et al., 2012)r more complex biotic interactions such as
interspecific competition and predation pressur@3urant et al., 2012Bauer & Hoye,
2014) Natural selection has shaped the timing of behaviours such that an organism
should be able to capitalize on the conditions that are available at different periods of
the annual cycle; for example, hatching date in many bird species occurs just before
peaks in food availabilitgPerrins 1969; Charmantier et al. 2008cNamara & Houston
2008 Ramirez et al., 2016lror more mobile organisms, these annual cycles frequently
exhibit spatially segregated breeding and Aoreeding periods (such as overwintering)
interspersed with a (sometimes very brief) migratory phd&stnamara, Welham, &
Houston, 1998ArizmendiMejia, et al,, 2013 Hostetler, Sillett, & Marra, 2035In this
thesis, the term migration is used to describe a movement between two phases of an
annual cycle which take place in different geographical locatidftsether (and how)
animals integrate the behavioural strategies they employ during single breeding and
non-breeding events across their annual cycle to maximise survival and reproduction
0G23SHKSNE GKAA OFy 06S NBFSNNBR (2 I a
answering these questions is important as such information mayubhdamentalto

understanding the mechanisms framing the development ofHifgory traits.
2
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These questions may be particularly important to address in-lmegl species. Their
reproductive events are spread over a long period of time, which is likely to increase
the importance of future reproduction, and hence of their own survival, compared to
current reproduction. This, combined with their ability to live through many annual
cycles, may give them the possibility to learn from their experience and the opportunity
to show behavioural plasticity, between different annual cycles as well as among
individuals. This, in turn, may have important implications for fithess and population

dynamics.

However, addressing these questions is not an easy task. In order to fully understand
the annual behavioural strategies an individual employs to maximise its fitness it is vital
that more than one stage of the yearly cycle is studigdNamara & Houston, 2008
Newton, 2011 Hostetler et al., 2015)While studying the breeding behaviour of
individuals can be relatively easy, keeping track of an animal and its behaviour during
the nonbreeding season can be challenging, especially in migratory species. Until
NEOSyiGafeszr Ylyeée &adzOK addzRASa O2yOSydNF GdSR
routine; often the breeding season. Fortunatetgpid advances made in tracking and
bio-logging technology over the last decade have led to an increase in spatial and
behavioural data collected from individuals from a range of spg&tepertCoudert, &
Wilson, 2005 Wakefield, Phillips, & Matthiopoulos, 2009omkiewicz et al.201Q
Guilford et al., 2011L6pezLopez, 2016)and in particular have made it possible to
follow individuals throughout their annual cycléldstetler, Sillett, & Marra, 2015
Marra, et al, 2015) Additionally, animaborne loggers or transmitters have made it

easier to study single organisms for multiple years, allowing researchers to investigate



individual variation across years. These methodological changes have enabled a wider
suite of questions to be answered regarding the roles of phenotypic variation
(differences between individuals) and the environment on behavioural ecology and

population dynamics in longer lived species.

This thesis aims to address several ecological and behavioural questions, with a focus
on the role of migration in the behavioural cycle of a léivgd migratory seabird, the
Manx shearwaterRuffinus puffinus Using a large dataset obtained from geolocation
and saltwater immersion loggers deployed on individuals breeding on multiple colonies
encompassing most of the latitudinal range of the species over multiple years, |
investigate the behavioural strategies of these birds throughout their entire annual
cycle. In particular, | address questions regarding the phenotypic variation among
colonies in breeding, migratory and wintering behaviour, the extent to which individual
consistency explains temporal and behavioural variation, and the potential interactions

between events of the annual cycle.

1.2 Studying seabirds

Burrow nesting seabirds, such as tManx shearwaterstudied here,are excellent
study species fomonitoring individuals over several annual cycles. As {ived birds
which generally breed in the same burrow in consecutive seasthiese species are
relatively easy to recapture over an extended period of time. Most seabird species have
a nonbreeding or wintering area which is geographically distinct from the breeding
area, although the distance over which the migrations take place can vary dramatically

(Schreiber & Burger, 2002)



Pelagic seabirds are some of the most difficult to obs@fvall avian groups, spending
much of their lives far out at sea, and with many species breeding in relatively
inaccessible colonie@Varham, 1990Warham, 1996) Seabird populations are at risk
from a multitude of threats, including fisheries byca({@ugoniet al,, 2008 Granadeiro

et al.,2011; Baez et al., 2014nd competition(Bertrand et al., 2012)plastic pollution
(Wilcox, Van Sebille, & Hardesty, 2Q18lmate variability 6 S{ SNIOA 2 € f dzz
Wormworth, 2012 Davies et a). 2013 Kowalczyket al, 2015)and invasive nest
predators(Jones et al., 20085eabirds are among the most vulnerable animal groups,
with 28% species globally threatenédroxall et al., 201 Phillips et al., 201&nd with

their overall numbers having dropped dramatically in recent yd&aleczny et al.
2015) Many seabird species are migratory, moving large distances during the non
breeding period, sometimes across oceans and hemisph@vesham, 1990Shaffer et

al., 2006 Egevang & Stenhouse, 2Q10ro, 2014) further complicating their study.
Effective species conservation requires, amongst other things, a comprehensive picture
of spatial and behavioural ecology, something which tracking technology has recently
been able to providéWakefield et al., 2009ilson & Vandenabeele, 20;12rossingt

al., 2014) Seabird tracking studies have improved understanding of migration
behaviour in a range of species, from the very sm@l[ S OKQa &G 2 NY
(Oceanodroma leucorho@olletet al, 2014)and little auks Alle ale, Mosbech et al.
2011)- to the very large- wandering albatrossedDjomedea exuland)eimerskirch et

al. 2014)and brown pelicansRelicanus occidentali§Valter et al, 2013) In particular,
studies using geolocatorg miniature, affordable light loggers which can record
approximate position for several yeardhave proved valuable for revealing the long

distance movements of a range of seabird species, especially those too small for

t
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satellite tracking devices, such as puffins, terns and smaller pédtialsis et al. 2009
Egevang & Stenhouse 20IBogdanova et al. 201 Guilford et al. 2011pKlaassen et
al. 2011 Mosbech et al. 201;INisbet et al. 2011Rayner et al. 201;1Stenhouse et al.

2011).

1.3 Individual variation in behaviour

Variation between individuals within a population is the driving force behind evolution
(Senner, Conklin, & Piersma, 2019his variation is a combination of genetics,
development and the environment experienced by an organism, leading to phenotypic
differences between individuals. Behavioural variation between individuals has been
well documented in many bird species and as such is a fundamental aspect of studies in
avian ecologyDall, Houston, & McNamara, 2002ingemanse & Dochtermann, 2013)
Variation in behaviour camccur between populationsith implications for both
conservation and also our understanding of the control of behaviour (genetic or
learned).For example: wherdifferent populations following different migration rouse

or destinations(Rayner et al., 201 Delmore, Fox, & Irwin, 2012Veimerskirch et al.,
2015Dh; or different annual schedule@Gunnarsson et al.,, 200&onklin, Battley, &
Potter, 2013) This underlines the importance of sampling from across the range of a
species, which in seabirds ultimately means following individuals from several colonies
(Frederiksen et al., 201McFarlane Tranquilla et al., 201Bean et al., 2015Corman

et al, 2016) Variation in behavioualso occus within populatiors: Atlantic puffins
(Fratercula arctica breeding in neighbouring burrows on Skomistand (Wales)
migrate to different wintering destinations(Guilford et al., 2011) Ultimately,

behavioural variation can have important fithess consequences, which is what natural



selection acts upon. Variation in migratory strategies between Wandering albatrosses
(Diomedia enlang lead to differences in breeding frequengyVeimerskirch et aJ.

2015) Atlantic puffins which migrate to the Mediterranean Sea show higher breeding
success than birds which do n(fayet, Freeman, Shoji, Boyle, et al., 2056 the

L2 Lddzf F GA2y adloAftAde 2F OrBoBRAiy @latediTo . NNy

overwintering areaKrederiksen et al., 2016)

Individual consistency in behaviour (sometimes also referred to as individual
specialisation) is where an individual animal shows a degree of repeatability in
behaviour from one season to the ngRingemanse & Dochtermann, 2013ndividual
behavioural consistency has now been identified in many asjecies,including
seabirds, and across a range of behaviomigiration routesand destinationgKubetzki

et al., 2009 Phillips et al.2009 Dias, Granadeiro, & Catry, 2QI8amamoto et al.,
2014), timing of migration(Vardanis et al011; Thorup et al.2013 Mdller et al, 2014)

and foraging strategie@/otier et al., 2010Patrick et al., 2014Shoji et al., 2014Ceia &
Ramos, 2015) In contrast, individual behavioural plasticity (flexibility in response to
extrinsic cuespingemanse & Dochtermann, 2011#s also been discovered in a wide
range of species, in both breeding and Ammeeding behaviours including foraging and
migration (Diaset al, 2011) Some species show both behavioural consistency and
flexibility in different aspects of their annual cyd@uillfeldt, Voigt, & Masello, 2010
Stanley et aJ. 201). The ability of an individual to adapt its behaviour to varying
conditions from one season to the next may have important fithess consequences,
especially if current trends in environmental stochasticity contif@barmantier et al.,

2008 Both, 201QReed et al.201Q Fort et al., 2013)



1.4 Carryover effects

With miniaturisation of tracking technology, researchers have been increasingly able to
study behaviour in long distance migrants across théiole migration and start to
understand more about how migratory and breeding strategies inte(gietdenstrém

et al. 2007 Balbontin et al. 2008Bowlin et al. 2010Bogdanova et al. 201 Guilford et

al. 2012 ArizmendiMejia et al. 2013 Jessopp et al., 2013McKinnon, Stanley, &
Stutchbury, 2015Shojietal., 2019 KSy |y AYRA @A RdzZ £ Q& SELISNR Sy
annual cycle influence the (ndathal) outcomes during a subsequent period this can
be considered an ecological carryover effect (C@B)ris, 2005 Harrisonet al., 2011,
Conklin & Battley 2012y Q/ 2 yétyaR [8014) Similarly, migratory carryover effects
occur when individual behaviours, or the conditions encountered on migration, impact
on the following season (be it the breeding period, Aweeding period, or a separate
migration) (Norris & Taylor, 20Q8Crossin et al., 2012Migratory COEs have now been
studied in a range of species, including passerine lfidsris, et al., 2004Saino et al.,
2012 Latta et al.,, 2015Paxton & Moore, 2015)sea turtles(Ceriani et al., 2015)
amphibians(Green & Bailey, 2015nd mammalgAlbon et al., 2016)The focus of
many of these studies is how conditions during the #weeding period and the pre
breeding migration affect subsequent reproductive output or individual fit(€®ssin

et al., 2012 Saino et al., 201Blomberg, et al., 20%4Clausen, Madsen, & Tombre,
2015) However, some are beginning to focus on COEs across more than two seasons
(Latta et al., 2015Shoji et al., 2015)Interseasonal COEs are addressed later in this

thesis.



As longlived species encountering a range of environmental conditions, migratory
seabirds are excellent models for studying carryover effects. Their long lifespans
increase susceptibility to tradeffs between immediate and lifetime reproductive
success and exposure to stochastic environmental impacts during migration may
interact with these tradeoffs. Despite the increase in seabird tracking studies over the
last decade, many questions have yet to be addressed in detail, particularly the effects
of breeding and migratory schedules on annual phenology, and what effect individual
variation during migration has on fitness. Several studies have usedding loggers
(such as geolocators or tirdepth recorders) to uncover migration behaviour,
breeding phenology and p#ereeding behaviou(Phillips, Silk, & Croxall, 20@hillips

et al, 2006 Phillips et al., 20Q7vyamamoto et al, 2010Guilford et al. 2012Linnebjerg

et al. 2013 Hedd et al. 2014Quillfeldt et al., 2014Dias et al., 2015)Others have
investigated individual differences in migration and foraging strategies within species
(Catry et al.2011h Frederiksen et al., 201 Fort et al., 2012McFarlaneTranquilla et

al. 2013 McFarlane Tranquilla et al., 2018atrick et al., 20L4Mdller et al., 2015) A

some studies have found links between environmental stochasticity encountered
during overwintering and subsequerireeding performance(Crossin et al., 2012
Szostek & Becker, 2019xposure to stormy winter weathdras be found todelay
breeding (Harris & Wanless 19%6and increase mortality to different degrees in

different age groupg¢Frederiksen & Daunt 2008)

Increasing numbers of long term tracking datasets have improved our ability to
investigate COEs within the seabird annual cycle. Initially these studies have been

observational, often using tracking data. Main findings have included: the positive



effects of prebreeding diet and weight on reproductive succéSsrensen et g/.2009

Saltonet al., 2015) the effects of migratory strategy on hormone lev@®ossin et al.,
2012 Perez, Granadeiro, Dias, & Catry, 20H8)d carryoverinfluences between
breeding and subsequent wintering behaviofBogdanova et al., 2015hoji et al.,

2015)

These observational studies have identified correlative relationships amongst
behaviours and the timing of key events that may be indicative of COEs. However these
studies have all evaluated correlations over the course of a single life cycle, and for a
single breeding colony. As a result, they are unable to disentangle whether these
relationships are due to individual repeatability of timing or behaviour; Hatemual
environmental variation simultaneously affecting multiple parts of the life cycle; or the
direct impact of an outcome at one stage influencing subsequent periods. These
studies have also been unable to determine whether these relationship hold across

multiple colonies or are contexdpecific.

More recently, experimental studies have been combined with tracking, deliberately
manipulating the costs incurred by individual birds during breedi@atry, Dias,
Phillips, & Granadeiro, 2013chultner et al., 2014/incenziet al., 2015 Fayet,et al.,

2016) and quantifying the impacts on subsequent behaviour. By factoring out the
effects of individual repeatability and environmental variation, these experimental
studies provide robust evidence of the impacts of COEs caused by outcomes during the
breeding season. However, due to the inaccessibility of migratory seabirds throughout
the rest of their annual cycle, experimental approaches are unable to identify and

guantify COEs across much of the annual cycle.
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1.5Manx shearwaters

Shearwaters are mediwsized seabirdsn the Procellariidae family, within the order
Procellariiformes which also contains other petrels and albatrosSiesarwater species
range in size fronaround 160g0 . NB | y Q& Rufirfiis bidan{khvdakemi et al.,

2012) to over 900g6 / 2 NB Q&  ad&lénedi® bdiedN@Sranadeiro, 1993)

Shearwatersare longlived birdsand many speciesexhibit longdistance migration

between breeding behaviouShaffer et al. 200850nzéalezSolis et al. 20QDias et al.,

2011 Dias et al. 201G3uilford et al. 2012)

The Manx shearwaterRPuffinus puffinusis one the smaller members of this family
(around 400g), and breeds almost entirely around the coast of the UK and Ireland.
Current population estimates suggest thatore than 90% of the global population
breeds here, with a large proportion in just two majoeas, those on the Isle of Rum
(Inner Hebrides, Scotland) and a group of three clospbced islands in
Pembrokeshire, Wales (Skomer, Skokholm and Middleh@hiichell et al., 2004)
Recent population estimates from Skomer suggest that this population has increased

since 1998, by 16%er year, to 316 070 breeding pa{Rerrins et al., 2012)

The breeding biology, life history and general ecology of the Manx shearwater has been
summarised in detail by Michael BrookeKmA & 6221 a¢KS HIYE { KS|
Manx shearwater pairs lay a single egg each breeding season, followed by an
incubation period of approximately 50 days. Both sexes incubate the egg and exhibit
asynchrony in incubation behaviour. After hatching the chick grows slowly over a
period of around 70 days, during which it is fed by both paréBteoke, 1990)In the

breeding season (which runs from ritiarch to the end of September) there is a pre

11



laying period where birds attend the colony during the night and spend time at the
breeding burrow ifhost birds use the sameburrow every year), preparing and
defending the burrow from competitors (Brooke 1990). After matithg female Manx
shearwater departs from the colony for up to two weeks during which the egg is
formed (Brooke 1990Guilford et al. 2003 { Ay OS . NR21SQa 62N]J
has been revealed regarding the coldogsed breeding behaviour of this species
Differencesbetween male and female provisioning behaviouere uncovered, with
females varying the meal size they deliver according to chick begging intensity
(Quilifeldt, Masello, & Hamer, 20Q4however this behaviour is manipulated by
dishonest signals from offspring (evidence of parefispring conflict(Riou, Chastel, &
Hamer, 2012) Manx shearwaters are nocturnally active on the breeding colony and as
such show a lower probability of visiting the breeding burrow on clear moonlit nights,
presumably to limit predations riskRiou & Hamer, 2008More recently, the use of

bird borne dataloggershasallowed detailed studies of the &ea foraging behaviour of

the Manx shearwater during the breeding seas@maximum directed flight speed of
40km/h was recorded using GPS loggers deployed on the back of breeding birds. After
initial work developing attachment methods§s(ilford et al.2008) GPS loggers have
been deployed in tandem with leg mounted saltwater immersion loggers and/or time
depth recorders (TDR). Combined tracking during different phases of the breeding
season has revealed dual foraging behaviour in etgaking birds(Shoji et al., 2015%)
differences in foraging efficiency between adult and immature biféayet et al.,
2015) and important multicolony foraging areafean et al., 20LDean et al., 2015)
Manx shearwates are mostly diurnal foragers, feeding both from shallow and deep

dives (capable of diving beyond 31m below sea surfé@edji et al., 2016)When not
12
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visiting the colony at night time, birds rest on the surface of the ocean, often in large

conspecific raft§Wilson et al., 2008)

Manx shearwaters exhibit two phases lohg-distance migration. The first begins in
early October when birds leave the breeding grounds in the north Atlantic, fly along the
west coasts of Europe and Africa, cross the south Atlantic and arrive off the coast of
Argentina (Guilford et al., 2009puring the wintering period these birds are entirely
pelagic. In February and March, individuals begin the northbound journey back to the
breeding colony following a clockwise path along the east coast of South America and
the USA before crossing back otiee north Atlantic to the UK and Ireland (Guilford et
al., 2009).Two geolocation studies have identified migratory stopover behaviour
undertaken by these birds on both legs of theigration. This behaviour wagnitially
identified by locations where individuals showed reduced movemantd nonflight
behaviour over a period of a few day&uilford et al.,2009) More recently, the
distribution ofthree types of behavioufresting, foraging and flightarried outduring
migration was mapped alongside environmental variables such as sea surface
temperature, primary productivity and chlorophyilz  ¢A 0K NBalAy3 o6SK

likely in productive water§Freeman et al., 2013)

Some key carryover effects have been identified in Manx shearwaters. Greater levels of
flight behaviour during winter lead to increased likelihood of future breeding failure,
and birds which skip breeding one year had improved reproductive success in following
years(Shoji, Culina, et al., 2013 xperimentally extending or shortening the breeding

period resulted in differences in the timing of migration, the behaviour recorded during

13



wintering and birds experiencing a longer chielaring period showed lower breeding

success during the subsequent year (Fayet at al., 2016).

1.6Key themes

By analysing a large, muitear, multicolony tracking dataset, this thesis quantifies
individual repeatability, and disentangles the importance of repeatability, iotdony
differences, interannual environmental variation and carryover effects across the
annual cycle of a long lived seabird, the Manx shearwatenvestigate how the
migratory behaviour of these birds affects the timing of subsequewents and
whether this behaviour isomparable across birds breediagfive colonies around the

UK Rum Copeland, Ramsey, Skomer and Lundy (figureThg)data used in this study
were collected using archival light and saltwater immersion loggers (geolocators or GLS
GAYYSNEAZ2Y €233aSNARE¢ODP . & LI e&Ay3a | NIry3S
estimate positional and behavioural information, and the timing key events during the
migration and breeding periods. Chapters two, three and four focus on the pre
breeding and posbreeding migration periods and chapter five investigates phenology
and incubation behaviour during the breeding season. Chapter six synthesises the
results of the four previous chapters to examine relationships between migratory

strategies and breeding phenology.

In chapter two | investigate differences in the timing of key migration events (departure
from and arrival at the colony and the wintering area) between breeding colonies,
years and individuals, as well as individual consistency in this timing. As the first data
chapter of this thesis, this chapter also introduces the methodology for collection and

processing of geolocation (GLS) data, and demonstrate the use of these dates to

14



identify key dates during migration as well as to predict the sex of individual

shearwaters.
-10 -5 0
58 58
o
Rum
56 56
[ ]
Copeland
54 54
52 Ramsey 52
Skomer
(@)
50 50
-10 -5 0

Figure 1.1Locations of the five breeding colonies of Manx shearwaters studied. The
colours used for each colony in this figure are used consistently for figures throughout
the thesis.
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Chapter three concentrates on spatial analysis of the Manx shearwater migration. |
investigate differences in the overall northbound and southbound migration routes and
the overwintering location. The most variable part of the Manx shearwater migration is
the latter half of the northbound journey (north of the equator), and | identify
pronounced individual fidelity in the degree of westerly movement during this part of

the migration. | also uncover individual fidelity in overwintering location.

Stopover or staging behaviour is a key strategy for some migratory birds and this is
explored in chapter four. | apply a Gaussian mixture model to the saltwater immersion
data to identify predominant behavioural states in order to identify stopover locations
during the Manx shearwater migration. Statistical modelling of these locations shows
differences in northbound migration stopover behaviour among individuals. Several key
locations within the Atlantic Ocean are identified as important stopover sites for birds

from all five breeding colonies.

In chapter five the focus moves from the nbreeding to the breeding season. | use
immersion data collected from geolocators during breeding to classify daily behaviour,
again using a Gaussian mixture model. By recording the date at which birds switch
behaviour | identify the timing of major breedirsgason events: the first night spent on
the breeding colony; start and end of incubation and the date birds leave the breeding
colony. | then use these dates to investigate differences in the breeding strategy, in

particular incubation, of Manx shearwaters breeding on different colonies.

Using the estimated dates and behaviours across the entire annual cycle obtained in
the first four data chapters, chapter six focuses on the annual cycle as a whole and

examines relationships between migration strategies and breeding phenology using
16



structural equation modelling, also using an additional dataset of the-pogtation
weight as a proxy for poshigratory body condition. | look for evidence of irnter
seasonal carryover effects by using structural equation models to check for key
pathways across the annual behavioural cycle by events in one part of the cycle

affected later events, and whether these pathways differ among colonies.

Chapter seven provides a discussion of the main findings within the thesis and the

implications of this study with regard to further research and conservation.
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Chapter 2

Timing of migration in the Manx
shearwater
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2.1 Introduction

Phenologyis the studyof the timing of annuakventsin the biological worlgdsuch as
floweringand seed set in vegetatioor egg layingand migrationin birds The timing of
these events may change from one season to the nelepencent on various
environmental conditions and the degree of phenotypic plasticity within each species
(Walther et al., 2002Visser & Both, 20Q8Buskirk et al.2012) Studiesof phenology
across all phyla have become more relevant over the last few decades as scientists
recognise the potential effect that long term environmental change may have on the
timing ofevents inl y 2 NH | ycdycieMalther &t alF 2D02Visser & Both 2005
Saino et al. 2000For many bird species the timing at which events such as egg laying,
fledging and feather moult occur witifluencenot only breeding success botay also
affect survival from one season to the nefificNamara & Houston 2008lipfner et al.
2010) Many avian species time breedibg ensure that they are rearing chicks during
peak food availabilitfCharmantier et al. 20Q&onklin & Battley 2032Davoren et al.
2012 Afanet al, 2015 Lany et al., 201,6Ramirez et al., 2016)n migratory species
there are many environmental and biotic factors which can delay or advance departure
and arrival dates at both the breeding and rbreedingareas including the weather
conditions along the migration flywgyelicisimo, Mufioz, & Gonzéal€nlis, 2008Both

2010 Klaassen et al. 20Ll1)For speciesthat migrate over large distancegshe
conditions affedng their breeding phenology could be completely different to those
affecting the timing of movementduring the nonbreeding seasor{Balbontin et al.
2009 Conklin & Battley 2012Events during one part of the life cycle (overwintering
for example) may have a direct effect on timing of later phaseseven if they happen

in geographically separate placgsarrison et al. 201 Duillet et al. 2012)Despitebeing
28



the subject of an increasing number of studies, a lot remains to be understood about
the phenology of migration in several avian speckatrticularly poorly understood is

the extent of individual consistency in migratory schedules between years, which may
have important implications for behavioural plasticity and adaptability to
environmental changeMost previous studies of phenology in migratory seabirds have
relied onringing data(Thorup et al. 2013)or followed individuals foronly 2 years
(Conklin, Battley, & Potter, 2018} at a single colongyamamoto et al., 203Miiller

et al, 2014) Consequently, these studies have been unable to investigate individual
consistency in migratory phenology\Here we use geolocators to investigate the
migratory timing of individual Manx shearwaters, a lowgstance migratory seabird,

from multiple colonies and acrosssix year period

Since their development in the 199Q&fanasyev et al2016) and first application to
migratory seabirds in the early 200Q@/eimerskirch & Wilson, 20Q®hillips, Silk, &
Croxall, 2005)the use of archival light loggers (also known as geolocators) for tracking
individual movement has increasingly rapidly among seabird scieriBsidge et al.,
2013) Although location estimates from these devices are not as accurate as GPS or
other satellite based location systems, geolocation has many advantages, including
small logger size and increased longe\@hillipset al, 2004) (Phillips et al., 2004
Shaffer et al., 2005)The method has been very successful for recording the-lange
movements, especially migration behaviour, of a range of seabird species. This includes
terns (Mcknightet al., 2013) gulls(Stenhouseet al., 2011 Bustneset al., 2013) auks

(Gaston et al., 201 Fayet et al., 2016)mall petrelPollet et al, 2014) shearwaters
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(Heddet al.,, 2012 Guilford et al., 2012and albatrosse¢Phillips, Silk, & Croxall, 2005

Weimerskirchet al,, 2015)

The Manx shearwater is a migratory seabird, breeding during the northern hemisphere
summer and spending the winter (ndmeeding period) in the southern Atlantic
(Brooke, 1990Guilford et al. 2009)The two migratory periods in the Marshearwater
annual cycle occur roughly during Septemfmtober Ooutward, southbound
migration) and Februarppril feturn, northboundmigration) (Guilford et al., 2009)

The timing of these two periods could be dependent on a variety of factors including
breeding outcome oceanic conditions(current, weather, wind direction),food
availabilityand intrinsic factors (age, body condition, sex); as lieen found in other
migratory speciegHedenstrom et al., 2007; Matyjasiak, 2012; McNamara, Welham, &
Houston, 1998)In Manx shearwaters,gst-breeding departuregssuming théoreeding
attempt was successfubccursonce the chick has reached the agerfaas9 at which it

may be abandonedby both of the adults, with parents always departing the colony
before the chick fledges (Brooke, 199T)ere may be optimal migratory conditions
(for example avoiding autumn storms in the northern hemisphere) which could be
missed if departure is delayg@d | & Kl & 0SSy ¥ 2dz/ BGalodegtris/ 2 NBE Q&
borealis, Felicisimo et al., 2008)Arrival of adult Manx shearwaters at both the
overwintering area and the breeding colonyay be timed to take advantage of local
peaks in marine resourcel addition, earlyreturn to the breeding colonypresumably
allows a better chice of nest sites and/or mategime to recover body condition
before beginning to bree@nd a reduced conflict with competitors for burrow space

(Brooke, 199Q)as is the case in many other migrarikokko, 1999Béty, Gauthier, &
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Giroux, 2003Gunnarsson et al., 2006)se of preferential nest sites by older or more
dominant birds has also been documented in other seabird spg¥ielando & Freire,
2001) although it is unclear what would constitute a superior burrow for Manx

shearwaters.

This chapter investigates whether the timing of migration in the Manx shearwater
varies across years, which may signal the effects environmental change on this species.
Individual consistency in the migratory phenology is examined, with implications for
behavioural plasticity. For the first time, differences in migratory timing among colonies
are investigated and potential drivers discusseatcdtionsdeducedfrom geolocation
dataare usedo determine the main departure and arrival dates for e@ttaseof the
Manx shearwater migration. These data were collected from batéve different
colonies around the UKwith varying populatiorsizesand status (two of the colonies
are currently undergoing rapid population expansion since rat eradication, with
estimates at 4796 pairs on Ramsey Islghtbrgan, 2016)and 1085 on Lundy Island
(Brown et al., 201)) The study took place over six consecutive years from 2006 to
2012 and some individual birds were tracked for three or more yedisis
unprecedented multiyear, multicolony dataset is used to investigate in detail the
migratory schedule of Manx shearwaters; specifically, the extent of individual
consistency in migratory timing, and the effects of colony, year and sex as potential

drivers of differences in timing.

31



2.2 Methods
The overall fieldwork methods used for collection of geolocation (GLS) and salt water

immersion data from Manx shearwaters are common to all chapters in this thesis.

2.2.1Field work methods: bird capture and attachment of devices

Manx shearwaters are burrowesting seabirds, which reliably return to the same

breeding burrow (or one very close by) each year (Brooke, 1990). This enables long

term studies of individual birds. From May 2006 until September 2012 field work took

place on five different breeding colonies around the UK coast. The five colonidslare:

2T wdzys {YIFff L aftcScasddmv2ddT y[RA Preickp2rddoSE QAa f |y
b2NIKSNY LNBflIYR OKENBDOEORRIMMOATISWE VY RE Wl Y& S
b 2 NI K t SYONR | SaKANBDHcMPIAMHIQQTp M c{pIlMXoSpNQQ L & f |
Pembrokeshire, Walesp Mmc nnQem@Q@ny QQ FyR [dzyReé LaftlyRX

p MC MAHQAHMQMN T Qfigupe 1!1fbré thapaiHwing all colonies in this study.

Because of differences in the local terrain at each colony, the methods for capturing
birds were adapted accordingly. On Rum, Copeland and Skomer access holes were dug
into the roof of nest chambers of active burrows and sealed with either an earth plug
(Skomer), rock (Rum) or concrete slab (Copeland). If capture was taking place during
the night, a set of white pegs or cocktail sticks (or similar) were balanced at the front of
each burrow. Every 120 minutes the entrance to each burrow would be inspected
and if the sticks had been displaced then the nest chamber would be checked for the
presence of a bird. On Ramsey and Lundy it was not possible to build access hatches
into the burrows, so purse nets were used at night to catch birds at the moment they

returned or left the breeding burrow (this method was used@yilford et al. 201Tor
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capturing Atlantic puffins, although it is also used for harvesting a number of burrow
nesting species). The nets were checked no less frequently than every 5 minutes to

ensure that no birds were left entangled for too long.

Once a Manx shearwater was caught, a British Antarctic Survey (BAS, Cambridge)
combined geolocator and immersion logger was deployed (after retrieving the
previously deployed geolocator if present) on the leg of the bird. The geolocator was
attached by cable ties and a small amount of superglue to sspaped darvic leg ring.
Depending on the type of logger used, the total mass of the device and attachments
was either 1.5g (BAS Mk 13, 14 and 18) or 2.5g (BAS Mk 6, 9, 15 or 19). Figure 2.1
shows a Manx shearwater carrying a BAS Mk 15 geolocator. Usually the bird would also
be weighed using a bag and a spring balance and the BTO leg ring number noted before
returning it to the breeding burrow. Total handling time was usually less than 10

minutes.

Figure 2.1BAS MK15%oggerl G G OKSR - 0ANRQ& tS3 daaAy3a Ol
from Skomer 2011.

33



2.2.2 Summary afata collectedand preprocessing techniques

Light and saltwater immersiotiata were collectedrom a total of 14 individual Manx
shearwaters,with 66 from Skomerand the remainder from Lundy(n=21) Ramsey
(n=11) Copeland(n=33)and Rum(n=14) A total of 275 completamigrationswere
tracked, 142of which werefrom Skomer Island40 individual Manx shearwaters were
tracked for three or more yeard'hese data have been collected over a period of six
years, from July 2006 (tHeggers wereetrieved in 2007) up until July 2012. Tabks
and2.2 summarise the numbers of individuals tracked at each colony and in each year.

Only complete migration tracks were used in the analyses presented in this thesis.

Table2.1. Numbers of Manx shearwaters tracked in each year at each colony. The date refers
to the year the data were retrieved.

Colony 2007 | 2008 2009 2010 2011 2012 Number of TOTAL
individual birds| tracks
Skomer | 11 15 26 28 32 28 66 142
Copeland 11 12 12 12 13 33 60
Ramsey 8 6 4 11 18
Lundy 15 13 7 21 35
Rum 13 2 14 15

Table 22 Number of individual Manx shearwaters that were tracked for repeat migrations from
each breeding colony.

Colony | 2years | 3years | 4 years | 5years | Totalnumber of birds
with repeat years

Skomer | 10 15 8 3 36

Copeland| 5 4 2 2 13

Ramsey | 3 3 6

Lundy 8 3 11

Rum 1 1

The migratory timing data presented in this chapter were calculated from the

gedocation dataalone. The archival loggers used in this study record the light sensor
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value every 10 minutes. These data can be combined with kriowes of sunrise and
sunsetglobally from which day length can bmlculated andused to estimate latitude

The timing of midday or midnighs used to gain an estimate of longitudé&his gives

two estimates of location per dayith a mean error of 186m (+ 144 kn) (Phillips et al.
2004) All light datawere initially decompresse@nd processed usinecompressor,
TransEdit and BirdTracker softwaBASTrakBritish Antarctic Survey) with a light
threshold of 10 and an elevation anglelw#tween-5 and-3 (depending on the logger
batch) The locations determined by BirdTracker were subsequently filtered to remove
those catulated from noisy transitions. The data were further filtered remove
locations at latitudes greater than 80{in both hemispheres) as these represent
locations where no Manx shearwaters have previously been reported so were deemed
highly likely to be erroneouduring the spring and autumn equinoxes, day length is
uniform across the globe, leading to increased errors in latitudinal estimates. Locations
7 days on the summer side and 21 days on the winter side of each equinox were
labelled for later removal due the asymmetrical levels of uncertainty either side of the
equinoxes (higher on the winter side as foundHtif & Braur2001)

2.2.3Determination of sex

Manx shearwaters show very little sexual dimorphism, howeSeiiford et al. 2012
showed that light and saltwater immersion data can be used to determine sex in
Balearic shearwatersP(ffinus mauretanicysby examining behaviour in the pre
breeding period. A similar technique is used here to infer the sex of all the individuals in
this study. Figure 2.2 shows the raw light curves and saltwater immersion data from
two data loggers, which were carried by a breeding pair of shearwaters on Skomer in

June 2010. The figure covers the period before an egg is laid.
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Egg laying

Male
FC83976

Female
FP52501

Female exodus

Figure 2.2Time series showing the light curves (white) and saltwater immersion data (blue)
from a pair of birds breeding on Skomer in 2010. The sex of these individuals was assigned by
cloacal inspectioimmediatelyafter egg laying. Thiemale prelaying exodugperiod islabelled

during whichthe male spends more time returning toahbreeding colony, visits which appear

as interruptions in thdight and immersiordata. The female does not return to the colony until
ready to lay the egg. Egg laying is then followed by a first incubation stint by the male bird;
appearing as a sustained period absent of light and saltwater immersion.

Where full days were spent within the breeding burrow there is an absence of
saltwater immersion and daylight periods. Female shearwaters spend around 10 days
away from the breeding colony postating (behaviour referred to as the pfaying
exodus) in order to build the egg (Brooke, 19€Builford et al. 2009Newton, 2011)
During that time the male makes more frequent visits to the breeding colony,
sometimes staying in the burrow during the day. Using this information, sex can be
inferred by looking at attendance in the period of time before the first incubation stint.

If this period is characterised by frequent visits to the colony (long dry periods and

interruptions to the daylight cycle), the bird is likely male. Conversely, if the bird spent
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most of its time at sea (indicated by uninterrupted light curves and long periods of
saltwater immersion) then the bird is probably female. Data are not needed from both
partners, although examining paired patterns reduced uncertainty in some birds. This
method was validated by examining the saltwater immersion and-liggger data for

43 birds from Skomer which had been sexed by cloacal inspection. Cloacal inspection
took place the morning after an egg laying event, which was determined by daily
burrow checks during May and June in 2009, 2010 and 2011. Of the 43 birds with both
logger data and cloacal inspection results, sex was inferred from logger data for 31
birds, and for the remaining 12 birds, no sex was inferred due to ambiguity in the pre
laying data. For all 31 of the birds with inferred sex, these concurred with the results of
cloacal inspections. This technique was then applied to all birds (from all breeding
colonies) where the attendance pattern determined from the logged data was
unambiguous.

2.2.4Statistical analysis

To analyse migratory phenology the dates corresponding to 4 key migration events

were determined as follows

- Departure fromreturn to the breeding colonythe dae at which the bird first

crosses the line ofL0 degrees longitude on each migration.

- Arrival at/departure from the overwintering locatiothe date at which the bird
is first/last observed within the 80% occupancy keraebund the median
overwintering location calculated farach bird, for each year. The extent of the
kernel changes depending on the variation within the overwintering location

(between 1.1 and 10 decimal degrees in latitude and longitude)
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The duration of each migration, and the number of days spent in the overwintering

location was calculated using the difference between the departure and return dates.

The relative importance of each of the potential drivers of differences in migration
phenology (individual consistency, colony, year, sex) was analysed by linear mixed
effects modelling, with year and colony as fixed effects and individual as a random
effect. Because the explanatory variable for individual was entirely nested within the
colony variable (each individual only ever bred on one colony), this structure was
represented by a nested random effect of individual within colony. In order to
determine which of these factors explained variation in each response variable, a series
of candidate models (listed in table 2.3) were defined, and the model that best fitted
the data whilst controlling for model complexitfas judged using theAkaike
information criterion,AlC)was taken as the base model. As well as reporting the best
model as judged by AIC, the statistical significance of each of the component terms was
assessed by-tests comparing the base model with models either adding or removing
the variable of interest. This approach was adopted so that tHests always
evaluated candidate terms by comparison with the best fitting model, rather than the
full model, since otherwise the full model could contain regnificant terms which
would nevertheless absorb explanatory power, weakening the statistical power of the

tests. In most cases however, the full model was selected as the best model by AIC.
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Table 2.3Summary of the 3lifferent models used to determine which factors described most
of the variation within each response variable. The best model was selected using d\fGr, an
most variables was model 3

Model name Fixed factors Random factors
Null BIRD (nested in colony)
One COLONY BIRD (nested in colony)
Two YEAR BIRD (nested in colony)
Three COLONY + YEAR BIRD (nested in colony)

An additional candidate model including a regression terms representing all
interactions between the year and colony variables was considered, but this model
comprised 29 more fixed effects terms. Due to the very large number of predictors (in
combination with the nested mixedffects structure) this model failed to converge, so
was excluded. Marginal and conditionats@uared estimates (fromNakagawa &
Schielzeth 2013 were also calculated for the Alelected model for each response
variable, in order to partition the variance explained by the random and fixed factors.
Because sex was not determined for all birds, the effect of sex was evaluated by
refitting the best model from the full dataset to the subset of data with identified sexes
(231 migrations out of 275) and comparing this against a model including an additional
fixed effect for sex. In order to test individual consistency in the timing of migration,
repeatability analyses were conducted for each response variable, using the method
defined byNakagawa & SchielzetB01Q All models were fitted in R 3.1.2 using the
following packages:Ime4 (fitting linear mixed effects modegl) MuMIn (AIC)
ImerTest  (significance tests for model comparisgnand rptR (repeatability
analysis)

39



2.3 Results

A general summary of thenedian migration departure and arrival dates amdean
migrationdurations for each year and colony can be foundables 2.4 and 2.5These

summarisehe data from 8 143 individuals (275eparate migrations).

Table 2.4 Summary ofmean departure andreturn dates and migration duration from each
year for shearwaters fronfive breedingcolonies. The year on the left hand side of the year
column shows the year that southbound migration took place and those on the right of the
year column show the year that northbound migration took place.

Southbound migration Northbound migration
Departure Duration Arrival Departure Duration Return N=
YEAR colony (days) overwintering | overwintering (days) colony

2006/2007| 20 Sep 34 23 Oct 11 Mar 35 15 Apr 11
2007/2008| 19 Sep 27 16 Oct 20 Mar 28 18 Apr 26
2008/2009| 21 Sep 29 20 Oct 13 Mar 33 15 Apr 38
2009/2010| 11 Sep 32 13 Oct 8 Mar 38 15 Apr 63
2010/2011| 8Sep 36 14 Oct 9 Mar 40 18 Apr 76
2011/2012| 5 Sep 37 14 Oct 5 Mar 38 12 Apr o4

Table 2.5 Summaryof mean departure and return dates and migration duration for Manx
shearwaters from five UK colonies tracked in multiple years. Colonies are ordered by
decreasing latitude.

Southbound migration Northbound migration
Departure Duration Arrival Departure  Duration  Arrival | N No. of
COLONY . .
colony (days)  overwinter | overwinter (days) colony | =  vyears
RUM 27 Sep 40 23 Oct 14 Mar 41 24 Apr 15 2
COPELANL 26 Sep 31 9 Nov 6 Mar 40 22 Apr 60 5
RAMSEY 17 Sep 37 10 Nov 12 Mar 44 25 Apr 18 3
SKOMER 25 Sep 33 2 Nov 10 Mar 41 25 Apr 140 6
LUNDY 4 Sep 32 9 Oct 21 Feb 36 21 Mar 35 3
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2.3.1Individual migratory phenology

A significant degree of individual repeatability in timing was detected for all the key
migration dates calculated from light based locations (table 2.6), except for the
duration of northbound migration which although still marginally significant, shows the
lowest proportion of repeatability. This indicates that variation in the date at which
birds depart and return from migration is greater between individuals, than within each

AYRAQGARdzZI £ AQ YdzZt GALX S YAINI GA2ya O0FAIdzNB A

Table 2.6 Results of linear mixed effects modelling testing the effects of breeding colony and
year on each of the seven response variables, and from repeatability analysis of individual
consistency. Statistically significant results (at the p<0.05 level) are highlighted in grey.

Colony Year R2 R2 Ind|V|du_a_I

Response . : R2 ' repeatability
. (fixed p (fixed p fixed | random p

Variable model (standard

effect) effect) effects | effects

error)

Breeding | 527 | 0006 | F=5.12| <0.001| 050 | 015 | 035 | 0.398(0.08) | <0.001
departure
Ovairr‘{l’/'glter F=3.24 | 0.014 | R=5.29| <0.001| 046 | 011 | 0.5 | 0.424(0.08) | <0.001
Southbound) -, o, | 107 | F=1.35| 0.244 | 030 | 005 | 026 | 0.305(0.08) | <0.001
duration
Overwinter | -1 15> | 0231 | F=4.99| <0.001| 055 | 007 | 048 | 0.497(0.08) | <0.001
duration
Overwinter | -1 51 | 0260 | F=2.23| 0055 | 086 | 004 | 083 | 0318(0.08) | 0.001
departure
Brrsti‘:r']”g F=12.04 | <0.001 | R=1.86| 0.103 | 056 | 021 | 034 | 0547 (0.07) | 0.001
Northbound | ¢ o> | 5001 | R=3.22| 0.008 | 025 | 013 | 012 | 0.133(0.08) | 0.044
duration
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Figure 2.3 Timing of key events in the southbound migration of individual Manx shearwaters.
From left to right: Date crossed th&0° longitude (leaving the UK), duration of migration, date
arrived at the mean overwintering location. Each row represents one bird (here, n=37 birds
with three or more repeat migrations), the black dot is the mean date, lines show the 95%
confidence intervals. The vertical line shows the mean for the whole data set.
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Figure 2.4 Timing of key events in the northbound migration of individual Manx shearwaters.
From left to right. Date of departure from the mean overwintering location, duration of
migration, date crossed thel0 °longitude on return to UK. Each row represents one bird (here,
n=37 birds with three or more repeat migrations), the black dot is the mean date, lines show
the 95% confidence intervals. The vertical line shows the mean for the whole data set.
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2.3.2 Colony differences in migratory phenology

There were significant differences between colonies in the mean dates of crossing the
10° longitude line on departure from the breeding colonies, arrival at the wintering
grounds, the date of return to the UK (again passing-fl@¥ longitude line, from west

to east) and the time spent on the northbound (or return) migratpsee table 2.6 for

the statistical results. Figures 2.5 and 2.6 summarise the southbound migration data
and figures 2.7 and 2.8 the northbound migration, showing the mean dates for birds
from each colony and the variation in the data. Birds from Lundy also appeared to be
consistently earlier than those from all the other colonies in the return date to the
breeding colony (average difference-@0D.1 days), and also had a shorter northbound
migratory duration (figure 2.8). Additionally, birds breeding on Rum appeared to be
generally later (average difference of +6.5 days) than the overall population median.
2.3.3 Effect of year on migration phenology

Yearly differences in the mean dates of crossing-t@ longitude line on departure
from the breeding colony, arrival at the wintering grounds, the amount of time spent
overwintering before departure back to the northern hemisphere were significant
(table 2.6). There were also significant yearly differences in the duration of the return
migration. Figures 2.9 and 2.10 show the yearly distribution of dates and durations for
the southbound (2.9) and northbound (2.10) migrations. There were no overall
patterns across the years, although data collected in years ending in 2011 and 2012

appeared to be slightly earlier in timing.
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Figure 2.5Timing of key events in the southbound migration from different colonies. The top plot in each column shows the data from all
colonies together. The colonies are plotted in order of latitude, Rummdy (from top to bottom). The solid vertical line shows the median for
whole data set, the dashed line the median for that colony.



Departure date from the breeding colony

I
< I
Q -t
° B COPELAND (n=57)
B LUNDY (n = 34)
3 B RAMSEY (n=14)
= E RUM (n=14)
z @ SKOMER (n = 143)
c o~
& 8 .
|
|
S 4 I
o |
]
I
Q 1
= !
= T T T T T
-40 20 0 20 40
Difference in days from the overall mean
Duration of southbound migration
©
8 - B COPELAND (n=57)
E LUNDY (n=34)
E RAMSEY (n= 14)
2 o B RUM (n=14)
g = B SKOMER (n = 143)
(a]
S 4
o
o
S 4
2 T T T T T
0 20 40 60 80
Duration of southbound migration
Arrival date at overwintering location
= I
S l
S - | B COPELAND (n=57) :
2 B LUNDY (n=34) |
- | ®m RAMSEY (n=14) !
- B RUM (n=14)
> & | | B SKOMER (n=143)
z 2
C
[} I
o 7 1
o I
5 - |
o |
|
7 |
|
o
o |
o 1
o T T T I T T T
0

-60 -40 -20 20 40 60

Difference in days from the overall mean

Figure 2.6 Crosscolony comparison of the southbound migration timing in Manx shearwaters
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2.3.4Sex differences in migration phenology

There were no differences between male and female birds in the timing of- post

breeding migration (table 2.7). However, males were on average 3 days earlier than

females in the timing of departure and arrival on northbound ¢preeding) migration

(figure 2.11).

Table 2.7Resultof linear mixed effects modehowing male and female migration schedules.

Statisticaly significant results (at the <05 level) are highlighted in grey.

Response Variable| Female (n=119] Male (n=111) F | df P | R2 fixed R2
random
Depart breeding 16-Sep 19-Sep 2.057| 1 |0.153| 0.192 | 0.230
area
Southbound _
migration Duration (days) 34 32 0.662| 1 | 0.418| 0.043 0.270
Arrive wintering area 19-Oct 20-Oct 0.056| 1 | 0.813| 0.145 0.380
Overwinter duration 135 131 1.793| 1 | 0.184| 0.090 0.462
Depart wintering 06-Mar 03Mar | 3.994| 1 [0.049| 0.134 | 0273
area
Northbound _
migration Duration (days) 40 40 0.005| 1| 0.943| 0.091 | 0.062
Arrive breeding area 15-Apr 12-Apr 5.500( 1 | 0.021| 0.275 0.304
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Figure 2.11Differences between males and females in the timing ofhmeeding migration.

Males depart from the wintering area earlier than females (A) and also arrive earlier at the

breeding area (B).
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2.4 Discussion

2.4.10veralltiming of migration

Manx shearwaters exhibit a clockwise migration around the Atlantic Océ&as.
southbound migratory route passes down the west coasts of Europe and North Africa,
crossing the south Atlantic at the narrowest po{approximately between latitudes 8°
and -6°) and continuing down the east coast of South AmelfjGailford et al., 2009
Freeman et al., 2013Dn the northbound migration the birds follow theastcoast of
South America up to the Caribbean and then take a variety of different routes back to
the UK across the north Atlanti@&uilford et al., 2009Freeman et al., 2013)This
chapter presents the first mulgolony, longterm study of migratory timing in this
species, following individual birds over the course of 6 years of tracking. Previous work

on this species estimated timing during one or at most two years.

The timing of migration for birds tracked across all yeamngl coloniesin this study
broadly matchedhose put forward by Brooke (1990from observation of birds from
the Skokholm breeding colongnd Guilfordet al. (2009) (where birds from Skomer
were also tracked with geolocatorspverall, southbound migration begins in mid
Setember and ends in mictober.Departure from the overwintering location occurs

in mid-March and birds arriveat the breeding colony by midpril. The only difference

is that Brookg(1990)suggests the birds return to the colony (Skokhoapproximately
4km south of Skomerby midMarch, which is a month earlier than we fifidm the
data collected from all five colonies, and that Guilford et al. (2009) reports from a
subset of these data from 200A possible explanation for this difference in timing is

that the birds sampled by Brooke were at a different stage in their life history (perhaps
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being older and more experienced, or Weersa). Alternatively, the sample of birds
used in one of these studies may have been unintentionally biased towards either
earlier or later breeders. This seems unlikely to be the case however, given the sample
aAl Sa Ay@2ft SR 6mnc AYRAQGARdDzZ fa Ay (KAaA
that birds were added to this study over its 6 years, with no bias in the time during the
breeding seasons in which birds we recruited. Although unexpectedly large, the
difference between timing of arrival from pitereeding migration recorded here and

NE 2 is fofedtially due to changes in the breeding behaviour and environmental
conditions overthe four decadessince. NB 2 1 S Qriithe 3 @i7@z®ering this time
other seabird species have shown changes in the timing of breeding behaviour with
shifts to earlier or later breedingVotier et al. 2009Wanless et al. 2009)Common
guillemots Uria aalge) also breeding on Skomer Island were studied from 1973 until
2008, and birds in this colony showed a trend for earlier breeding (approximately 6
days earlier)(Votier et al., 2009) The hypothesis for these changes in breeding
phenology is that they are a response to changing climate and environmental
conditions(Votier et al., 2009)As local and global climates have changed over the last
two decades many avian species have been observed shifting their breeding and
migration phenology so that they continue to benefit from seasonal peaks in
productivity (Frederiksen & Harris 2004; Charmantier et al. 2008; Balbontin et al; 2009
Saino et al. 2010)Manx shearwaters are a lofiyed species. Whilst mean life
expectancy is difficult to estimate, an individual recovered at the Copeland breeding
colony in 2003 was at least 55 years old, making it the oldest known bird in Europe at

the time (Coiffait et al., 2008Consequently, changes in timing of migration are more
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likely due to behavioural plasticity than climadeven selection(Charmantier &

Gienapp, 2014)

Time taken on southbound migration is generally shorter than the duration of the
northbound migration.Given that the migratory route differs more between individual
birds on the northbound migration (sezhapter J it seems likely that the duration of
migration may also vary according to the route. Another possible reason for these
differences is variation in the amount of time spent at stopover sg¢asis will be

explored further in chapters 4 and 6.

Variation among individuals in journey stadate was much greater for thereturn
migration (departing from thewintering area) than the southbound migration h&
range ofdates for northbound departure w93 days between the earliest and latest
compared with63 days for the southbound departure date (across all coloni€kjs
suggests that perhaps there are greater constraints on the timing of-lpestding
departure, possibly due to the restriction of the chick needing to achieve an optimal
weight before the adults can stop visiting the colony (Brooke, 198fnhay also be the
case that there are optimal conditions for passage along the southbound migration
route, such as winter weather systems bringing appropriate wind speeds aratidire

for efficient migration (Felicisimo et al. 2008o0th 2010) Delays in posbreeding
departure may increase the chances of encountering poor weather during the journey.
It is interesting that the dep@ure date (and subsequent arrival) in the northbound
migration is so variable, given that the generally held hypothesihas for many
species beginning breeding earlier in the season increases the likelihood of success

(Brooke, 1990Reed et al., 20Q9Hindell et al., 2012Shoji et al., 2015)However,
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variation in departure date from the South Atlantic may not always be related to
variation in the date of arrival at the breeding colony. For example, birds that leave
later may take a more direct route home, allowing them to make up for spending more
time in the wintering area. This hypothesis will be explored in chapter 6.
2.4.2Individualconsistency imigratorytiming

Individual shearwaters showed substantial consistency in migratory timing between
years. Behavioural consistency within individual birds was greatest during the
northbound migration, with 24 birds (64%) showing less than five days of variation in
departure and arrival across three or more years. This is markedly less than the overall

ranges of 93 days for northbound departure and 63 days for southbound departure.

Individualconsistencyn the scheduling of migration has beehservedin a number of

bird species, including several seabird spediBalbontin et al., 20Q9Vardanis,
Klaassen, Strandberg, & Alerstam, 20Thorupet al., 2013) Other seabird species
have shown a similar level of individual consistency in migratory timing to Manx
shearwaters(Reed et al., 20QBogdanova et al., 201 Fifield et al., 2014McFarlane
Tranquilla et al., 2014)ndeed, related Procellariiformes such as Streaked shearwaters
(Calonectris leucomelasTakahashi et al., 2004> / 2 NE Q& Calensdtridll I G S NA
borealis:Dias,et al. 2011 and Blactbrowed albatrossesThalassarche melanophrys
Phillips et al., 2006 all display individual repeatability in migratory scheduling,
particularly in the posbreeding migration. Often this repeatability in timing of
migration is mediated by breeding outcome, with failed breeders leaving earlier
(Bogdanova et al., 201Ivamamoto et al., 2014)Manx shearwaters appear to be

unusual in that individual consistency in timing is seen at every point during the non
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breeding period, from the date of departure from the breeding area through to the
following prebreeding migration. This suggests that breeding outcome does not
influence timing of subsequent migration. However, in this study departure on- post
breeding migration was defined as the date at which the bird crossed #h@°
longitude line, at which poinbirds may haveactually left the colony sometime before
this. Indeed, Manx shearwaters, like some other petrel species (sooty andtaled
shearwatersPuffinus griseuand Puffinus tenuirostris desert the chick up to 23 days
before fledging(Brooke, 1990)lt would therefore make sense that breeding outcome

is not the only influence on timing of pebteeding migration.

As detailed in section 2.4.1, it appears that the population average timing of arrival at
the colony may have changed significantly over the past four decades, most likely due
to behavioural plasticity in response to changing environmental conditions (particularly
timing of resource availability). Given that individual birds will likely have experienced
different conditions and timing over their long life spans, it is plausible that these same
environmental drivers of plasticity may be the root cause of these individual
differences. This is seen in the many avian species which show strong correlation of
event timing to coincide with biotic and abiotic factors such as favourable
oceanographic conditiondRamirez et al., 2016plant biomasgHinks et al., 2015nd

marine plankton peakéAbraham & Sydeman, 2004)

An alternative hypothesis is that individual repeatability over consecutive years may be
the longterm results of carrover effects, with the outcome of one part of the annual
cycle leading to a delay/advance in the next. Such carry over effects have been

identified in a range of seabirds, including other Procellariiforf@®ssin et al., 2012
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Catryet al,, 2013 Szostek & Becker, 2019)he contribution of carrpver effects to the
timing of the annual cycle (including migration) is quantified in Chapter 6. For example,
consistency in the timing of northbound (pleeeding) migration could be explained by
looking at the route taken by each bird and the time spent in stopover areas. It is
possible that a bird which consistently leaves earlier on northbound migration will have
a longer route than a bird which leaves later. The migration route, wintering site and
stopover behaviour are explored in chapters 3 and 4.

2.4.3Colony differences in migratory phenology

Although several studies have investigated the migration and wintering behaviour of
seabirds from breeding on different coloniéGaston et al., 20%1Frederiksen et al.,
2012 McFarlane Tranquilla et al., 201Bijnet al., 2013 Gilg et al., 2013Fort et al.,
2013 Fifield et al., 20140rben et al, 2015 Weimerskirch et al., 2015Frederiksen et

al., 2016)the dataset presented here follows individuals from five different breeding
colonies over the course of three or more years. Many of these studies focus primarily
on spatial aspects of ndoreeding behaviour.This study analysed data from multiple
years and multiple colonie® examine intercolony differences in individual migratory

timing over multiple years in detalil.

The five colonies used in this study lie at a range of latitudédy Rumthe most
northerly at 57.0° and Lundy the furthesbuth at51.2°. The timing of some key
migration events varied significantly between the five colonies. The median date of
departure from the breeding colony varied over 23 days across the latitudinal range,
with the median date of return to the breeding colony varying by an even greater

margin of 34 daysThere wasa general trend towards later datesf departure and
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arrival for birds from coloniestaigher latitudes (Rum latest and Lundy earlie$te

only exception to this is thenset of southbound migratiofor birds fromRum which
wasslightly earlier tharat both Skomer and Copeland/ifich areboth further south).

This may beartially due to the varied distribution of dates from Rum, the colony for
which therewasonly one full yeaof data for all but one individual¥he general trend

of later arrival from migrationfurther north is in agreement with Brooke (199@ho
hypothesized that this trendvas related toweather conditions.The shearwater
colonies onRumoccur at a much higher altitude (500m and above, at the top of the
three main peaks Hallival, Askival and Trollval) andw may cover the breeding
burrow entrancesuntil late spring (Brooke, 1990) delaying the onset of laying
(Thompson, 1987)This latitudinal difference may also come about if local peaks in
resources are different around the different colonies. If this is the case, birds might be
expected to time their arrival and subsequent breeding with those resources, as has
been seen with other species, in order to maximise breeding suqWéanless et al.,
2009 Regular et al., 2014However, tracking studies which took place later in the
breeding season show Manx shearwaters from all colonies making long distance
foraging trips of over 200knDean et al., 201,2Dean et al., 2015)This implies that
resource availability local to the breeding colony may be of lesser importance. Finally,
it is important to consider that the distanced travelled on migration may impact on the
timing of both departure and arrival. Lundy and Rum (at opposite ends of the
latitudinal range in this study) are approximately 700km away from each other, a
difference that may affect the overall migratory distance travelled by birds from these

colonies. This will be explored in the next chapter of this thesis.
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There were no consistent trends in the migratory timing of birds breeding on Ramsey
Island and Lundy Island. Both of these colonies are undergoing rapid expansions in
population size after the eradication of rats and current estimates suggest that both
are growing faster than the rate of recruitment from local reproduction. This implies
that immigration from other colonies is likely to be occurring. If immigration is taking
place, it is likely that a substantial proportion of these birds are individuals that could
not compete with others on their natal colonies, possibly because they are
inexperienced. Due to the nature of the breeding burrows on these colonies it was not
possible to estimate age or breeding experience for the individuals in this study.

2.4.4 Effect of year on migration phenology

The data collectetiere spars 6 consecutive breeding and migration periods from 2007
to 2012 enabling investigation of inteannual differences After taking into account

the variation due to colony differences, and individual repeatability, the dates of
departure and arrival on the southbound migration, the duration of the wintering
period and northbound migration showed significant variation between ye&ingere

was no clear temporal trend across the years, nor was any one year markedly different
from the others. This implies that intemnual differences in migratory timing over this
period (and across all colonies) were driven by stochastic effects, rather than a long
term trend. However, it may also be that this six year period is not enough to detect
the changes in phenology relating to lotegm climate shifts that have been found in
other seabird specie$Szostek, Bouwhuis, & Becker, 208xostek & Becker, 2015

Ward et al., 2016)
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Whilst many studies have looked at the effects of environmental variation on seabird
behaviour, mostly these have focussed on population level mortality and breeding
success or related breeding behaviour (such as the provisioning of offsf@atyyet
al., 2013 Jenouvrier, Peron, & Weimerskirch, 20Holdatiniet al, 2016) A smaller

number have examined the impact of extreme weather events (such as winter storms).

Severe weather stochasticity has been shown to have a significant effect on arrival time
in passerine specieRobson & Barriocanal, 2011)his is alsothe case for seabird
species such as the European shBfalacrocorax aristoteljsand common guillemot
(Uria aalgg, which showed delayed breeding after a period of high wind during the
winter (Harris & Wanless, 1996Jhese events, often termed seabird wrecks are well
documented in the northern Atlantic OcedBandvik et al.2005 Votier et al., 2005)

but the effects of this sort of extreme environmental variation on longer distance
migrants is less well understood. In species such as the Manx shearwater it is possible
that migrating individuals encounter weather conditions that interfere with the
efficiency of their commute, such as unfavourable wind directions which increase travel
costs(Felicisimo et al., 2008)

2.4.5Differences between the sexes

The timing of departure from the overwintering area differed between the sexes, with
females departing three days later than males. This was sustained through the
northbound migration, leading to female birds arriving three days later at the breeding
area (in agreement with Guilford et al., 2009). Early arrival of males at the breeding
area is widely reported in migratory speci@soko et al, 2006) and seabirds are no

exception. Male crested penguinEydyptesspp.) also show differences in the
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departure and arrival date at the breeding colony, although to a greater degree (9 days
before females, Thiebot et al., 2014). Early arrival of males has also been observed in
{ O2 L2 f A Qa CalokeéstrisNilbrneiicgNiBer et al., 2014) This reflects theories
regarding the role of the sexes in the goeeeding period, where males are thought to
spend more of their time in nest site defence and maintenance, which may require
earlier attendance at the colony (Brooke, 199Wiebot et al, 2014) Given that the

date of arrival in the breeding area recorded here is not a direct indicator of the date
that birds first arrive on the breeding colony (for this see chapter 5) it is possible that
males and females still get to the breeding colony in synchrony, but male birds spend

more time foraging to replace body condition on arrival in UK waters.

Sexual segregation in ndmeeding distributions occurs in many procellariiforme
species, especially those that show dimorphism between larger males and smaller
females (Phillips, Bearhop, McGill, & Dawson, 200Bgspite forming longerm pair
bonds (Brooke, 1990), and sharing a similar wintering destination, breeding pairs of
Manx shearwaters do not migrate together (Guilford et al., 2009), behaviour that is also
aSSy Ay { 02 LlkCalanackis diok&leahiber e &. RAL5) 0

2.4.6Conclusions

This chapter identifies key patterns in migratory timing and partitions this among
colonies, years, sexes and individuals. We find a significant degree of individual
consistency and a possible latitudinal effect of breeding colony on migratory timing,
with birds breeding at higher latitudes arriving and departing the breeding colony later
than the more southerly colonies. However, looking at the timing of migration may

become more informative when simultaneously considering other factors that may
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affect it. Here we have explored the role of individual variation, year, sex and colony in
shaping the timing of migration, but there other factors may also play a role.

Subsequent chapters explore variation and behavioural consistency in migration route,
stopover behaviour and breeding phenology. The relationships between these other
factors and migratory timing are then investigated in chapter six, which views these as

part of the entire annual Manx shearwater behavioural cycle.
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Chapter 3

Manx shearwater migration: migratory
path, overwintering location and
Individual variation
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3.1Introduction
Many species living in seasonal ecosystems move, sometimes over great distances, in
order to benefit fromchanges in resource availability, or to return to a specific location

to breed (as in the case of marine turtles and anadromous fish). Often the journeys

dzy RSNIi I { Sy F2NX LINRBYAYSyYy(d LI NIa 2Fm aLISOAS:

consequences for subsequent Hféstory stages (sometimes termed carryover effects,
Harrison et al. 2011 h Q/ 2 y Y 2 RO14$ Migrdtidn das been described in a large
range of avian species, from small birds such as hummingbirds and blackcaps to large,
soaring raptors Nleyburg et al, 2004 Németh & Moore, 2012Newson et al., 2016)

The multitude of means by which birds overcome the challenge of migration and how
this influences lifehistory decisions, population dynamics and ecosystem function has
formed the basis for a huge area of research and innovation in the fields of zoology and

ecology(Newton, 2011)

Birds migrating over sea face a different set of challenges to those encountered by
those migrating over land. In addition to being able to navigate over an apparently
featureless ocean(Alerstam, 2006) they must also avoid unfavourable weather
conditions, as the ocean offers nowhere to shelter or land, apart from the sea surface.
Extreme weather at sea regularly leads to mass mortality events in many migratory
species (Newton, 2007) including seabirds(Newton, 1998. In addition, wind
conditions may strongly limit the timings of such migrations, for exantpdy have

been shown to limit the transatlantic crossing of shearwat@tslicisimo, Mufioz, &
GonzalezSolis, 2008)Among these migrants, seabird specia® restricted to the sea

and their remarkably long migrations mean that they have to stad refuel(Shaffer



et al., 2006 Guilford et al., 2009Dias, Granadeiro, & Catr013; Freeman et al.,
2013. During these stopovers, seabirds are oftaned with patchy and unpredictable

resourceqDias, Granadeiro, & Catry, 2012; Mckniggttal., 2013)

Unlike terrestrial migrationwhich can be monitored from known observation points
along the flight paths of the birds, the journeys of migratsgebirds are difficult to
study. Seabird biologists must rely on coastal sea watching andbakgd surveys
(often restricted to main shipping pathways)YCamphuysen & Fox, 200%kov &
Durinck, 2001)and ringing recoveries, all of which can be inaccurate and
unrepresentative(Bairlein, 2001)As a resultfar less is known about the migration of
seabird species than of their terrestrial counterpar@nly since the availability of
miniaturised tracking devices, mainly in the last decade, have researchers begun to
fully understand the complex migratory behaviour of different seabird spebdlesolls

& Robertson, 2007 Phillips et al., 2007Nevitt, Losekoot, & Weimerskirch, 2008;
Kubetzki et al. 2009 Carey, Meathrel, & May, 200¥gevang & Stenhouse, 2Q10
Votier et al, 2019 Montevecchi et al., 2031Guilford et al., 2011.anders et a).201%
Péron & Grémillet, 2033 ollet et al, 2014 Thiebot et al, 2014 Ramos et al., 2015)
Because of the unique challenges facing migrant seabirds andpgbtntial value as
indicators for the marine ecosystems they use throughout their life his(&imoder,
2009) fully understanding seabird migratory behaviour is of prime importance for
marine conservatior{Shaffer et al., 20Q@8allance, 2007Wynn et al, 2007 Bauer &

Hoye, 2014)

A major tool in the study of seabird migration has been the archival-lagger,the
3S2f20FG2N) 602N a3t 26t f20FGA2y aSyazNEZI I
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estimates based on light curves, which, although relatively inaccurate when compared
to GPS or satellite based trackdmnillips, et al., 20Q4Shaffer et al., 2005)perform

well for recording long distance movements (more than 200km), especially given the
device size (<2g) and longevity (> 1 yeaBs such, geolocators have revedlthe
migration of smallef1kg and below}¥eabird specietShaffer et al 2006, Gonzal&slis
2007)Because of this number of seabird species hamew been tracked during the
non-breeding period with great succef¥lilitdo, Bourgeois, Roscales, & Gonzébetis,
2013 Kubetzki et al., 20QHarris et al., 200Bogdanova et al., 201Dias et al., 2011
Lorentsen & May, 2012Mcknight et al., 2013Hedd, Montevecchi, Phillips, & Fifield,

2014 Ratcliffe et al., 2014)

Despite the broad use of geolocators on seabird species, there have been
comparatively few longerm studies using these devices, and even fewer investigating
migratory behaviour simultaneously across several breeding coloRe=ent studies of
other seabird species have shown that migratory behaviour differs between breeding
populations of the same species, even when the -hogeding distribution is similar
(Fortet al. 2012 Frederikseret al. 2012 McFarlane Tranquillat al. 2013 Ratcliffe et

al. 2014) These differences can be in termscbfanges tanigratory timing,destination

and potential effects of habitat chang®icFarlane Tranquilla et al., 201Gro, 2014)
Intraspecific variation can be an important factor in understanding behavioural
plasticity within a species, and therefore the consequences of future environmental
change for that specig€harmantier et al., 200&harmantier & Gienapp, 2014)hese

may be range shifts switching to different food typesand changes in timing.

Intraspecific differences in migratory behaviour have been identified in a number of



migratory avian species, both terrestri@elmoreet al. 2012 Vardaniset al.2011)and
marine (Kubetzkiet al. 2009 Phillipset al. 2005) These differences in behaviour within

a species can provide evidence of individual specialisation, which has been identified in
several seabird speci€Burness et al., 200€hillips, Bearhop, McGill, & Dawson, 2009
Jaeger, Connan, Richard, & Cherel, 2@da & Ramos, 2019ndividual specialisation

in migration strategy has implications for population resilience when faced with

variability in the marine environmer{Ceia & Ramos, 201%/eimerskirch ¢ al., 2015)

The longitudinal nature ofhe data presented in this thesigermits examination of
behavioural variation within the UK Manx shearwater populatidihe aim of this
chapteris to establish: whether migration behaviour (in terms of migration trajectory
and distance) varies from one year to the next; if birds from different breeding colonies
differ in their behaviour;jif male and female birds differ in their behaviouwvhether
individual birds exhibit spatial fidelity both in the migratory route chosen and the-over
wintering area from one year to the nextndividual fidelity in migration route and
overwintering locationwill be discussed in terms of behavioural plasticity and-life
history strategiesThis chaptemwill improve understandingof migration behaviour in
this specieswith regards to the potential ecological processes that underlie variation

across this population.

This is the first time that seabird migration has been recorded from individual birds
breeding on multiple colonies over an extended period of time. As over 90% of Manx
shearwaters breed in the Uilitchell et al., 20043his large samplecovering the main
breeding range of the speciegs likely to be representative of much of the global

population. It is useful to compare the migration strategies and overwintering
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distribution of birds from different colonies and breeding circumstances in order to
gain a complete picture of the migratory behaviour across the population. Many
previous studies have focussed on a siagdony and may not be representative of the
whole population.Indeed, differences in migratory destination have been found
between seabirds from different colonies (for examphtiantic puffins (Fratercula
arcticg Harris et al., 2009Guilford et al., 2011;and mae recentlynorthern gannets
(Morus bassanugFort et al., 2012Fifield et al., 2014;)Multi-colony studies are scarce
but important, revealingimportant foraging hotspots foa species (Frederiksen et al.

2011) and identifying key threatsort et al., 2013)

Birdborne loggers were used to describe the complete migration route and
overwintering location of Manx shearwaters in 208607, using dad gathered from

12 individualgGuilfordet al., 2009). These birds were breeding on Skomer Island (UK)
in 2006 Additionally,the study describedtop-over behaviour and demonstrated the
daily behavioural cycles that occur during migration. Over the six years following this
2006 study, geolocators have been deployed on over 140 individual Manx shearwaters,
from five different breeding colonies around the UKl€ of Rum,Scotland;Copeland
Islands Northern Ireland; Skomer and Ramsey Islands, Wales; and Lundy Island,
England)see figure 1.1 Although an impressive tool for tracking long distance
movements, geolocation dathas significant positional err@Phillips et al., 2004)All
location estimates used here to infer migration routes may not be exactly accurate.
However the size of this dataset permits a high degree of confidence in the soadel

movements recorded from this species.



3.2Methods

The overall methods of bird capture, logger attachment, data collection and pre
processing are covered in detail in the methods section of chapter two, including the
number of individuals tracked:ables 2.1 and 2.2 in chapter two report the number of

birds tracked from each breeding colony

3.2.1Processing migration trajectori@sd calculation of migratory distance

Migration tracks were obtainedrom geolocation light data and p#erocessed using

the methods described in chapter two. Since latitudinal estimates from GLS data are
asymmetrically unreliable around the spring and autumn equifttik & Braun, 2001)
locations 7 days on the summer side and 21 days on the winter side of each equinox
were labelled and omitted. To remove additional positional errtigcks were
smoothed ing a cubic spline interpolation method applied separately to longitude
against time and latitude against time, each time using cubic spline smoothers with 10

degrees of freedom. All statistical analyses were performed on these smoothed data.

To determine theoverwintering locationareasfor eachtrack, all locations recorded

between November % and January SL were extracted (this period allowing for the

latest arrival and earliest departure from overwintering area as determined by Guilford

et al., 2009) These locations were then used to compute a median overwintering
location for each track. Positional estimates falling within80%occupancy kernel for
G0KSaS LRAyGa 6SNBE O2yaARSNBR (2 0S Rdz2NAyYy3
with a longitude east 0f10°W were excluded from the analyses as these are close to

0KS ONBSRAYy3I O2fz2yeé IyR fA1Ste O2NNBalLRy
migratory distances were calculated by summing gi@atle distances between
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consecutive points across each southbound and each northbound migration track.
Kernel density estimates, mean tracks and great circle distances were calculated with R

version 3.0.2 (R core team, 2013).

3.2.2 Analysis of northbound migration rouénd overwintering location

Variation in northbound migrationroutes north of the equator (where significant
variation in migratory routes was apparent) was investigated by comparing the degree
of longitudinal variation of routes at fixed latitudes, following a similar methodology to
Vardaniset al. (2011). For each northbound migration track, the longitude of the first
position after crossing each tife following latitudes north of the equatof°; 10° 20°

30% 40°% and 50°was extracted sing MATLAB Mathworks, Natick, Mask These

values were then compared across different individuals and colonies.

Kernel density estimation was used to calculate occupancy kernels from the
overwintering locations for each track. All kernel density estimates were calculated
using a grid size of 300 by 300 cells (with the dimensions of the grid varying according
the range of latitudes and longitudes in the overwintering proportion of each track) and
an optimum bandwidth selected by leastjuares cross validation on all tracks using the

G1SNYySt! 5¢ FdzyOlAz2y IOdlengek206Ww LI O1F3IS | RSK

For visualisation of overall migratory trends, a mean track for each individual, colony
and year was calculatedFreeman et a). 2011) The vyearly spatial median
overwintering locationswvere calculated for each individuahd for each of the five

breeding colonies

0
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3.2.3Statistical methods

Individual spatial fidelity in migration route was investigated using two statistical
approaches. First, a spatial nearest neighbour analysis was performed on the smoothed
migration tracks for both northbound and southbound migratighseemaret al. 2011
Guilford et al. 2011a) Nearest neighbour distanceprovide a metric ofspatial
dissimilarity betweertwo tracks For each location on a migrai track, the distance to

the nearest location on the comparison track is calculatedhe degree of spatial
similarity between a pair of tracksanthen be quantifiedby the averagingof the
distances fom each point ontrack one toits nearestpoint on track two, and vice
versa Hereafter we use the term nearest neighbour distance to refer to this average
pointwise distance between two track&ow nearest neighbour distancékerefore
indicate high similarity between two trackiearest neighbour distances between pairs
of tracks were summarised by calculating the mean across all pairs within in the
following four groups: withiandividual (tracks by the same bird in different years);
betweenindividual (tracks by different individuals in any years); witofony (tracks

by different birds within the same colony); and betweesiony (tracks by birds in
different colonies). Randomization tests were then used to determine whether mean
nearest neighbour distances differed between the witindividual and between
individual groups, or between the withitcolony and betweestolony groups. These
two tests therefore assess the strength of evidence for individual and colony
consistency in migratory route, and were each carried out for the southbound and

northbound migrations separately.
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As inGuilford et al., 2011each randomization test yielded avplue estimating the
probability of seeing an absolute difference in the mean nearest neighbour distance
between two groups at least as big as that observed from the data, simply by chance
under a null hypothesis that there is no difference between the two groups. This was
achieved by comparing the observed difference in mean nearest neighbour distances
between the two groups with samples from the distribution of expected distances
under this null model. Each sample from the null distribution was drawn by sampling
two null groups of track pairs at random from the entire dataset of tracks; with the first
null group containing the same number of pairs as the first observed group, and the
second null group having the same number of pairs as the second observed group. The
mean nearest neighbour distance over all pairs of tracks within each of these null
groups was then calculated, and the difference between them taken as a single sample
from the null distribution over expected distances. 100,000 samples were drawn from
this distribution for each test, and theymlue was calculated as the proportion of these

null samples with absolute value at least as big as the observed mean.

Whilst randomizationtests of mean nearest neighbour distancebetween groups
enablethe identification of individual route fidelity across whole routes, it does not
permit investigation into therelative importance of individual, annual or colelgyel
factors. A secondanalysis evaluated longitudinal differences in migration route at
specific longitudes during the northern part of the return migration. At each of the
following six latitudes (0°, 10°, 20°, 30° 40° and 50°), the variation in longitude
explained by colony, year and individual (nested within colony) was tested, using the

same modebased comparison approach as in chapteo (see table 2.3 pagd0).



Briefly, after determining the bedttting model for each response variable by AIC, the
importance of each of these predictors was evaluated by model comparison tests and
the marginal and conditional-8juared values of the be#tting model were calculated
(after Nakagawa & SchielzetB013 in order to partition the variance in longitudinal
crossing points between the explanatory variables. Because sex was not known for all
birds, its effects on migratory route were investigated by fitting additional models to
the subset of the data for which sex data were available (231 northbound migrations
out of 275). For each latitude, the best fitting model from the previous analysis was
refitted to the smaller subset and compared with a model with sex added as an
additional fixedeffect term. In order to test individual consistency in the northern
portion of the migration route, a repeatability analysis was conducted on these

longitudinal data using methods developedgkagawa & Schielzeth010Q

Occupancy kernels for the overwintering areas were analysed using randomization
tests to investigate differences between years, colonies and individbatseach test,

the mean percentage kernel overlap between kernels in each group (i.e. each year,
colony or individuals for those with multiple tracks) was compared against a null
distribution of mean overlaps calculated by randomising membership of each track to
these groupsHreedet al., 200§. Percentage overlap was measured as the volume of
the intersection between the two estimated density functions, avoiding the need to
condition the test on a specific occupancy threshold. Randomization tests were carried
out in R using kernel density estimation and overlap functions from the adehabitat

package.
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3.3Results

The broad movement pattesiand overwintering locationsf Manx shearwaters wa
similar across all yes, colonies and individuals and was similar to those found by
Guilford et al. (2009). Figures 314 display overall mean tracks for each of the five
breeding colonies. Birds left the breeding colonies and flew south along the west coast
of Europe and northern Africa, before crossing the Atlantic around the Equator and
continuing south along the east coast of South America. The wintering area was an
extensive region along the coast of Argentina. The northbound migration followed a
reverse route along the coast of South America, after which birds varied in the degree
of clockwise, westerly movement into the Caribbean before crossing the North Atlantic.
Figures 3.2 to 3.5 illustrate the mean migration pathways recorded from each colony,

along with the smoothed position estimates from all tracked birds.

3.3.1 Colony differences in migration path

Shearwaters from different breeding colonies differed on their southboomgration
routes (figure 3.1). In particular, most birds from Rum showed a northerly movement
away from the colony before flying southVithin-colony pairs of tracks showed highly
similar routes, with a mean neareseighbour distance c10067km (1039.5 km s.d., n

= 675) Within-colony pairs of tracks were significantly more similar than between
colony pairs of tracks, which had a mean nearest neighbour distance df7kts

(1417.7 km s.d., n = 107 lifféerence = 145.028 km,$0.023)



Figure3.1. Calculated rean
southbound migratiorpaths(bold
coloured linesfrom the five
breeding colonies of Manx
shearwatersThe surrounding grey
points are the individual smoothec
tracks from each recorded
migration.
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Colony differences were less apparent during the northbound-fpezding) migration
(figure 3.2). Within-colony pairs of tracks showed highly similar routes, with a mean
nearestneighbour distance of 672.9km (305.2 km s.d., n = 3634). Wathlony pairs

of tracks were significantly more similar than betwesslony pairs of tracks, which had

a mean nearest neighbour distance of 713.5km (467 km s.d., n = 4fiR8ence =

40.547 km, p <0.001)



Copeland

Figure3.2. Calculated rean
northboundmigrationpaths(bold
coloured linesfrom the five
breeding colonies of Manx
shearwatersThe surrounding grey
points are the individual smoothec
tracks from each recorded
migration.
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Further analyses into the degree of longitudinal movement during the second half of

the northbound migration revealed significant differencbstween coloniesin the

longitude at which birdsrossed latitude 40° and 50%afile 3.1 figures 3.3 to 3.6

Table3.1. Summary of linear mixed effects model outputs examining the effects of year, colony
and individual on the degree of longitudinal variation in the northbound migration route.
Significant (<0.05)-palues are highlighted in grey.

Colon Year R2 Individual
Response olony p- : p- R2 | R2 fixed repeatability | p-
: (fixed (fixed random
Variable value value | model | effects (standard | value
effect) effect) effects
error)
Lg}g{'}gg%&t F=0.205 | 0.935 | F;=2.346|0.044| 0.203 | 0.066 | 0.137 | 0.091 (0.098) 0.053
Longitude at _ _
latitude 10 F=0.88 | 0.478 | =3.914| 0.002| 0.26 | 0.103 | 0.157 | 0.07 (0.080)| 0.07
Longitude at _ _
latitude 20 F=0.991 | 0.415 | =3.241| 0.008| 0.317 | 0.747 | 0.242 | 0.181 (0.086) 0.013
Longitude at _ _
latitude 30 F=2.388 | 0.542 | =3.781| 0.003| 0.282 | 0.093 | 0.189 | 0.194 (0.090)| 0.007
Longitude at _ _
latitude 40 F=7.653 | <0.001| =0.796| 0.553| 0.175| 0.127 | 0.048 | 0.212 (0.084) 0.002
Longitude at _ _
latitude 50 F=4.131 | 0.005 | =0.232| 0.947| 0.204 | 0.204 | 0.001 | 0.158 (0.212) 0.025

3.3.2 Yearly differences in migration pathway

We found significant differences in longitude of migration route during the earlier half

of the northbound migration between years at 0°, 10°, 20° and 30° latitudes (table 3.1),

but not in the higher latitudes. There were no significant trends across years, however,

northbound migration taking place in 2012 followed a route consistently further to the

west (between 510° longitude lower than the overall mean) than in previous years

(figures 3.63.8).
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Figure 33. Frequency histograms showimglony differences in the longitude at which Manx
shearwaters cross latitude 0° and 10° during the northbound migration. The top histogram
shows all data, from all colonies. The rest of the plots are in order of decreasing colony latitude;
Rum (red), Copeland (blue), Ramsey (green), Skomer (purple) and Lundy (orange). Vertical lines
show the colony mean (dashed) and overall mean.
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Figure 34. Frequency histograms showimglony differences in the longitude at which Manx
shearwaters cross latitude 20° and 30° during the northbound migration. The top histogram
shows all data, from all colonies. The rest of the plots are in order of decreasing colony latitude;

Rum (red), Copeland (blue), Ramsey (green), Skomer (purple) and Lundy (orange). Vertical lines
show the colony mean (dashed) and overall mean.
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Figure 35. Frequency histograms showikglony differences in the longitude at which Manx
shearwaters cross latitude 40° and 50° during the northbound migration. The top histogram
shows all data, from all colonies. The rest of the plots are in order of decreasing colony latitude;
Rum (red), Copeland (blue), Ramsey (green), Skomer (purple) and Lundy (orange). Vertical lines
show the colony mean (dashed) and overall mean
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Figure 36. Frequency histograms showingarly differences in the longitude at which Manx
shearwaters cross latitude 0° and 10° during the northbound migration. The top histogram
shows all data, from all years. The rest of the plots are in order of increasing year; 2007 (red),
2008 (blue), 2009 (green), 2010 (purple) and 2011 (orange), 2012 (yellow). Vertical lines show
the yearly mean (dashed) and overall mean.
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Figure 37. Frequency histograms showingarly differences in the longitude at which Manx
shearwaters cross latitude 20° and 30° during the northbound migration. The top histogram
shows all data, from all years. The rest of the plots are in order of increasing year; 2007 (red),
2008 (blue), 2009 (green), 2010 (purple) and 2011 (orange), 2012 (yellow). Vertical lines show
the yearly mean (dashed) and overall mean.
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Figure 38. Frequency histograms showingarly differences in the longitude at which Manx
shearwaters cross latitude 40° and 50° during the northbound migration. The top histogram
shows all data, from all years. The rest of the plots are in order of increasing year; 2007 (red),
2008 (blue), 2009 (green), 2010 (purple) and 2011 (orange), 2012 (yellow). Vertical lines show
the yearly mean (dashed) and overall mean.



3.3.3Individual variation in the migration route.

Considerable inter-individual variation in migration route was found in both
southbound Appendix 3A and northbound migrations (Appendix 3B). However
individual variation did not account for a significant proportion of the overall variation
during the southbound migration. Win-individual pairs of tracks showed highly
similar southbound routes, with a mean nearesteighbour distance of 678.9km
(1208.9 km s.d., n = 24). Withimdividual nearest neighbour distance was lower than
between individual nearest neighbour distanaghich had a mean nearest neighbour
distance of 1095km (1286.4 km s.d., n = 1746) but the difference was not statistically
significant (dfference = 416.772 km, p 0.108) Nearest neighbour analysis of the
northbound migration route showed thawithin-individual pairs of track&ad highly
similar routes, with a mean neareseighbour distance of 454.5km (258.1 km s.d., n =
78). Withinindividual pairs of tracks were significantly more similar than between
individual pairs of tracks, which had a mean nearest neighbour distance c3ki94.
(399.1 km s.d., n = 7672jfi@rence = 239.793 km, p < 0.00Bepeatability analysis
indicated the same pattern, with the degree of westerly movement being consistent
within individuals (table 3.1). Thmain source of variatiobetween individualsiuring

the pre-breeding migratioroccured after the birds ha passed the nortkeastern coast

of Brazil. Here somiadividual birdsentered the Caribbeantecordinga more westerly
longitude (ess than-60 degree$ whereas others continue north on a more direct

route backacross the North Atlantiffigure 3.9 & 3.10).
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Figure 3.9.Individual variation in longitudes cerded on northbound migration, as the birds
crossed latitudes 0°, 10° and 20° north. Each line shows 3 or more years of data from one
individual bird, the black dot showing the mean longitutiedividual fidelity in migration route

is shown by thespreadof the standard deviation bars for each individual (black horizontal
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94



FR52581 -

FP52501

ES11327

ET00289

FB30384 -

FC83798

FB30578 -

EW87540

EG47300

FB22795

FB30537 -

EW87543

FB30383

ET02735

FB22794

FB24514 -

FB30595

ET02708

FR53196 -

EG63891

FB30568 -

FP52700

FB05298 -

FB24522

ET02651 -

FB30024

FB30390 -

EL91738

EJ99081

FC83751

FB30242

FP52814

FB30109

FB30575 1

FB30515 -

FC83976 -

FB30047

-
——
—
——
——
——
—
—_——
—
——
—
-
R E—
—
—
S S
——
—
——
_—
—
—
—
—
—
—
—_——
PR
—_——
—
—
—
——
—
e
—
T T T T T T

T

82 -72 -2 52 -42 -32 -2

Longitude

Longitude crossing latitude 30

EW87543 -

ES11327

ET02708 -

FB30384

ET02735

EW87540 -

FB30578 -

ET02651 -

EG47300 -

ET00289

FR52581

FB22795

FB22794 -

FB30595

FC83798

FB30390

FP52501

EJ99081 -

FR53196 -

FB24514

FC83751

FB30047 —

FP52814 |

FB30109

FB30383

EL91738 -

FB24522

EG63891

FC83976 -

FB30242

FB30537 -

FB30568 -

FP52700 -

FB30024

FB30575 -

FB30515

FB05298 -

Longitude crossing latitude 40

IR

-85 -75 -65 -55 -45 -35 -25

Longitude

FB22795

EW87543

FB22794 -

ES11327

FR53196

FB30568

EG47300

FP52814

FR52581

ET02708

FC83798

EJ99081

FC83976 -

EG63891

ET02651 -

FB24522 1

FC83751 A

ET00289

FB24514

ET02735

FB30109

EL91738

FP52501

FB30595

FB30578

T T T T T T T

-78 -68 -58 -48 -38 -28 -18

Longitude

Longitude crossing latitude 50

Figure 310. Individual variation in longitudes cerded on northbound migration, as the birds

crossed latitudes 30°, 40° and 50° north. Each line shows 3 or more years of data from one

individual bird, the black dot showing the mean longitutiedividual fidelity in migration route
is shown by thespreadof the standard deviation bars for each individual (black horizontal

lines).
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3.3.4Sex differences in migration route

There were no consistent differences between male and female Manx shearwaters
throughout both migration paths. This was true even for the most variable section of
the pre-breeding migration route, crossing the northern part of the Atlantic (figures
3.11 to 3.12). Linear mixed effects models showed no differences between the
longitude at which males and females crossed the B=1(208, p=0.275), 10°
(F=1.357, p=0.248), 209£0.323, p=0.571), 30F1.716, p=0.195), 40F0.269,

p=0.605), 50°F=0.013, p=0.909) lines of latitude north of the equator.
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Figure 3.1. Frequency histograms showing sex differences in the longitude at which Manx
shearwaters cross latitudes 40° & 50° during the northbound migration. The top histograms
show all data, from all years. The middle plot shows data collected from male birds, the bottom
female. Vertical lines show the yearly mean (dashed) and overall mean.
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Figure 3.2. Frequency histograms showing sex differences in the longitude at which Manx
shearwaters cross latitudes 0°, 10° (A) and 20°, 30° (B) during the northbound migration. The
top histograms in each plot show all data, from all years. The middle plot shows data collected
from male birds, the bottom female. Vertical lines show the yearly mean (dashed) and overall
mean.
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3.3.5 Migration distance

Total migratory greatircle distances were calculated for each southbound and each
northbound track. There were no significant patterns when comparing birds from
different colonies, in different years or between the sexes (table 3.2). Shearwaters

breeding on Rum appeared to travel further (around 2100km on the southbound

migration, 400km on northbound) than those from other colonies but this difference

was nonsignificant.

Table 3.2 Total distance of migration track recorded for each colony. Breeding colonies are
ordered by latitude. The dark vertical line in the middle of each plot shows the median

distance.

SOUTHBOUND MIGRATION DISTANCE
2006 2007 2008 | 2009 | 2010 | 2011 | F p |R2-fixedR2-random
7750 9125 9003 | 10286 | 12375 | 9825 1736 0.812| 0.088 0.462
2794 2807 7321 | 4927 | 7606 | 4352
Rum [ Copeland Ramsey Skomern Lundy F p [R2-fixedR2-random
13364 | 8984 | 11238 | 9943 | 11204 0.394 0.137| 0.088 0.462
5616 4016 5336 | 6736 [ 5607
Male | Female F p [R2-fixedR2-random
9293 | 11402 0.109| 0.743| 0.046 | 0.253
3970 7660

NORTHBOUND MIGRATION DISTANCE
2007 2008 2009 | 2010 | 2011 | 2012 | F p |R2-fixedR2-random
20777 | 17155 | 16458 | 18766 | 16389 | 14912 1561 0.173| 0.036 0.230
5378 8305 7474 | 11701 [ 4918 | 4459
Rum [Copeland Ramsey Skomer Lundy F p [R2-fixedR2-random
17456 | 17261 | 17117 | 16642 | 16935 0.376| 0.826! 0.036 0.230
2942 6441 6476 | 9008 | 5315
Male | Female F p [R2-fixedR2-random
17263 | 16516 0.109| 0.743| 0.046 | 0.253
10444 5272




3.3.6 Overwintering Areas

Manx shearwaters fronthe five breeding colonies this studyall migrated to a large

area off the coast of Argentinand Uruguay(table 3.3, figure 3.13)The only exception

to this trend was oneindividual from the Lundy Island colorfifB32225, see figure
3.14), which overwinteed in an area of the Atlantic north of Brazil and ea$ the
Caribbean for two consecutive years (2011, 201¥hen the percentage overlap in
wintering location was compared across years (accounting for variation between
colonies and individuals) there was no significant difference (mean overlap 67.7%, s.d.
3.94%, p=0.251Fimilarly, the mean overlap in overwintering area of 68.3% (s.d. 3.7%;

figure 3.18 inset) indicated no significant difference between colonies (p=0.054).

Table 3.3. Median overwintering locations and variance for each breeding colony. One bird
from Lundy show an overwintering location much further north of the area used by all the
other birds, leading to the higher variance in the Lundy latitude records.

Colony Med Lat Var (degrees) Med Long Var (degrees)

Rum -39.74 21.17 -60.17 16.03
Copeland -40.95 24.96 -61.66 10.69
Ramsey -39.98 25.53 -61.29 15.84
Skomer -40.01 23.05 -61.26 15.37
Lundy  -38.2 112.81 -60.72 20.04
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Figure 3.B. Kernel density estimates for the overwintering distribution of Manx shearwaters
from different breeding colonies. 95% occupancy and 75% occupancy (inset).
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