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The fast jerky flight seemedtfesa-light,
to have a buoyant butterfly assness.
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Abstract

ABSTRACT

At the St Kilda archipelago, Outer Hebrides, desdiihave been recorded in the Leach’s
Storm-petrel breeding population, the largest iitaBr and Ireland, and rapid increases in the
population of Great Skuas. Leach’s Storm-petraisgeHrequently been found in the diet of
Great Skuas at St Kilda, where storm-petrels aigeaon land only at night and, unusually,
skuas often hunt after dark. Apparent severe pkedation of Leach’s Storm-petrels has
raised conservation concerns regarding the susilitpaf the St Kilda Leach’s Storm-petrel
population. However, it was recognised that thaidipular predator-prey relationship is a
globally rare phenomenon, had not previously béedied for long at St Kilda (and never
elsewhere), and warranted further research betorsecvation management interventions
could be considered. Additionally, research onchéaStorm-petrel ecology at St Kilda was
desirable in its own right, because the speciegduadly been studied in the UK, due to its
highly pelagic lifestyle and very remote breediagdtions. The aim of this study was to
increase our understanding of the ecology, behaand predator-prey interactions of Great

Skuas and Leach’s Storm-petrels at St Kilda.

Results showed that Great Skua predation of Le&tiosn-petrels was considerable and
sustained. Estimated numbers of Leach’s Stornelsetonsumed annually by skuas were
variable but averaged approximately 21,000 indialdyper year. There was strong evidence
from storm-petrel ringing and behavioural obseoraiconducted at night that skuas fed
predominantly on non-breeding Leach’s Storm-petretich likely visit the archipelago in
very large numbers each year, from huge colongmsadiere, and probably play an important
role in reducing predation impacts on the breegimgulation at St Kilda. It was found that
Leach’s Storm-petrels did not exhibit any speatalisounter-predator adaptations to Great
Skuas, and were very easily captured at night erstinface of the breeding colonies by skuas
on foot. However, prey specialisation by skuasocturnally active seabirds (predominantly
storm-petrels) did not create fithess advantages jprey specialisation on diurnally active
seabirds or fish. Leach’s Storm-petrel speciaksta pairs were very few and all pairs
exhibited a tendency to feed on a diversity of @eg to switch prey-types between years.
Adult and juvenile Leach’s Storm-petrels were hygbgnsitive to light, and artificial light
reduction measures in autumn helped prevent stetnelmttractions and mortality in the
village on Hirta. The St Kilda Great Skua popwativas found to be declining slightly, in
contrast to the exponential growth recorded betvl®&0 and 2000, and Leach’s Storm-

petrel conservation issues now appear less sdvanehbd been expected.
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Introduction

Islands, and the species which inhabit islands¢areial themes in biology and
conservation (Darwin 1859, MacArthur & Wilson 19@&rry 2009). The study of
island communities is important in understandirgehology, variation and evolution
of species, but also the functioning of more compeosystems (MacArthur &
Wilson 1967, Tjorve 2010). Islands present unigpgortunities for ecological study
because trophic relationships are relatively catdiand on many islands there are
unusual species with novel interactions (Buzas 1WiRiamson 1996). Among
island organisms, ecological adaptation has beersk and often drastic, and many
endemic species have evolved (Frank 2010, Ferndedeon et al. 2010). Relative
to total land area, islands hold a disproportioydtegh quota of the earth’s
biodiversity (Diamond 1989, Quammen 1996). Cleasgkand ecosystems and
biodiversity warrant study in their own right, lrgnservationists view this as
particularly important, given that many island spedave recently suffered
extinctions or become threatened (Diamond 1989 @896, Simberloff 2000,
Terborgh et al. 2001). Island-nesting birds, irtipalar seabirds, have a higher
proportion of threatened species than any otherg(teadman 1995, BirdLife
International 2004). In many cases this statuskas caused by heavy predation of
remote populations by recently colonised mammadiash avian predators (Phillips et
al. 1999a, Gaston 2004, De Leon et al. 2006, Ragtnal 2007, Le Corre 2008).

Predation is a critical and normal process in estesy dynamics. Natural
selection for prey-capture and predator-avoidas@vident in many aspects of the
ecology and evolution of species, including forgdoehaviour, breeding habits,
morphology and population sizes (Krebs & Davies3¥delaar & Wright 2006,
Lind & Cresswell 2006). Many studies of islandlsed populations have focused on
the impact of non-native predatory mammals, sudlatsand cats, which have
colonised many islands worldwide in associatiorhvitimans (Simberloff 1995,
Clout & Russell 2008, Jeschke 2008, Rutherford.2G09, Traveset et al. 2009,
Jones & Ryan 2010, Pontier et al. 2010). Cats,aatl mice have had very severe
impacts on populations of island-nesting petReiscellariiformes including
albatrosse®iomedeidagshearwaterBuffinus and storm-petreldydrobatidae and
many eradication programs have been implementad tslands of alien mammals
(Brooke & Hilton 2002, Wanless 2007, Wanless eR@07, Bellingham et al. 2010,

Ratcliffe et al. 2010). Under normal circumstangedrel populations do experience
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some predation, but by animals which have not laegfrcially introduced, for
example predatory birds such as sk@tecorariidae(Fraser 1984, Watanuki 1986,
Ryan 1991, Mougeot et al. 1998, Weidinger 1998 0Becet al. 1999, Stenhouse &
Montivecchi 2000, Stenhouse et al. 2000, Phillipsl€2004, Oro et al. 2005).

Skuas are large generalist predators (adults >},.2lasely related to gulls
Laridae, but with mostly dark plumage, claws, hard scoteshe legs and a
prominent distal nail on the bill (rhamphothec@he taxonomy of skuas is in debate,
but the family comprises at least seven speciefyding three smaller species (wing
span < 125cm: Pomarine Sk8gercorarius pomarinydArctic SkuaS. parasiticus
and Long-tailed Sku&. longicaudusand at least four large-bodied species (wing
span > 125cm: Great Sk&a skuaand theCatharactaskuas, including Brown Skua
C. antarctica Chilean Sku&. chilensisand South Polar Sku&, maccormicki The
Catharactaskuas are widespread in the southern hemispheser on islands with
large petrel populations, and feed heavily on sdal{iFurness 1987). The only large
skua to occur in the northern hemisphere is that@kua, which breeds in Iceland,
the Faroes, northern Scotland, Spitzbergen, B&ardsand northern Norway, and has
an estimated global population of ¢.16, 000 breggairs, most in Scotland (c. 9600
pairs; Mitchell et al. 2004). Great skuas eatvedie variety of prey including fish,
shellfish and seabirds, foods being caught by tipesdation, scavenging and

kleptoparasitism (Furness 1987).

On islands in the southern hemisphere, many stindies been made of the
foraging, behavioural and population ecologyCattharactaskuas and their petrel
prey, which includes rare and endemic gadfly pef&trodroma prionsPachyptila
and storm-petrels (Ramos et al. 1997, Moncops 4988, Mougeot et al. 1998,
Weidinger 1998, Brooke et al. 1999, Berrow 2000 ulgleot et al. 2000a, Brooke
2004, Hahn & Peter 2003, Phillips et al. 2004, \¢a&pTveraa 2005, Janicke et al.
2007). Subantarctic populations of petrels hav@ved ways to help avoid predation,
for example by breeding colonially, nesting in louwvs and crevices, being active on
land only at night, and by recognising the callslafas (Ramos et al. 1997, Mougeot
& Bretagnolle 2000a, Mougeot & Bretagnolle 2000tgrhouse et al. 2000, Brooke
2004). However, the hunting adaptations of skuaslaverse and innovative, and

have included prey specialisation on one specwdumal foraging, and novel prey

10
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capture techniques such as digging petrels out fhaimn underground nest chambers
(Furness 1987).

In contrast to the southern hemisphere, predafish@arwaters and storm-
petrels by skuas in the northern hemisphere has tage, and there have been very
few records from north of the equator of skuas aomeg species of petrel that are
active on land only at night. The relative scaroit the phenomenon is probably
because the species diversity of nocturnally agigteels is much lower in the
northern hemisphere than in the southern hemisg@retehe extent of range overlap
with skua populations is relatively very limitedufiress 1987, Brooke 2004).
However, during the 1990s, for the first time, veeavy predation of storm-petrels
by a northern hemisphere skua was recorded: tliapoa of Leach’s Storm-petrels
Oceanodroma leucorhday Great Skuas at St Kilda (Phillips et al. 1997).

*k kK k*k*

St Kilda archipelago, Outer Hebrides, NW Scotlabsitf49'N 8°35W), is a
World Heritage Site, Special Protection Area (SBAJ Site of Special Scientific
Interest (SSSI) with internationally important sedipopulations (Mitchell et al.
2004). Great Skuas first bred at St Kilda in 1868 numbers rose slowly until 1990
(66 pairs), after which a rapid expansion begauill{Phet al. 1999a). The skua
population on the main island at St Kilda (Hirtagrieased at a rate of 22.1% per
annum between 1994 (128 pairs) and 1997 (233 pdimijing studies of this
population growth, many skua pellets (regurgitatetigestible prey-remains) were
found containing Leach’s Storm-petrels (Phillipgketl997, Phillips et al. 1999b).
Leach’s Storm-petrel is a highly pelagic small sebfadults <50g), that comes to
land only to breed or search for breeding sitests/ithe breeding colonies only at
night, nests colonially in underground chambersemnote islands close to the
continental shelf, and ‘wanders’ between poteftrakding sites before reaching
breeding age, at (on average) five years old (Saderrins 1998, Brooke 2004,
Mitchell et al. 2004). This behaviour makes pofiates of Leach’s Storm-petrels
extremely difficult to survey (Berrow 2000, Ambagg2004, De Leon et al. 2006,

11
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Gutierrez et al. 2006, Hounsome et al. 2006). Wbed population has been
estimated to be between 9,000,000 and 10,600,06€) pat accounting for unpaired
birds of pre-breeding age, which are likely to nemg&everal million extra individuals
(Brooke 2004, Mitchell et al. 2004, Votier et a(b).

Complete Leach’s Storm-petrel population surveyeeviiest attempted at St
Kilda in 1999 and 2000 and all islands were inctiddirta, Dun, Soay and Boreray.
In total, 45,433 apparently occupied sites of biregdeach’s Storm-petrels were
found at the archipelago (95%LCI = 34,310, 95%U®@l15:398), representing 94% of
the estimated British and Irish total (48,357 app#y occupied sites) and the largest
colony in the western Atlantic (Mitchell et al. 200 A repeat survey was carried out
in 2003 on the largest sub-population at St KitaPun, and this suggested that a
50% decline in breeding numbers had occurred, 28800 apparently occupied
sites found in 1999 down to 14,000 four years |&EBrien et al. 2003, Newson et
al. 2008). Recent changes in the skua populatadence of storm-petrels in skua
pellets, and storm-petrel consumption estimates gkua predation modelling,
prompted strong suspicions that the decline in hsaStorm-petrels on Dun was due
to skua predation (Mitchell et al. 2004, Philligsae1999a, Phillips et al. 1999b).

In 2004, a short pilot study was carried out tdesziland assess evidence of
petrel predation by skuas at St Kilda (Votier e28l05). Storm-petrels were found to
form a high proportion of the diet of skuas, rattimcked skuas were highly active at
night and, using night-vision equipment, skuas veirectly observed hunting storm-
petrels on the breeding colonies. These findittgsdecline recorded in the Dun
Leach’s Storm-petrel sub-population, and the pgeckthreat posed by an apparently
increasing skua population, raised concerns regguitie UK importance and
conservation of the St Kilda Leach’s Storm-petigbylation. It was recognised,
however, that predation of Leach’s Storm-petrel&ogat Skuas was a rare
phenomenon away from St Kilda, had not been stuidielbng on Hirta in 2004 (and
never elsewhere), and that the situation warrafuetkder research before any
conservation management interventions could beideresl. Additionally, further
research on the ecology of Leach’s Storm-petre&t &lilda was desirable in its own
right, because the species had rarely ever bedredtin the UK, due to its elusive

habits and the remote locations of breeding coknighe overall aim of this study is

12
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to increase our understanding of the ecology, behaand predator-prey interactions
of Great Skuas and Leach’s Storm-petrels at SteKil@ihe overall purpose is to make

possible an informed assessment of conservatiorsss

Kk kkk k%

The chapters of this thesis are each written ascaede paper presenting data
that does not feature in other chapters. Howenex few cases, data in different
chapters were collected using the same technifpresxample analyses of skua
pellets to assess diet, and this has necessitategrae of repetition of methods,
which | have tried to keep to a minimum. For thkesof possible future publication,
each chapter is intended to stand alone as a papeach has its own
acknowledgements section and tables and figuregrasented at the end of the
corresponding Results section, or section in wbitierwise first mentioned, rather
than being embedded within the text. All referenaee in a single combined list at
the end of the thesis. | have followed the coneendf not capitalising common

names of mammals but all other common names ar&lisgd.

Chapter 1 aims to determine the extent to which skua pairaiscturnally
active petrels (in particular storm-petrels), tlegebe of dietary specialisation on this
prey, whether reproductive and physical fithessaathges are associated with
nocturnal foraging on storm-petrels and shearwased how rapidly the skua
population is growing at St Kilda. | assess tt@dance of storm-petrels and
shearwaters in the diet of skuas using pelletssareahe occurrence of dietary
specialisation in the skua population, and, usapgaductive and adult body
condition parameters, compare the fitness of skurs pf different diet types.
Additionally, | examine how the St Kilda skua pogtidn is changing in size, with

reference to other colonies in Scotland.

The aims ofChapter 2 are to quantify the occurrence of Leach’s Storm-
petrels in the diet of skua pairs breeding at &l&idefine the numbers and

distribution of Leach’s Storm-petrel specialistrgainvestigate the influence of skua

13
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nest location on dietary specialism, and assesthehkeach’s Storm-petrels eaten
by skuas are breeding or non-breeding individu&lsua pellet analyses and colour-
ringing are used to assess the diet of pairs anéxtent to which individual pairs ate
Leach’s Storm-petrels in 2007, 2008 and 2009. ¢/bmood-patch and biometric
measurements from Leach’s Storm-petrels ringechduhe study, | investigate
whether the breeding status and age of Leach’sriSpatrels eaten by skuas can be
determined from remains found in pellets, and eataluesults in relation to night-
time observations of the behaviour of Leach’s Stpetrels and Great Skuas at the

storm-petrel breeding colonies at St Kilda.

In Chapter 3, | use bioenergetics models to estimate annuaggrand prey
consumption by Great Skuas at St Kilda and aineterthine how many Leach’s
Storm-petrels are consumed by skuas each yearher&tavy predation occurs, and
whether predation of petrels is at all sustaindd/ben years. | assess the impacts and
implications of Leach’s storm-petrel predation kyas, estimate annual consumption
of other seabirds, fish and goose barnacles, ansider the importance at St Kilda of

non-breeding Leach’s Storm-petrels that ‘wandetivieen colonies prior to breeding.

Chapter 4 describes aspects of Leach’s Storm-petrel antgiien behaviour.
This chapter aims to assess how finely attunedtéeding ecology of Leach’s
Storm-petrels is to light conditions at night anldether the species recognizes and
responds to acoustic and visual signals from G3kats. Using night-vision
equipment, light sensors and petrel mist-nettingyéstigate counter-predator
adaptations of Leach’s Storm-petrels correlativelselation to changing natural light

levels and experimentally in relation to the siginind and threat of skuas.

In Chapter 51 investigate the impacts of a potential causmoftality to
storm-petrels at St Kilda other than skuas: aréifibghts. Petrels are attracted to
lights at night, sometimes become grounded, andbredylled via collision with
buildings or predation by birds and mammals on lanalssess effects of artificial
lighting and moonlight on petrels at St Kilda andhis chapter aim to determine the
numbers, ages and mortality of petrels attractddedights in the village on Hirta,
the influence of the lunar cycle on attraction tofrs-petrels and shearwaters to

lights, and possible mitigation measures to redigté-attraction and petrel mortality.

14
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Variation in Leach’s Storm-petrel plumage was s8ipg and extreme among
birds examined at St Kilda and@hapter 6 | report observations made from adults
and juveniles. Plumage differences between Ledstoam-petrels of different ages
had not previously been studied in detail and ism thapter | aim to elucidate
plumage characters that may be encountered by otigers and birdwatchers in the
UK, with consideration of aberrant plumages whiebemble features of other species

of storm-petrel.

Chapter 7 reports one of the biggest surprises of the stwtiyjch was that in
2007 exceptional numbers of Snowy OBIsbo scandiacusisited St Kilda and were
found to depredate Great Skuas. In this chamanito make an accurate record of
the number of individual Snowy Owls present at 8d# their behaviour and use of
habitat, the diet of the birds, and their interaasi with skuas.

In the final section of the thesis, tB&neral Discussionl summarise the
main findings of the study, discuss the likely acence and implications of non-
breeding Leach’s Storm-petrels at St Kilda, and m@mt on conservation issues

concerning the Great Skua and Leach’s Storm-ppti@lilations at the archipelago.
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Chapter 1

Storm-petrel and shearwater predation and fithess

consequences in Great Sku&stercorarius skua
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Chapter 1 Petrel predation & skua fitness

ABSTRACT

Specialisation on particular foraging methods ar&y gan lead to improved
reproductive fitness for predators. Large numloéstorm-petrels have been found in
the diet of Great Skuas at St Kilda, Outer Hebriddsere storm-petrels are active on
land only at night and, unusually, skuas oftenderafter dark. This three-year study
aimed to define the extent of storm-petrel and shai@r predation within the skua
population, assess the occurrence of prey-speatiains and determine whether
fitness advantages were associated with specigisindifferent prey, in particular
nocturnally active petrels. Additionally, | invested recent skua population changes
at St Kilda in relation to other populations in 8and. Over 40% of breeding skua
pairs ate storm-petrels and shearwaters in eacloyéais study but most also fed on
other prey caught during the day rather than ditnig°rey specialisation on
nocturnally active seabirds (petrels) did not e@dahess advantages over prey
specialisation on diurnally active seabirds or.fisfowever, mean egg-laying date,
one proxy for skua fitness quality, was consisteadrlier for dietary specialist pairs
than dietary generalists. The St Kilda skua pamriavas observed to be declining
slightly, as were the largest populations in SemtlaWe conclude that current
declines in the St Kilda population, and a laclany fitness advantages from
specialising on nocturnally active petrels overcgdesing on other prey, mean that
the extent to which skuas predate storm-petreBt Kilda, although unique within

Scotland, is unlikely to rapidly increase or becatoeninant.
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Chapter 1 Petrel predation & skua fitness

INTRODUCTION

Ecological adaptation by individuals of a specias lead to fithess advantages and
improved survival by natural selection. Examplethes are multitudinous and
diverse, but among seabirds have included mangrdift behavioural adaptations to
improve foraging opportunities, which in turn impeal fithess (Furness 1987,
Hatchwell 1991, Brooke 2004, Gaston 2004, Phiipal. 2007, Troupe et al. 2009).
Colonisation of new breeding grounds by seabirdspravide better access to
unexploited food resources, the ability of indivadiito try new ways of hunting can
lead to easy capture of novel and abundant prelybahavioural cognition and
imitation can result in advantageous foraging tepmes becoming widespread within
seabird populations (Greig et al. 1983, Caldow &ess 2000, Gill et al. 2002,
Davis & Renner 2003, Hahn & Peter 2003, Votierle@05). Many studies have
shown that innovative and successful foragingusiat to the fithess of seabirds,
affecting adult survival, the maintenance of goodybcondition, the ability to attract
a mate, the processes of nesting, and the suct#ledfying and survival of young
(Hamer et al. 1991, Annett & Pierotti 1999, Oro &rkess 2002, Gaston 2004,
Mitchell et al. 2004, Votier et al. 2004a, Davisa&t2005, Mattern et al. 2009,
Sorensen et al. 2010).

Gulls Larusand skuastercorariusare dietary generalists and feed on a great
variety of birds, fish, shellfish and anthropogeweste by direct predation,
kleptoparasitism and scavenging. However, pomrathanges and variation in
reproductive performance have been described setgmups, caused by individuals
adopting very particular foraging strategies areyFurness 1987, Pierotti & Annett
1991, Ryan & Moloney 1991, Watanuki 1992, Spear31®illips et al. 1999a,
Votier et al. 2004b, 2004c¢ & 2007). For exampégroductive success of Herring
Gulls Larus argentatusind Lesser Black-backed Gullarus fuscusas greatly
increased in cities, and urban populations havengmapidly throughout the UK,
owing to individual adaptation to food resourceailble at inland rubbish dumps
and to nearby roofs and chimneys for nesting (R21)5). At Hermaness, Shetland,
Great Skuétercorarius skugairs specialising on seabird prey by direct ptieda
showed higher reproductive fitness than pairs stistig on fish; indicated by earlier

egg-laying, larger clutch volumes and higher ctiokly condition in seabird
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Chapter 1 Petrel predation & skua fitness

specialists (Votier et al. 2004a). These obsewnativere made at a time when
fisheries discards and sandeels in Shetland werenegly scarce, and low fitness in
skuas specialising on fish was likely driven byeaipd of reduced prey availability
(Votier et al. 20044, Votier et al. 2004c). Durthg start of this period, in the 1980s,
many Great Skuas emigrated from the UK breedirangtrolds in Shetland and
colonised other islands in Scotland (Phillips etLl8P9a, Votier et al. 2007).

Immigration and rapid population growth were obserat St Kilda, Outer
Hebrides, where skuas began to exploit the natypmaportant numbers of seabirds
nesting at the archipelago (Phillips et al. 19998909b). St Kilda holds the largest
breeding population of Leach’s Storm-peti®kseanodroma leucorhaa Britain and
Ireland, as well as populations of European StoetnetsHydrobates pelagicuand
Manx ShearwateBuffinus puffinusand individual skuas began to depredate these
petrels by foraging at night, the only time whea fetrels are active on land (Phillips
et al. 1999b, Brook 2004, Mitchell et al. 2004, ot al. 2005). In a UK context, St
Kilda is unusual in having large breeding populasiof three species of seabird that
are active on land only at night (all other speeaiethe archipelago are most active
during the day). Sustained nocturnal foragingpketrels by Great Skuas had not
previously been reported and the behaviour wasuatdisr the species (Votier 2005).
However, in the southern hemisphere, on islandsevbieeding ranges of skuas such
as South PolaCatharacta maccormiclkand Brown Skua€atharacta skua lonnbergi
overlap with those of storm-petréfydrobatidag shearwaterBuffinus gadfly petrels
Pterodromaand priondachyptilg very heavy predation exclusively of petrels has
frequently been observed (Furness 1987, Moncorpk €998, Weidinger 1998,
Brooke et al. 1999, Mougeot & Bretagnolle 2000hi)lipk et al. 2004). Studies of
skua foraging patterns and seabird predation Kil&, made between 1996 and
2004, suggested predation of nocturnal seabirdscasasnon, many skua pairs had
learnt to forage at night, and several thousanuspeetrels and shearwaters were
annually killed by skuas (Phillips et al. 1999b tiéoet al. 2005). This, combined
with a 48% decrease found between 1999 and 200 ilargest Leach’s Storm-
petrel subcolony at St Kilda, on Dun, raised cons@ver the conservation of petrels
on the islands (Newson et al. 2008). An increa§ingat Skua population was
quickly blamed for the apparent demise of Leachsr8-petrels at St Kilda.

Unknown, however, was the extent to which skuaspdlted nocturnal seabirds, the
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degree of dietary specialisation on this prey, Wweefitness advantages were
associated with nocturnal foraging on petrels, Waeincreasing numbers of skuas
were adopting this behaviour, or how rapidly theaskopulation was growing. Here
| present the results of a three-year study toesfdthese unknowns. | assess the
incidence of storm-petrels and shearwaters in idteodl skuas; measure the
occurrence of dietary specialisation on noctureab#ds, diurnal seabirds and fish
across the skua population; use reproductive antd bddy condition parameters to
compare the fitness of skua pairs of different tipes; and determine how the St

Kilda skua population is changing, with referene®ther colonies in Scotland.

METHODS

Study site and skua populations

The study was carried out at the St Kilda archipelgs7°49N, 08°33W), Outer
Hebrides, during the breeding seasons of 2007, 2668009. St Kilda is a Site of
Special Scientific Interest, a Special Protectioradand a UNESCO World Heritage
Site for its cultural and natural value, in partasuor breeding seabirds. Over
670,000 seabirds of fifteen different species neghe islands (Mitchell et al. 2004).
The site is of special importance for breeding neratof Northern Gannéforus
bassanu£60,400 apparently occupied nest sites in 1994&jmgat the world’s largest
colony; Mitchell et al. 2004), Leach’s Storm-petfestimated 45,400 apparently
occupied breeding sites; Mitchell et al. 2004) édat Skua (>1% world breeding
population; Mitchell et al. 2004). More than 90%@adult Great Skuas breeding at St
Kilda have nested on the largest island in the gyrélirta (Phillips et al. 1999a,
Murray 2002). Complete surveys of the breedingutettpon of Great Skuas on this
island were carried out in every year of this sthghsearches for all nests in all areas
of suitable habitat, repeated eight times (minimumgach breeding season.
Numbers of pairs breeding on the other islands (Bway and Boreray) were
surveyed on the few occasions that sea conditiemsifted landing. This was never
possible on Soay and the most recent estimatedibgerumbers (22 apparently
occupied nests sites found in 1999, Murray 2002ewsed in the sum total breeding

population estimates of Great Skuas at St Kildaefmh year. To allow comparison
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of long-term Great Skua population changes at ®lakvith trends at other highly
populated sites, data from this study are preseaatetyside Great Skua breeding
population estimates from Handa (Sutherland), Bt Noss, Hermaness and Foula
(Shetland) from 1900 to 2009 (Furness 1987, Phkilipal. 1999a, Pennington et al.
2004, Shetland Bird Reports 1980-2008, Fair Iskel Reports 1950-2008, Green et
al. 2009, M. Pennington & D. Shaw pers. comm. 2010)

Diet assessment

Diet of breeding adult Great Skuas was assessétirtanby identification of prey
remains in regurgitated pellets of indigestible enial, collected from every known
nesting territory on the island in each year. &axh territory, a circular area of 15m
radius from the nest was checked for pellets, byottserver walking in a tight spiral
from the nest out to the circumference, at all Sreearching a 2frarea immediately
ahead. Pellet searches lasted 20 minutes pédbotgrriGreat Skua pairs defend their
territories against conspecifics highly aggressividlus pellets within a territory can
be confidently assigned to one pair (Votier eR@D4a). Territories were visited
every 10 to 15 days from May (egg laying) to midghst (fledging), all pellets were
collected and removed to prevent recounting, ahgray remains identified to the
lowest possible taxon using established identificatriteria (Votier et al. 2001,
2003, 2004b). Skua pellets are typically of simdi@e, colours and texture, and | was
confident that these variables did not bias péiteting towards particular prey types.
Fish pellets are slightly looser and more prongistmtegrate over time (20+ days)
than bird or Goose Barnacle pellets, but relativedguent pellet collection aimed to
negate any bias introduced by this potential diifiee. The diet of each pair, the
annual relative composition of different prey-typeas determined by calculation of
the relative proportions of total meals consumeditféérent prey-types (1 meal =
guantity of food present in a bird’s proventricutusits return from feeding; Phillips
et al. 1999b). Following Votier et al. (2004byitl not assume that one meal resulted
in the production of one pellet, and calculated bara of meals by applying
correction factors to pellet frequencies, determiftem studies of captive Great
Skuas fed different fish and bird prey (Votier et2001, 2004a, 2004b). In contrast
to other prey items, aukicidag fish and goose barnadlepassp. remains in pellets

could not be identified to species level so theseains were classified into three
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generalised categories to include all speciesalTatmbers of meals were calculated
from the total numbers of pellets collected intattitories for each of the following
prey-types: Leach’s Storm-petrel, European StortrepeManx Shearwater, Fulmar
Fulmarus glacialis Kittiwake Rissa tridactylaauk (including Common Guillemot
Uria aalge RazorbillAlca torda Black GuillemotCepphus gryllend Atlantic Puffin
Fratercula arcticg, fish, and goose barnacles. Pellets that wer¢éhese prey-types,
or contained more than one prey-type, or couldoeatientified were extremely few
(<1%), and omitted from analyses. Number of gdmse@acle pellets produced per
meal was estimated by counting the number of gbaseacle half-shells found in
pellets and comparing this with the number of Isalkélls estimated by Phillips et al.
(1999b) to be consumed per meal of goose barnattedculated that approximately
2 goose barnacle pellets were produced per mealsedithis value as the correction
factor to calculate numbers of meals from numbépetets of goose barnacle in all
years. Skua pairs were treated as a single ucéuse both members are represented
by one territory and it is impossible to assigriexikd pellets to the male and female
separately (Votier et al. 2004a). Dietary spesiand generalist pairs were identified
according to relative prey composition and assigonezhe of the following four diet
type categories: storm-petrel and shearwater dipdfa70% of diet these prey-types,
which are active on land only at night - noctursedbird prey), auk, fulmar and
kittiwake specialist (>70% of diet these prey-typehkich are most active on land
only during the day - diurnal seabird prey), fipleaialist (>70% of diet fish), and
generalist (<50% of diet any one prey-type). Th&threshold for specialists was
selected following Votier et al. (2004a) and alldwmmparison to be made between

St Kilda and specialist skua diet analyses frontl8he.

Reproductive fitness

Four parameters were used as proxies for the raptivd fitness of Great Skua pairs
on Hirta: egg laying date, clutch volume, numbeegds hatched and chick condition
(Phillips 1999a, Votier 2004a). Nests were locatedng the egg-laying period
(May), their exact positions marked using a handli&S, and each visited every 10-
15 days throughout the breeding season until migu&t) using the GPS for location
guiding. Following Votier et al. (2004a), afteutth completion, eggs were weighed

to 0.01g using an electronic balance, length aeddih of each egg were measured to
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0.1mm using Vernier callipers, and internal eggummés (cm) calculated as 0.00048
(egg shape constant)|engthx breadtf. Total clutch volumes were calculated for
two-egg clutches only (normal clutch size). Eggrig-date was determined by direct
observation or by subtraction of 29 days (normalibation period; Furness 1987,
Phillips et al. 1999a & 1999b) from the date o$tfiegg hatching. Where neither
laying or hatching date were observed directlychialg date was calculated by
measurement of chicks’ maximum flattened wing chorthe nearest 1mm and
estimation of chick age (days since hatching) ligremce to the logistic growth curve
of wing-length to age described by Furness (19&8). the few nests (<5%) where
egg laying and hatching dates were not observedttirand no chicks were found,
hatching date was estimated from egg density, b as egg weight (g) / (egg
breadtf (cnt) x egg length (cmy 0.507), and by reference to the curve of
diminishing egg density with egg age described biynEss & Furness (1981).
Number of eggs hatched was determined during ngss from the number of
complete shells of hatched eggs, and number oksliarind per territory. This is
prone to inaccuracy (see discussion) and for statisanalyses egg hatching success
was defined for each pair simply as eggs hatchemiihatched (1/0). Chicks were
fitted with a single, uniquely numbered, Britistu$t for Ornithology incoloy ring
once foot size was adequate to prevent ring I8dischicks found during the linear
phase of growth (13-34 days old; Furness 1983) weighed to the nearest 1g and
the maximum flattened wing chord measured to tlaeast 1mm. An index of chick
condition was calculated as the deviation of obes@ichick weight from expected
weight at a particular age, expressed as a propoofithe expected value. Only one
value was calculated per chick. Chick age wasraebed from wing length (as
above) and expected chick weights calculated usi@egegression described by
Furness (1983) of age against weight of healthgkshivhich fledge. To show how
reproductive fithess may vary between skua paits different specialist and
generalist diets, measures of reproductive fitpasameters are presented (mean +

S.E.) for all skua pairs in each of the four dygtet categories defined above.

Adult condition

Two parameters were used to assess the physidditioonof adults: pectoral muscle

condition and body mass relative to body size. s€hrespectively provide indication
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of protein and lipid reserves (Bolton et al. 19Ra|mbach et al. 2004). During
incubation, adult skuas on Hirta were trapped atnést using a remote-controlled
spring trap in 2007 and 2008. However, this wasegaly unsuccessful and, on
average, fewer than 10 adult skuas were trappddyess as birds refused to sit under
the trap. Previous exposure to the technique dil&4, prior to 2007, meant that
most pairs were already very familiar with procesfijrecognised the equipment even
if camouflaged, and were adept at avoiding captime2009, | trapped 40 skuas on
Hirta using a new method: a remote-controlled cdtagad lasso placed next to
nests, that when triggered by radio handset talrdastened securely around an
incubating bird’s leg. To correct for possibleeeffs of heterogeneity in individual
guality, skuas were sampled in 2009 from all addbe colony on Hirta. Maximum
flattened wing chord, total head and bill lengtierisum length, minimum tarsus
length and body mass were measured for all trappdd. Using methods described
by Bolton et al. (1991), a profile of the pectaralscle was recorded for each bird
and each individual was sexed using molecular tgcies developed by Griffiths et
al. (1998). Due to the extent of sexual dimorphisr@reat Skuas and potential as a
source of bias, calculation of indices of body m@?dl) and pectoral muscle
condition (PMC) must be carried out separatelyniates and females (Votier et al.
2004a). Incubation is carried out predominantlythsy female (Furness 1987) and in
2009 only a small sample of males was trappedr{d#iduals); these were omitted
from analyses. PMC and BMI were calculated fordta trapped in 2009 (26
individuals) using the methods described by Vagteal. (2004a). Female PMC and
BMI values are presented against the proportiamocturnal seabird (storm-petrels
and shearwaters), diurnal seabird (auk, fulmarskéitidzakes) and fish prey in the
diet of the respective pair (during the incubat@niod only), to investigate how adult
fithness may vary with prevalence of these preysyipahe diet. During the
incubation period, the male feeds the female ah#st (Furness 1987), so it seemed
reasonable to assume that the diet of the painduhis period, as assessed from
pellets found in the pair territory, was represtweof the diet of the respective

individual, incubating female sampled.
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Statistical analyses

To test whether the observed distributions of stpatrel and shearwater prey in the
diet of skua pairs were random in each year, amelip assess the occurrence of
specialist pairs within the breeding populationsetved frequencies were compared
with a Poisson distribution using G-tests. Fre@issnof pairs feeding on different
specialist and generalist diet types in each yedrfilequencies of different storm-
petrel and shearwater prey-types in the diet akpapecialising on these nocturnal
seabirds in each year were tested for homogensiityg whi-squared tests. Effects of
year and diet type on reproductive fithess pararastere investigated using a
general linear model in which laying-date, clutciiwme and chick condition were
response variables (each normally distributed aodetted separately) and diet and
year included as fixed effects. A generalizeddmmodel with binomial distribution
and logit-link function was used to investigateeeft of diet and year (fixed effects)
on egg hatching success (response variable). fléwseof diet on adult body
condition (PCI and BMI) were assessed using a géfirear model in which mass
(body mass or pectoral muscle mass, each moddfstately) was the response
variable, with body size included as a covariat jgrey-type proportions as a fixed
effect. The three different prey-types (noctusedbirds, diurnal seabirds and fish)
were each modelled separately. Arcsine transfoomsivere used for proportional
data. Frequencies of pairs of Great Skuas nestirgjfferent islands at St Kilda were
tested for homogeneity using chi-squared testsalyses were performed using R

version 2.10.1.

RESULTS

Dietary composition and specialisation

Total pellets collected in each year numbered 282007, 2094 in 2008 and 2358 in
2009. Between 5 and 110 pellets were found in rfx25%) skua territories in each
year. From pellets, 96 Great Skua pairs were ifilethias feeding on storm-petrels
and shearwaters in 2007 (51% of breeding populatioHirta), 70 pairs in 2008
(50% of breeding population) and 73 pairs in 200®% of breeding population).
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The observed distribution of storm-petrel and shatar prey consumed by skua
pairs was significantly different from an expeckaisson distribution in all years
(Figure 1.1; 2007, &g, o= 107.7, P<0.01; 2008, 4 o= 70.2, P<0.01; 2009, &3, o=
30.0, P<0.01). The majority of pairs which fedstarm-petrels and shearwaters did
not do so heavily; however, in all years, an unetguslight peak was seen in the
number of specialist pairs (proportion of diet #)0.This was in contrast to the
pattern expected were the data to conform to asBwidistribution, and highlighted
the degree of specialisation among pairs withinotteeding population on Hirta
(Figure 1.1). Numbers of storm-petrel and sheamwsecialist pairs were
universally low compared with auk, fulmar and kittike specialist, fish specialist and
generalist pairs; frequencies of skua pairs indltkst type categories differed
significantly in all years (Table 1.1; 2007 = 12.59, P<0.01; 20082 = 33.81,
P<0.01; 2009y% = 11.47, P<0.01). Within the diet of skua paitsich specialised

on storm-petrel and shearwater prey, frequenci@axicular storm-petrel and
shearwater prey-types differed significantly (20g8,= 17.05, P<0.01; 200875 =
135.98, P<0.01; 2005[,23 =17.28, P<0.01), with storm-petrels, in particllaach’s
Storm-petrels, being by far the most abundant moatiseabird prey-type consumed
by specialists in all years (Figure 1.2). Few &d solely on nocturnal seabird prey:
4 in 2007, 2 in 2008 and 3 in 2009 (Figure 1.1presenting 2.1%, 1.4% and 1.7% of
the total breeding skua population on Hirta in epelr respectively.

Fitness parameters

There were significant differences found betweenl@lying-dates of dietary specialist
and generalist skua pairs, with no differences dooetween years and no interactions
(GLM: diet, t = 2.01, P<0.05; year, t = -1.68, N.SIn all years, mean laying-date of
dietary generalist skua pairs was later than magnd-dates of nocturnal seabird,
diurnal seabird and fish specialists, which werteesrely close, always within 2 days
of each other, and in 2008 were May 12 for allérspecialist categories (Figure 1.3).
No significant effects of diet type or year on cluvolume were detected and no
interactions (Table 2; GLM: diet, t = 0.04, N.Seay, t = 0.33, N.S.). Mean number
of eggs hatched by generalist pairs was consigthigh relative to most other diet
type categories, but relatively low in all years &k, fulmar and kittiwake specialist
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pairs (Table 1.2). Diet type and year were fountave a significant effect on egg
hatching success (GLM: diet, z = 3.130, P<0.01r,yea 1.551, N.S.). Post-hoc
analyses in which each year was modelled sepanatgly carried out to investigate
these effects, and this revealed that diet typeahsignificant effect on egg hatching
success only in 2008 (GLM: 2007, z = 1.908, N.8Q&, z = 2.129, P<0.05; 2009, z
=1.320, N.S.). In 2008, hatching success wasivelg high for nocturnal seabird
specialist and generalist pairs (proportion ohakts with hatched eggs = 80% and
83% respectively) but relatively low for diurnakdrd and fish specialist pairs
(proportion of all nests with hatched eggs = 47% @&1% respectively). Chick
condition did not vary significantly with diet bdtd with year, without interactions
(GLM: diet, t = 0.351, N.S.; year, t = -3.96, P<D.0 Variability in chick condition
was extremely high within all diet type categotiesll years (Figure 1.4). Mean
values were positive and relatively high for aktdiype categories in 2007, closer to 0
in 2008 and mostly negative in 2009 (Figure 1M significant effects were
detected between the proportion of the diet coredred nocturnal seabirds, of
diurnal seabirds or of fish and the two body candiparameters measured (Pectoral
Muscle Condition GLM: nocturnal seabirds, t = -44RK.S.; diurnal seabirds, t =
0.754, N.S.; fish, t = 1.235, N.S.; Body Mass Glicturnal seabirds, t =-2.200,
N.S.; diurnal seabirds, t = 0.226, N.S.; fish,1.#16, N.S.; Figure 1.5 and 1.6).

Population size at St Kilda

Breeding population sizes of Great Skua pairs (dened in this case to be
equivalent to Apparently Occupied Territories (AQ)T@nce all territories observed
appeared to be occupied by two adults) on Hir20d7, 2008 and 2009 are presented
in Table 1.1. Owing to bad weather and sea canditialso transport limitations, nest
surveying visits were made to Dun only in 2008 2069 and to Boreray in 2009. On
both islands nests were very few compared withaH#twere found on Dun in each
year and 10 apparently occupied nest territorieatém on Boreray. These values
were used with those for Hirta and Soay (see majhodestimate the sum total
population of Great Skuas breeding at St KildadA722(225 pairs), 2008 (175 pairs)
and 2009 (210 pairs). Estimates from this stugyasent a decrease in the St Kilda
population size since the peak count of 240 paitended in 2000 (Figure 1.7a).

Numbers of skua pairs on the four different islaatdSt Kilda significantly differed in
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all years (2007 = 420.7, P<0.001; 20083 = 280.3, P<0.001; 2009% = 378.1,
P<0.001), with fewest on Dun, low numbers on SoayBoreray, and the vast
majority on Hirta.
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Figure 1.1. Proportional occurrence of storm-petrels and shearwaters (nocturnal seabird prey) in the diet of
Great Skua pairs on Hirta, St Kilda, Outer Hebrides, as identified from pellet analyses. Pairs with more than
70% storm-petrels and shearwaters in diet were considered specialists. Total numbers of pairs which fed
entirely on storm-petrels and shearwaters are included in 0.9-1 categories but for clarity also shown in isolation
(proportion of diet = [1], white bars). Pairs that did not feed on storm-petrels and shearwaters (proportion of
diet = 0) are not included in this figure but numbered 97 pairs in 2007, 71 pairs in 2008 and 104 pairs in 2009.
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Table 1.1. Great Skua pairs with specialist and generalist diet types on Hirta, St Kilda, Outer Hebrides, as
identified from pellet analysis (n = total population of Great Skua pairs breeding on Hirta).

Skua diet type 2007 2008 2009
(n = 189) (n = 139) (n=174)
Storm-petrel & shearwater specialists Total pairs 11 5 11
(>70% nocturnal seabird prey) Proportion of population 5.8% 3.6% 6.3%
Auk, fulmar & kittiwake specialists Total pairs 25 19 31
(>70% diurnal seabird prey) Proportion of population 13.2% 13.7% 17.8%
Fish specialists Total pairs 22 18 32
(>70% fish prey) Proportion of population 11.6% 12.9% 18.4%
Generalists Total pairs 35 42 24
(<50% of any one prey-type) Proportion of population 18.5% 30.2% 13.8%
2007
100 .
9 | I 2008
S 80 [1 2009
E 70 4
= 60 -
35
% 50
B 40 |
c
o
g 20
& 10
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Storm-petrel and shearwater prey-types

[SP] = Total storm-petrels, including those unidentifiable to species level from pellets plus totals of both following species
LSP = Leach’s Storm-petrels

ESP = European Storm-petrels

MS Manx Shearwaters

Figure 1.2. Relative composition of different storm-petrel and shearwater prey-types in the diet of Great Skua
pairs specialising on these nocturnal seabirds on Hirta, St Kilda, Outer Hebrides, in 2007, 2008 and 2009, as
identified from pellet analyses.
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Figure 1.3. Mean egg laying dates + S.E. of Great Skua pairs of different diet types on Hirta, St Kilda,
Outer Hebrides, in 2007, 2008 and 2009. Numbers in parentheses = skua pair sample sizes.
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Table 1.2. Mean clutch volumes and eggs hatched per pair £ S.E. for Great Skua pairs of different
diet types on Hirta, St Kilda, Outer Hebrides in 2007, 2008 and 2009.

Skua diet type

2007

2008

2009

Clutch volume (cm )

Storm-petrel & shearwater specialists Mean 164.17 169.20 163.82
S. E. +3.82 +3.91 +4.26
Auk, fulmar & kittiwake specialists Mean 162.79 163.56 166.44
S.E. +3.24 +3.10 +2.29
Fish specialists Mean 166.70 171.68 168.11
S.E. +2.93 +2.62 +2.24
Generalists Mean 165.52 166.60 161.22
S.E. +2.27 +2.43 +3.39
Eggs hatched per pair
Storm-petrel & shearwater specialists Mean 0.55 1.20 0.91
S.E. +0.21 +0.37 +0.25
Auk, fulmar & kittiwake specialists Mean 0.60 0.68 0.84
S.E. +0.14 +0.19 +0.12
Fish specialists Mean 1.18 0.78 0.88
S. E. +0.17 +0.19 +0.13
Generalists Mean 0.91 1.21 1.25
S. E. +0.13 +0.11 +0.15
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Figure 1.4. Mean chick condition index * S.E. for Great Skua pairs of different diet types on
Hirta, St Kilda, Outer Hebrides, in 2007, 2008 and 2009.
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Figure 1.5. Adult pectoral muscle condition indices and proportions of different prey types in the diet
(during the incubation period) of female Great Skuas trapped during incubation on Hirta, St Kilda,
Outer Hebrides in 2009. Dashed lines show trends only (no significant relationships were detected).
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Figure 1.6. Adult body mass indices and proportions of different prey types in the diet (during
the incubation period) of female Great Skuas trapped during incubation on Hirta, St Kilda, Outer
Hebrides in 2009. Dashed lines show trends only (no significant relationships were detected).
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Figure 1.7. Population changes in total breeding pairs of Great Skuas at St Kilda (Outer Hebrides), Handa
(Sutherland), Fair Isle, Noss, Hermaness and Foula (Shetland) from 1900 to 2009. (Furness 1987, Phillips
et al. 1999b, Pennington et al. 2004, Shetland Bird Reports 1980-2008, Fair Isle Bird Reports 1950-2008,
Green et al. 2009, M. Pennington & D. Shaw pers. comm. 2010).
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DISCUSSION

Storm-petrel and shearwater predation

In all years, predation of storm-petrels and shatevg was widespread on Hirta:
between 40% and 50% of all skua pairs ate this jpreyery year of the study. Few
pairs (<7%) specialised, and very few (<3%) fedsieely, on storm-petrels and
shearwaters in any year. This was slightly unetqek@iven that Leach’s Storm-
petrels, European Storm-petrels and Manx Shearsvetene in to land and are
available to skuas only at night, whereas all ofitey taken at St Kilda is most
available and hunted by skuas only during the &ayness 1987, Votier 2004b, pers.
obs. 2007, 2008 & 2009). Therefore, skuas thabfedtorm-petrels and shearwaters
but not exclusively (the vast majority of pairsjepumably foraged at times during
the dayandnight, rather than solely by nocturnal foragingdmrnal foraging as on
Shetland (Furness 1987, Votier 2004b, Votier 200f)ese results are similar to the
activity patterns observed by Votier et al. (2006jour male great skuas which fed
mostly on storm-petrels at St Kilda in 2004. Ebod was radio tracked during the
breeding season, all were found to be active duhaglay and night, and no foraging

patterns in particular synchrony with nocturnalypaetivity on land were detected.

In this study, the behaviour, inferred from diedlgses, of most skua pairs
which fed on storm-petrels and shearwaters at l8akKionformed more to an
opportunistic, generalist, foraging strategy thasttategies of foraging specialisation
on one or few particular prey (Krebs & Davies 19R8juk 1995). This suggests
there may be disadvantages associated with spgtiah on one kind of prey every
year, and perhaps some degree of dietary flexihilithin and between years is
advantageous for survival and reproduction. Predatf storm-petrels and
shearwaters may be limited at St Kilda by manyalde factors, such as prey
availability or intra-specific competition for fagang territories, all of which may
necessitate foraging on alternative (diurnal) pregually though, the reverse could
be true, and perhaps limitations to availabilitydafrnal prey cause skuas also to hunt
storm-petrels and shearwaters. It is difficulagsess whether the relative
composition of different seabird prey in the dieskua pairs reflects annual variation

in seabird populations at St Kilda; complete susvelyall seabird populations are not
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made every year at the archipelago. Further siwaiyd be useful to determine the
factors which drive many skua pairs to eat a neddyismall proportion of nocturnal
prey (<30%), with diurnal prey forming the bulktbe diet. The latest seabird
population estimates for St Kilda show that diursedbirds are more abundant than
nocturnal seabirds (c.448,000 auks, fulmars arioviakes to ¢.72,000 storm-petrels
and shearwaters), so perhaps the relative occ@@tbese two groups in the diet of
skuas is broadly a reflection of relative availapi(Mitchell et al. 2004, Newson et
al. 2008).

The proportion of the breeding population of skaadirta which ate storm-
petrels, and the proportion of pairs which spesgglion this prey, remained relatively
stable throughout the study. Numbers of skuadiigeahd specialising on storm-
petrels and shearwaters did not increase with gaah which, from a conservation
perspective, may be good news for storm-petrelstuiedrwater breeding populations.
Access restrictions to Soay and Boreray meantathalyses could not be made for the
small number of skua pairs on these islands. Om Diet analyses were incomplete
compared with Hirta, owing to access and time ltndins on Dun, but showed that
all four skua pairs on this island ate both nocuend diurnal seabirds:
predominantly Leach’s Storm-petrels and Puffing.alAcolonies other than St Kilda,
Great Skuas have been observed hunting only dthienday and to be generally
inactive throughout the night (Furness 1987, Vatieal. 2005). The extent of

nocturnal foraging found among pairs at St Kildaswaique within Scotland.

Skua fitness and diet

No evidence was found to suggest that feedingamspetrels and shearwaters
resulted in outstanding reproductive fitness onboahdition advantages for skuas.
Leach’s Storm-petrels were the dominant prey-typiaé diet of skua pairs
specialising on nocturnal seabirds, and pairs thithdiet exhibited no better
measures of body condition or breeding performamedl years than pairs
specialising on diurnal seabirds or on fish. Agutis, early egg-laying is associated
with higher phenotypic quality in Great Skuas (SEaa971, Coulson & Porter 1985,
Ratcliffe et al. 1998, Votier et al. 2004a). Eggihg date of dietary specialist pairs

was consistently earlier than of dietary generglistiggesting that specialisation
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confers fitness advantages. We do not know ifdyetpecialist pairs at St Kilda
were the same individuals each year nor, if sothdrespecialist pairs ate
predominantly the same prey each year. Trappint akluas and use of colour
ringing was not possible on the scale requirecidovidually mark all dietary
specialist pairs for identification between yea@ven the very few pairs found to
specialise exclusively on storm-petrels and she@nsawe conclude that it is
advantageous to the fitness of skuas to spec@tisme or just a few prey-types, but
probably disadvantageous to do so rigidly and awotain flexible to alternative
foraging opportunities. It may be that dietary@pkst pairs switch prey between

years. This possibility is discussed in more d&taChapter 2.

Future studies using the lasso trap to capturege kample size of adults and
measure body condition could be useful, particylamt males. During incubation the
male feeds the female (Votier et al. 2004a), souserof body condition parameters
measured from females with diet composition meakfrmm the respective pair was
not biased by potential differences in diet betwéensexes. In 2008, hatching
success was higher for dietary generalist pairstlaose specialising on storm-petrels
and shearwaters than for pairs specialising on,duksars and kittiwakes and on
fish. It is difficult to know the reason for thisut one possibility is a scarcity of
sandeels close to St Kilda early in the breedimgse. Theoretically, this could
reduce numbers of auks and kittiwakes (predomigiaathdeel predators) at St Kilda
during the skua incubation period, as well as reduambers of Macker&comber
scombrusand HerringClupea harenguslose to the islands (also sandeel predators),
which would be available to Gannets, and availabkkuas via kleptoparasitism.
Overall, reduced sandeel availability could therefofluence skua fitness in the way
indicated by hatching success in 2008, via redasdlability of diurnal seabird and
fish prey during the skua incubation period, butafmocturnal petrels, which feed
on cephalopods, crustaceans and invertebrates thirepredominantly on sandeels
(Brooke 2004). No evidence was found to suggegtagree of spatial
autocorrelation in hatching success, using basitamnalyses performed using
ArcGIS version 9.2. However, it is worth considerthat measuring the number of
eggs hatched by a skua pair is perhaps prone &begri@accuracy than any other
fithess parameter. If, for example, eggs and chwekre removed by predators or

were not found, then the total number of eggs letawould be underestimated; and
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with only 3 intervals of measurement (0, 1 or Bjs tould have a relatively strong

bias on results.

On Shetland in 1998 and 1999, differences weredomrhe reproductive
fithess of skua pairs specialising on fish andgsgjrecialising on seabirds, with the
latter being fitter (Votier et al. 2004a & 2004dj.was rather surprising to find no
such differences in this study; however, the reduitm Shetland reflect a
dependency of skuas on sandeels and fisheriegdssgaostly whitefish, in
particular undersized Haddobkelanogrammus aeglefinand WhitingMerlangius
merlangu3 built up between 1960 and 1980, but low availgbdf this prey during
the 1990s in comparison with seabirds (Votier e@04a, 2004b & 2004c).
Sandeels and whitefish were not encountered freétyuerthe diet of Great Skuas
during this study, and no evidence was found t@esgthat skuas were dependent on
this prey or that individual fitness was reducedadgck of it at St Kilda. Fish
remains found in skua pellets on Hirta in 2007,8280d 2009 (n = 963) were mostly
from Mackerel and Herring, apparently stolen frdma huge population of Gannets
on Boreray (pers. obs. 2007, 2008 & 2009).

Population distribution and changes

The distribution of skua nests across the islabh@t Kilda, with the great majority on
Hirta (>79% in all years), largely reflects thedency for colonial nesting by Great
Skuas and initial colonisation of the archipelag&kann Mor on Hirta from 1963
(Furness 1987, Phillips et al. 1999a). Considgtime extremely close proximity of
Dun to Hirta, the relatively vast numbers of stquatrels and puffins which breed on
Dun, and the tendency of skuas in the southerndprare to nest directly on top of
colonies of their burrow-nesting seabird preysitather surprising that no more than
four pairs of skuas nested on Dun. This islandthe largest sub-colony of Leach’s
Storm-petrels at St Kilda; minimum estimates: cA®@pparently occupied nest sites
(pairs) on Dun, ¢.5500 on Boreray, ¢.1600 on Hata] ¢.900 on Soay (Newson et al.
2008). It seems likely that the vegetation strrestan Dun provides particularly
favourable nesting conditions for Leach’s Stormrglst yet some difficulty for skuas
to nest. Dun is the only island at St Kilda withebeep, and a relatively thick layer

of ungrazed vegetation has developed, particutaréy the north-west half of the
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island. Leach’s Storm-petrels nest within the gk, soft, layer of grass stems on
Dun, at particularly high density in the north-whatf of the island. Elsewhere on St
Kilda there is no thick surface vegetation, dugrazing, and storm-petrels nest in
deep, solid, burrows and natural cracks in theawdl rock, at much lower density
(JNCC unpublished data 2000, Mitchell et al. 200dwson et al. 2008, S. Votier
pers. comm. 2008, pers. obs. 2008 & 2009). Theeahaangle of soft, deep grass
stems on Dun is apparently ideal for relativelyyerany Leach’s Storm-petrels to
form burrows and nest chambers. Conversely, tuetste of the vegetation on Dun
is apparently far from ideal for skuas to nest beeahe grass layer is generally deep,
spongy, and too soft for nest formation and to suip@ggs, while the relatively rigid
and dense stands of taller plants, such as undrelipiacea appear to exclude
nesting due to the difficulties they impose on skakighting and manoeuvring once
on land. Skua nests found on Dun were all in ppstwhere vegetation was
relatively sparse, such as on thinly-grassed rdéattqums on the periphery of the

island.

Figure 1.7a shows how the total breeding populatio@reat Skuas has
changed at St Kilda. Total population estimates/éars of this study included a
population value for Soay from the latest surveyl®99). This was due to access
limitations to the island. However, approximatéreation of the Soay skua
population was made in 2007, 2008 and 2009 by wig\he island from Hirta,
numbers counted were universally low (c.40-50 imlials seen every year), and use
of the 1999 breeding population estimate (22 palithot seem inappropriate. A
gradual increase in skua pairs at St Kilda was betmeen 1963 and 1990, then
exponential growth to a peak of 240 pairs in 2@0@ a slight decline since 2000,
recorded by this study. Initial colonisation falled by the period of exponential
growth has been attributed to immigration of skinasi the large breeding
populations on Shetland, in response to reduceithhudy of whitefish discards and
sandeels at commercial fisheries around Shetlaxmd #0980 onwards (Phillips et al.
1999a, Votier et al. 2004c). Influx of birds seeiméave now ceased and the St
Kilda population has plateaued and entered a pefigtight decline.

Colonisation and population growth patterns at f&tdand Handa are similar

(Figure 1.7b), it is thought due to the same ressand perhaps a distinct plateau in
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the population on Handa will become evident (Vo#ieal. 2004c). In contrast to the
relatively small skua colonies at St Kilda and Hantie large Shetland colonies
(Figurel.7d-f: Noss, Hermaness and Foula) havergibynshown a pattern of rapid
growth between 1950 and 1980, followed by leveHaify slight fluctuation or

decline of populations since 1980. Rapid growtkheke colonies is attributed to a
high abundance of the Shetland sandeel stock ptueased food availability from
commercial fisheries discards between 1950 and,1880Dassociated increases in
skua productivity and survival; however, a reduttio sandeel stocks and whitefish
discards followed, during the 1980s and 1990s.s& ha&test changes are considered
the driving factors for the large Shetland popolasi to plateau and decline, causing
prospecting birds to leave for new islands withradant alternative seabird prey, such
as St Kilda and Handa, and the reproductive fita@ssannual productivity of
Shetland skuas feeding on fish to drop (Furnes3,1¥98tier et al. 2004a, 2004b &
2004c). Fair Isle does not conform to these lingatlerns of population change at
large and small colonies since 1950. Occasionalamucontrol has limited the skua
population on Fair Isle; but not recently, andasapidly grown since 2000 (Figure
1.7¢). It will be interesting to see whether fetopulation changes on Fair Isle
resemble those at small colonies such as St Koldahether the population will
continue to grow to resemble that of the islan&sgyaphical counterpart in Shetland:
Foula. At St Kilda, we conclude that current deelin the total skua population, as
well as lack of fithess advantages from specialisin nocturnal seabirds above other
prey, mean that predation of storm-petrels andrsfears by skuas is unlikely to

increase or this type of dietary specialisatioprliferate and become dominant.
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Chapter 2

Prey specialisation on Leach’s Storm-petrel®©ceanodroma

leucorhoa by Great SkuasStercorarius skua at St Kilda
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ABSTRACT

Many seabirds have been consumed by Great Sk&d<dta, including large
numbers of Leach’s Storm-petrels. Nationally imiaot populations of Great Skuas
and Leach’s Storm-petrels breed at St Kilda amaé$t been suggested these may be
mutually unsustainable without management interganinvolving removal of skua
pairs specialising on Leach’s Storm-petrel preyawiver, prior to this study, little
was known of the extent to which each skua paitateh’s Storm-petrels each year,
the numbers and distribution of Leach’s Storm-pefpecialist pairs, and whether
Leach’s Storm-petrels eaten by skuas were reskteeters or transitory non-
breeding individuals. Skua nest mapping, analgégsir diet and colour ringing of
individuals at St Kilda in 2007, 2008 and 2009 @ded that although many skua pairs
ate Leach’s Storm-petrels, specialist pairs weng fed on a variety of other prey-
types, and did not specialise on Leach’s Stormefgetvery year. Throughout the
skua population, prey switching between years waad to be a common
phenomenon and all pairs consumed a diversityftérdint prey-types. The
proportion of Leach’s Storm-petrels in the diepairs was not associated with nest
position and proximity to storm-petrel breedingaroés. Recoveries of Leach’s
Storm-petrels ringed and measured during the staglwell as night-time
observations of individuals at the breeding colspand of skuas hunting them,
strongly suggested that Great Skuas fed more ositosty non-breeding Leach’s

Storm-petrels than on resident breeders at St Kilda
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INTRODUCTION

During recent decades, the population of Great S8tercorarius skuat St Kilda,
Outer Hebrides, has increased exponentially (Pikit al. 1999a). The St Kilda
archipelago (57°48l, 08°38W) comprises 4 main islands: Hirta, Dun, Borerag an
Soay. The first pair of Great Skuas to nest ailsfa did so alone on Hirta in 1963,
but by 1997 total numbers had risen to 271 paigerthan 1% of the world
population (Phillips et al. 1999a, Mitchell et 2004). Rapid growth was in large part
due to immigration of adults and young from thecsg® breeding strongholds in
Shetland, driven by reduced availability of sandewl fisheries discard prey in the
North Sea around Shetland (Phillips et al. 1998949 1999b, Votier et al. 2004c).
An abundance of alternative seabird prey was adail® skuas at St Kilda, which the
rising population consumed in unusually large qti@stcompared with the diet of
skuas in Shetland (Phillips et al. 1997, 1999b, fslyi2002, Votier et al. 2004a,
2004b). Phillips et al. (1997) found that betw&884 and 1996 the occurrence of
seabirds in the diet of skuas at St Kilda was agprately five times that found on
Foula, Shetland, and estimated that in 1996 GreadsSat St Kilda consumed a total
of 40,800 seabirds of 7 different species (Philépal. 1999b).

Leach’s Storm-petrel®ceanodroma leucorhoaccur in very high numbers at
St Kilda relative to other breeding sites in the;Ule archipelago holds an estimated
total of 45,400 apparently occupied breeding sitas,94% of the British and Irish
breeding population (Mitchell et al. 2004). The&atgredicted number of seabirds
consumed by skuas at St Kilda in 1996 (Phillipale1999b) included an estimated
14, 850 Leach’s Storm-petrels, approximately orthf the total estimated
breeding population at the islands (Mitchell e28l04, Newson et al. 2008). Other
predation studies at St Kilda have since confiraedngoing high level of storm-
petrel predation by Great Skuas; this occurs oniyght, unusually for the species,
previously thought to hunt only during the day (Mott al. 2005). Concerns over the
conservation of Leach’s Storm-petrels at St Kildd the potential impacts of skuas
were heightened when a decrease in the Leach’'m§ietrel breeding population on
Dun was recorded, from 27, 704 apparently occupiedding sites (AOS) in 1999 to
14, 490 AOS in 2003 (O’Brien et al. 2003, Newsoale2008). St Kilda is a
UNESCO World Heritage Site, SSSI and Special Ptimte@rea, with both Great
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Skua and Leach’s Storm-petrel listed as qualif@pgcies, but maintenance of large
populations of both of these species appeared outeally exclusive (Votier et al.
2005, Mitchell et al. 2004, Newson et al. 2008ps$tble management interventions
have been considered, including an experimentabvahrof Great Skua pairs
specialising on Leach’s Storm-petrels. StudieSbetland have shown that specialist
skuas at certain colonies may inflict particuldrigh levels of predation on seabird
species such as Kittiwakésssa tridactylgOro & Furness 2002, Votier et al. 2004a,
2004b). At Benidorm Island, western Mediterraneatgn-year study beginning in
1993 found that heavy predation of European StoeirefsHydrobates pelagiculsy
Yellow-legged Gulld_arus michahellisvas primarily carried out by a few storm-

petrel specialist gulls (Oro et al. 2005).

Prior to any conservation action taking place &ita, it was recognised that
crucial information was lacking (Votier et al. 2003n particular, little was known of
the extent to which Leach’s Storm-petrels occumeithe diet of individual skua
pairs, the distribution and numbers of Leach’s i&tpetrel specialist pairs, the
possible influence of skua nest location on dietgrgcialism, and whether Leach’s
Storm-petrels eaten by skuas were breeding or needbng individuals. This paper
presents the results of a three-year study in wkcta pellet analyses and colour-
ringing were used to assess the diet of individkah pairs and degree of
specialisation on Leach’s Storm-petrels in each.yddis study also examines the
position of skua nests and the diet compositiopaifs in relation to their proximity
to Leach’s Storm-petrel breeding colonies. Addiéilty, using brood-patch and
biometric measurements from breeding, non-breeampjuvenile Leach’s Storm-
petrels which were ringed during the study, | inigede whether the breeding status
and age of ringed and unringed Leach’s Storm-pe&alen by skuas can be
determined from remains found in pellets, and eataluesults in relation to night-
time observations of the behaviour of Leach’s Stpetrels at the breeding colonies

and of Great Skuas hunting at St Kilda.
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METHODS

Skua diet assessment

The study was carried out at the St Kilda archigelan the islands of Hirta and Dun
during the breeding seasons of 2007, 2008 and 2D@4. of breeding adult Great
Skuas was assessed by identification of prey resnairegurgitated pellets of
indigestible material, collected from every knowesting territory on the islands. For
each territory, a circular area of 15m radius ftbe nest was checked for pellets, by
the observer walking in a tight spiral from thetna# to the circumference, at all
times searching a Znarea immediately ahead. Pellet searches lastetr@ies per
territory. Complete surveys of the nesting popatabf Great Skuas on Hirta were
carried out by searches for all nests in all acéasiitable habitat, repeated eight
times (minimum) in each breeding season. Numbfpsics nesting on Dun, a
smaller island separated from Hirta by a 300m Widigl channel, were surveyed on
occasions that sea conditions permitted landingdat. Pellets found within a
nesting territory can be confidently assigned te pair because male and female
Great Skuas defend their territory against consipsediighly aggressively (Votier et
al. 2004a). All territories on Hirta were visitedery 10 to 15 days from May (egg
laying) to mid-August (fledging). Pellets wereleated from within each territory,
removed to prevent recounting, and all prey remaiestified to the lowest possible
taxon using established identification criteria {iéoet al. 2001, 2003, 2004b). All
pellets found containing Leach’s Storm-petrel remsaiere dissected in case they
contained uniquely numbered metal storm-petrelsrisge Adam & Booth 1999).
Skua pellets are typically of similar size, coloarsl texture, and | was confident that
these variables did not bias pellet-finding towgvdgicular prey types. Fish pellets
are slightly looser and more prone to disintegoater time (20+ days) than bird or
Goose Barnacle pellets, but relatively frequenlegpebllection aimed to negate any

bias introduced by this potential difference.

The diet of each skua pair, the annual relativepmmsition of different prey
eaten, was determined by calculation of the re¢gbnoportions of total meals
consumed of different prey-types (1 meal = quartdftiood present in a bird’s

proventriculus on its return from feeding; Philligisal. 1999b). Following Votier et
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al. (2004b), I did not assume that one meal regitteéhe production of one pellet.
Numbers of meals were calculated by applying ctioedactors to pellet
frequencies, determined from studies of captiveaG8kuas fed different seabird and
fish prey (Votier et al. 2001, 2004a, 2004b). ¢émizast to other prey items, auk
Alcidag fish and goose barnadlepassp. remains in pellets could not be identified to
species level so these remains were classifiedinée generalised categories to
include all species. Total numbers of meals wateutated from the total numbers of
pellets collected in all territories for each o #ollowing prey-types: Leach’s Storm-
petrel, European Storm-petrel, Manx Shearwater{i¢on Fulmaiulmarus

glacialis, Black-legged KittiwakdRissa tridactylaauk (including Common Guillemot
Uria aalge RazorbillAlca torda Black GuillemotCepphus gryllend Atlantic Puffin
Fratercula arcticg, fish, and goose barnacles. Pellets that wer¢hese prey-types,
that could not be identified or that contained nmibign one prey-type were extremely
few (<1%) and were omitted from analyses. Numlbgoose barnacle pellets
produced per meal was estimated by counting theoruwf goose barnacle half-
shells found in pellets and comparing this with tlvenber of half-shells estimated by
Phillips et al. (1999b) to be consumed per megloafse barnacles. | calculated that
approximately 2 goose barnacle pellets were pratipee meal and used this value as
the correction factor to calculate numbers of mé&als numbers of pellets of goose
barnacle in all years. Skua pairs were treatealsasgle unit because both members
are represented by one territory and it is impdsddoassign collected pellets to the
male and female separately (Votier et al. 2004&a)irs were classified as Leach’s
Storm-petrel specialists when the relative proporbdf their annual diet that was
Leach’s Storm-petrels exceeded 70%; an establigiteghold for dietary specialism

selected following Votier et al. (2004a).

Skua nest positions and pair identity

The position of every skua nest was recorded &saidit British National Grid
reference and marked using a handheld GPS, alsdfasiecation guiding on return
visits. Colour-ringing studies have shown that pesitions of individual Great Skua
pairs vary little between years; most pairs male# thest on or within only a few
meters of the exact position of the previous yeag'st (Furness 1987, Hamer &
Furness 1991, Phillips et al. 1999a). This behaweas a useful guide to the identity
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of pairs on St Kilda in years of this study, in dmrmation with individual colour rings.
Under British Trust for Ornithology (BTO) licence, 2007 and 2008 adults skuas
feeding on Leach’s Storm-petrels were trappedeah#st using a spring trap and
individually marked using four darvic colour rindgg/o on each tarsus. Many skuas
at St Kilda already bore individual colour ringsrir a previous study on range
expansion (Phillips et al. 1999a), including bivdsich fed on Leach’s Storm-petrels
during our study, and in such cases there was e fog us to attempt trapping for
ringing purposes. Plumage colouration and pattgrof Great Skuas is extremely
variable between individuals and birds often shonque features, particularly
around the eyes, nape and crown, which remain aongtroughout their lifetime and
allow long-term individual identification (Furne$887, Olsen & Larsson 1997). In
the very few cases during this study where netitiemale nor female in a pair
feeding on Leach’s Storm-petrels had colour ringsonld be trapped, the pair was
identified between years by nest location and fptrotographs taken of the bird’'s

unique individual features.

Leach’s Storm-petrel ringing and measurements

Adult Leach’s Storm-petrels were mist-netted ontddat a breeding colony, Carn
Mér, and at a location over 1km away from any kndseeding colonies, the Feather
Store, between mid-May and early August in 200D88and 2009 under BTO and
Scottish Natural Heritage (SNH) Schedule 1 spdmesasing. Leach’s Storm-petrel
tape-lures were used at the Feather Store, batri@arn Mér, with volume set at a
constant level matching that of real calls. Ag p&a DNA study conducted by the
University of Plymouth, under Home Office liceneesmall number of breeding adult
Leach’s Storm-petrels were temporarily removed ftmmrows at Carn Moér and on
Dun in July 2008 for blood sampling. Juvenile L@acStorm-petrels were found and
collected around the village on Hirta in Septen@38 and 2009, on occasions when
they were attracted to the domestic lighting of $h&ilda radar base facility at night
and became grounded (Miles et al. 2010). Eveny miist-netted, sampled from a
burrow or found grounded by lights was fitted watluniquely numbered metal BTO
ring, measured, and released alive. Maximum fia@dlening chord was measured to
1mm using a wing rule, weight was measured to 0slbgg an electronic balance and,

on a sample of birds, tarsus length (minimum), errength (bill tip to feathering),
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bill depth (immediately in front of nose tube) anthl head and bill length were
measured to 0.1mm using Vernier callipers. WithéRkception of weight, these
parameters were selected because representapagteiof the skeleton and plumage
which are not digestible by skuas. If differencethese parameters were detected
between Leach’s Storm-petrels of different breeditagus or age (e.g. breeding/non-
breeding adults or adults/juveniles) then it cquiove possible to determine the
breeding status or age of birds eaten by skuas fineasurement of skeletal remains
and wings found in pellets. Throughout incubatma the early stages of chick
rearing (mid-May to early August), the lower belliymale and female Leach’s
Storm-petrels that are breeding becomes bare tifdiessand highly vascularised (the
brood patch) to maximise heat transfer from aduéidg or chick (Huntingdon &
Burtt 1972, Brooke 2004, Money et al. 2008). Thmol patch region of every bird
ringed was inspected and scored for feathering srake from 0 to 5 (0 = fully
feathered, 5 = area entirely bare of feathers)fandascularisation on a scale from 0
to 2 (0 = skin as normal with no evidence of capis close to the surface, 2 = brood
patch heavily vascularised with obvious dense pihetwork at skin’s surface).
Any adult bird mist-netted at Carn Mor or samplezhf a burrow at Carn Mor or on
Dun between mid-May and early August that scor@d&’ brood patch (5 for
feathering and 2 for vascularisation) we considéodae a breeding adult, while any
caught at the Feather Store scoring 0/0 duringpdigod we considered to be a non-
breeding adult (see Table 2.3). Variation in brpatth feathering during the peak
incubation period for Leach’s Storm-petrels at 8t1& (late May to mid-July; Money
et al. 2008) was investigated using data from hingg-netted and examined at Carn
Mor and at the Feather Store in 2007. During thdys a small number of Leach’s
Storm-petrels were encountered that already had treged. These data are
summarised in Table 4. All other data from Lea@®tsrm-petrels (Table 2.3 and
Figure 2.4) are from the first capture only of kitlat had not been previously ringed

or measured.

Statistical and spatial analyses

Statistical analyses were performed using R ver8itf.1. To test whether the
observed distributions of Leach’s Storm-petrel grethe diet of Great Skua pairs

were random in each year, and to help assess therence of specialist pairs within
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the breeding population, observed frequencies wemgared with a Poisson
distribution using G-tests. The diet compositibeach skua pair nesting on Dun and
each pair specialising on Leach’s Storm-petrelséimg®n Hirta was tested for
homogeneity between years using chi-squared téstsine transformations were
used for proportional data. Skua nests were ma@metidistances between each nest
and Leach’s storm-petrel colonies were calculaisthg ArcGIS version 9.2.
Correlations between the distance that skua pasted from Leach’s Storm-petrel
colonies and the proportion of the annual dietkofaspairs comprised of Leach’s
Storm-petrels were assessed using Spearman’sesisk tEffects of age/breeding
status on biometric parameters were investigatad) asgeneral linear model; in
which age/breeding status was included as a fifedtewith three categories
(breeding adult, non-breeding adult and juveniegr was included as a fixed effect,
and wing length, tarsus length, culmen length,d@lbth and total head and bill length
were response variables (each normally distribatetimodelled separately). In cases
where no year effect was detected, the data werleg@nd the model rerun with

year effect removed. Relative frequencies of L&aSkorm-petrels with different
brood patch feathering (6 score categories, 0 thd)were mist-netted on a breeding
colony (at Carn Mor) and off a breeding colonytfet Feather Store) were tested for

homogeneity using a chi-squared test.

RESULTS

Skua predation of Leach’s Storm-petrels

Total skua nests on Hirta numbered 189 in 2007,ii2908 and 174 in 2009. Due
to hazardous sea conditions and weather, visitisldmimade to Dun only in 2008
and 2009. In each year a total of four nests \ierad; however, in 2008, time on the
island was critically limited by sea conditions atidt analyses were carried out on
only two nest territories. Total pellets collecteceach year on Hirta numbered 2876
in 2007, 2094 in 2008 and 2358 in 2009, and on 48,in 2008 and 232 in 2009.
Between 5 and 110 pellets were found in most (>98@a territories in each year.
From pellets, 26 Great Skua pairs on Hirta weratifled as feeding on Leach’s
Storm-petrels in 2007 (14% of Hirta breeding popatg, 33 pairs in 2008 (24% of
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breeding population) and 36 pairs in 2009 (21%re€Hding population). The
observed distribution of Leach’s Storm-petrel pcepsumed by skua pairs was
significantly different from an expected Poissostalbution in all years (Figure 2.1;
2007, Ggj, o= 20.25, P<0.05; 2008, 45 9= 31.39, P<0.05; 2009, o= 17.21,
P<0.05). The majority of pairs which fed on LeacBtorm-petrels did not do so
heavily, with this prey forming less than 30% o ttiet for more than 55% of pairs
which took Leach’s Storm-petrels in all years (Fegd.1). However, an unexpected
slight peak was seen in the number of specialiss roportion of diet > 0.7), which
was in contrast to the pattern expected were tteetdaconform to a Poisson
distribution and highlighted the degree of spes&ilon among pairs within the
breeding population on Hirta (Figure 2.1). Allygadbn Dun were identified as
feeding on Leach’s Storm-petrels in every year tlah were collected.

Total numbers of skua pairs found specialising eadh’s Storm-petrels in
each year were very few: on Hirta, 2 in 2007, 2008 and 4 in 2009, and on Dun, 1
in 2008 and 2 in 2009 (Figure 2.1). Only 1 pairttirta (H4, Table 2.1) and 1 pair on
Dun (D2, Table 2.2) specialised on Leach’s Storrmetein two years of the study.
All other pairs identified as specialising on LeacGtorm-petrels did so in one year
only. The annual diet of pairs differed signifidgrfrom the previous year in which it
was measured for every Leach’s Storm-petrel spstiair on Hirta, throughout all
years of the study (Table 2.1; H1, 20@9= 143.45, P<0.01; H2, 2008, = 172.48,
P<0.01; H3, 200§ = 739.12, P<0.01, 2008, = 74.47, P<0.01; H4, 2008, =
80.81, P<0.01; H5, 2008 = 93.02, P<0.01; H6, 2008, = 102.20, P<0.01, 2009
¥’2 = 52.11, P<0.01; H7, 20085 = 44.86, P<0.01, 200§ = 93.24, P<0.01).
Among pairs nesting on Dun this was not so; infélie cases that it was measured in
more than one year, the annual diet of pairs didiiter significantly between years
(Table 2.2; D1, 2009% = 14.32, N.S.; D2, 200f’s = 14.46, N.S.). Total number of
different prey-types consumed during the threes/eéstudy (prey-type diversity)
ranged from 3 to 7 (mean = 5.4) for pairs on Hiotand to specialise on Leach’s
Storm-petrels (Table 2.1). All pairs which spesiadl on Leach’s Storm-petrels on
Hirta were identified between years using individe@our rings; however, for three
nests it was only possible to individually identdige member of the pair in this way
throughout the study. There were four nests wtierenale and the female were both
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individually identified throughout the study ancttpair comprised the same two birds

in every year (Table 2.1).

Great Skua and Leach’s Storm-petrel breeding disttbutions

Figure 2.2 shows the latest known breeding distioins on Hirta and Dun of Great
Skuas (this study) and Leach’s Storm-petrels (JNG@ublished data 2000, Pers.
obs. 2007-09). Only on Dun did the species’ bmegdireas overlap. Leach’s Storm-
petrel breeding colonies on Hirta were limitedhe tvest coast and the majority
(85.7%) of skua pairs found on Hirta with more tta@%0 Leach’s Storm-petrels in
their annual diet nested on the west side of thads(Figure 2.2). However, Figure
2.3 shows that no further evidence was found ahaerse relationship between the
distance that skua pairs nested from Leach’s Symatrel colonies and the proportion
of the annual diet of skua pairs that was Leactosns-petrels (Figure 2.3); no strong
relationships were observed nor any significantetations detected between these
two parameters in any year (Figure 2.3; 2007, Spaais rank correlation coefficient
=-0.364, N.S.; 2008, Spearman’s rank correlatmeffeccient = -0.303, N.S.; 2009,
Spearman’s rank correlation coefficient = 0.13Z.IN. Notable was that skua pairs
nesting on Dun did not all specialise on Leachtsi@tpetrels, even though every
skua nesting territory was located directly on¢dphe Leach’s Storm-petrel breeding
colony (Figure 2.3b & 2.3c), the largest in Britaind Ireland (Mitchell et al. 2004).

Leach’s Storm-petrel biometrics, brood-patches andecaptures

Table 2.3 summarises Leach’s Storm-petrel biomptarameters (mean = S.E.)
measured from breeding adults, non-breeding adaliguveniles and gives total
numbers measured during the study. Biometric mreasents did not vary
significantly with age/breeding status or year hvitie exception of head and bill
length (GLM: wing, t = 0.328, N.S.; tarsus, t =@5N.S.; bill depth, t = -1.858,
N.S.; culmen, t =-1.956, N.S.; head & bill, t =082, P<0.01, year, t = -2.294,
P<0.05). Results suggested that head and bilthgiadso culmen length) tended to
be shorter in birds we classified as non-breedddta than in breeding adults (see
Table 2.3). Post-hoc analyses of head and bigjttenand culmen lengths measured

from birds classified on brood patch score as needing adults (n=17) and breeding
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adults (n=21) were performed using general lineadefs in which each year was
modelled separately. Adult bird type was included fixed effect with two
categories (breeding and non-breeding) and heatiinehgth and culmen length
were response variables (each normally distribatetimodelled separately). This
revealed that head and bill length and culmen lemgtied significantly with adult
bird type in 2008 (GLM: culmen, t =-0.0098, P<Q.6&ad & bill, t = 0.0069,
P<0.01) and both tended to be shorter in non-bngealilults than in breeders, but
with overlap in range (Culmen length: range of moeeding adult = 15.0mm to
16.8mm, range of breeding adult = 15.7mm to 17.1motal head & bill length:
range of non-breeding adult = 37.2mm to 41.6mmyeasf breeding adult = 38.4mm
to 42.8mm).

The distributions of frequencies of Leach’s Storetrgls with different brood
patch feathering significantly differed between IC&Ior and the Feather Stong? =
45.24, P<0.01; see Figure 2.4). On the breedifgngpat Carn Maor, birds with a
brood patch feathering score of 5 were mist-ndaednore frequently than birds with
lower scoring brood patches (Figure 2.4). Awayrfrte breeding colonies, at the
Feather Store, numbers of birds mist-netted with elifferent brood patch feathering
score were relatively even (Figure 2.4). During $tudy, we captured or found a
total of 21 Leach’s Storm-petrels on Hirta that valready bearing a ring (Table
2.4). The vast majority of these (95%) were batlged and recaptured at Carn Mor,
where a total of 148 birds were mist-netted, wheeetotal of 352 were mist-netted at
the Feather Store. Only one Leach’s Storm-petret-netted and ringed at the
Feather Store was recaptured: its semi-digestedinsmvere found as a pellet in the
nesting territory of skua pair H2 (see Table 2.4 Bigure 2.2), the only skua pellet of

the study found to contain a storm-petrel ring.
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Figure 2.1. Proportional occurrence of Leach’s Storm-petrels in the diet of Great Skua pairs on Hirta, St
Kilda, Outer Hebrides, as identified from pellet analyses. Pairs with more than 70% Leach’s Storm-petrels
in diet were considered specialists (white bars). Pairs that did not feed on Leach’s Storm-petrels
(proportion of diet = 0) are not included in this figure but numbered 163 pairs in 2007, 106 pairs in 2008
and 138 pairs in 2009.

56



Prey specialisation on Leach’s Storm-getre

Chapter 2

‘(suonewlosues) auisate yuwm Aiausbowoy 1oy sisa) parenbs-1yD ‘T0°0>d) painseaw yoiym ui reak snoinaid syl woly Apuediubis patayip uonsodwod 181Q ««
“Jeak A1ans ul spiiq oM swes 19exa ayl pasudwod Jred syl pue paynuapl Alenpiaipul Yiog aJam sjews) syl pue sjew ay) alaym s1ssN

T *¥ 0 0 0 0 0 0 0 T 1T 600¢
S ¥ 0 er'o 70°0 0 120 0 TO'0 T€0 LE 800¢

L 9 c00 120 6T0 0 600 .00 0 o 0oTT L00C¢ /H
€ ¥ 0 0 0 0 90°0 0 900 880 (4 600¢
4 ¥ 0 0 S7'0 0 0 0 0 S50 9T 800¢

9 14 TT°0 0 6T°0 0 7’0 620 0 0 6T L00¢ 9H
14 ¥ 0 0 ¢0'0 0 c0'0 0 c0'0 ¥6°0 89 600¢
- - - - - - - - - V) 8002

L S 70°0 2’0 290 900 70°0 0 0 0 [44 L00C .SH
€ ¥ 0 0 €00 0 0 120 0 9.'0 8v 600¢
4 0 0 90°0 0 0 0 0 760 19% 800¢

£ - - - - - - - - - @ £002  wH
S £¥ 0 280 .00 S0°0 0 0 70'0 c0'0 6T 600¢
T ¥ 0 0 0 0 0 0 0 T 6 800¢

9 14 0 L0 GT'0 0 G000 0 0 €00 VT L00C .EH
14 x¥% 0 2’0 600 0 0 0 TT°0 950 (4% 600¢
- - - - - - - - - (3sau ou) 8002

1% T 0 0 0 0 0 0 0 T 0T L00¢ ¢H
€ ¥ 600 65°0 ce0 0 0 0 0 0 €T 600¢
- - - - - - - - - (1sau ou) 8002

] € 0 600 0 0 800 0 0 €80 1474 L00Cc TH

sa|oeureg lalemreays janad-wiors |janad-wiors
reak-g lenuuy 85009 ysiH Ny aemmy rewjnH XUepn ueadoing s,yoea
SadA}-Aa1d [e10L suoniodoid adAl-Aaid (u) s1v|°ed  JeBA  1SaN

("sasAreue woi papnjoxa alom
Blep Uay) 0T > JI ‘Pa109||09 s19jjad Jo azIs ajdwes [enuue = u) 'SapLIgaH J2INO ‘ep|iy 1S ‘BUIH U0 palsau pue ‘sisAjeur 19|[ad wolj paynuapl se ‘Apnis siyl Jo
sleak aiow 1o auo ul (181p %0/ <) S|enad-wiolS s,yoea uo pasiferoads Jeyl sired enys 1ealo Jo 181p [enuue ay) ul suoiuodouad adAi-Aaid Juslayiq "T°Z 9lgel

57



Prey specialisation on Leach’s Storm-getre

‘(suonrewlojsuel] auisare yum Allsuabowoy Joj S1s9) pasenbs-1y)) JeaA snoinaid syl wolj sayip Apuesyiubis j1ou pip uonisodwod 181 = ('S'N)

€ € 0 0 910 0 S0°0 0 0 6.°0 09 6002 ¥a
r4 r4 0 0 €9°0 0 0 0 0 LE0 8T 6002 €4
€ (s'N) 0 0 ve0 0 L0°0 0 0 650 €l 6002
v 12 0 0 ¥2'0 0 80°0 S0°0 0 €9°0 6. 8002 2a
14 (s'N) 0 0 0£°0 0 0 0 0 0.0 18 6002
€ € 0 0 12°0 0 0 S0'0 0 v.°0 69 8002 T4
sa|deuleg layemieays 1241 ad-wu 0lS _w.;ma.rc\_ 0lS
sleal ||v lenuuy 95009 ysi4 Ny aeminuy Jrewind Xuen ueadoing s,yoean
SadA1-Aa1d [e10L suoniodoid adA1-Aaid (u) s1v|I°od  JBBA  1SON

Chapter 2

‘(pa199]|09 s19)18d Jo 8zIs g|dwes enuue = u) sisAjeue
19(19d WO} paynuapl se ‘saplgaH JaInO ‘ep|iy 1S ‘ung uo palsau eyl sired enys 1eal9 Jo 181p [enuue ayr ul suoiiodoid adAl-Aaid sl "'z algel

58



Chapter 2 Prey specialisation on Leach’s Storm-pgetre

Hirta

Y

/— N
1 ~.
! N
'10%
' \
N '

\ !

Feather
\ 4 Store

1km

B Great Skua pairs nesting on Dun
O Pairs on Hirta with >70% diet Leach’s Storm-petrels
® Pairs on Hirta with 50-70% diet Leach’s Storm-petrels

M Leachs Storm-petrel breeding colonies (JNCC 2000)

""" Outer limits of Great Skua breeding areas and
approximate proportional distribution of total nesting pairs (2007-09 average %) o)

Figure 2.2. Islands of Hirta and Dun, St Kilda, Outer Hebrides, showing locations of
Leach’s Storm-petrel and Great Skua breeding areas, including nests of all Great Skua
pairs nesting on Dun and nests of Great Skua pairs on Hirta with 50-70% and >70% of
annual diet comprising of Leach’s Storm-petrels in 2007, 2008 and/or 2009. Nest
identification labels H1 to H7 and D1 to D4 refer to corresponding nests in Table 1 and 2.
Leach’s Storm-petrels were mist-netted for ringing and measurement at Carn Mér and at
the Feather Store.
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Figure 2.3. Proportion of annual diet that was Leach’s Storm-petrels and distance from nest to nearest
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Kilda, Outer Hebrides. Unfilled points indicate skuas pairs specialising on Leach’s Storm-petrels
(>70% diet). Dashed lines show trends only (no significant relationships were detected).

60



Prey specialisation on Leach’s Storm-getre

120 ¥ @E£/E Ve 0€0 ¥ QZ0VF LT G20 F QI 12 (ww) y1bugy |1q pue pesH
IT0 ¥ J)B'ST Ve 2T0 ¥ 68ST LT 600 ¥ (Q£9T TC (ww) wpbus| uswind
00 F  ppy ve S00 ¥ GO'G LT S00 F  JB'¥ 114 (ww) agny Jo ol ul Ypdap g
vI0 ¥  BL¥Z ve IT0O ¥ 08712 LT vT0 ¥ )92 TC (ww) Yybus| snsie]
890 ¥ GgO9T V€ 9€0 ¥ TE09T L S0 ¥ 99'09T 99 (ww) ybusy Buip
‘IS F  ueaw (u) ‘IS F ueaw (u) ‘IS F ueaw (u)

alluaAng ynpe Buipaaig-uoN ynpe Buipaaig JuswiaInseaw ouPBwWolg

61

Chapter 2

"S9pLIgaH J2INO ‘ep|iy 1S e sjps1ad-wiolS s,yoea ajiusan( pue
npe Buipaaig-uou ‘ynpe Buipaaliq Jo (‘'S F UBaW) SJUSWSINSLaLU JLIBWOIG peay pue snsiel ‘Buip "£°Z ajgel



Chapter 2 Prey specialisation on Leach’s Storm-getre
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Figure 2.4. Relative proportions of Leach’s Storm-petrels with different brood patch
feathering, scored 0 (fully-feathered) to 5 (brood patch area entirely bare of
feathers), that were mist-netted on a breeding colony at Carn Mér (n = 87) and
away from the breeding colonies at the Feather Store (n = 66) on Hirta, St Kilda,
Outer Hebrides, during the incubation period (late May to mid-July) in 2007.
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DISCUSSION

Prey-specialisation on Leach’s Storm-petrels by G Skuas

Great Skua pairs found specialising on Leach’sr&{petrels on Hirta and Dun were
few in total, numbering six pairs or fewer in aflars of the study. Specialist pairs did
not all nest on or very close to Leach’s Stormgidireeding colonies; the only pairs
to do so were on Dun. This may have been dudfereices in terrain where storm-
petrels breed on the two islands. On Hirta, thechés Storm-petrels colonies are on
steep slopes, strewn with boulders and much scérbes terrain is largely unsuitable
for Great Skuas to nest and has not been coloais8tKilda to date. The terrain
where storm-petrels breed on Dun is much flattéh areas of open grassland and

fewer boulders, and is apparently slightly mordadle for nesting skuas.

On islands in the southern hemisphere, such a®hlé&dtand, South Shetland,
Bird Island, South Georgia, and Mayes Island, Kelg, many Brown Skuas
Catharacta skua l6onnbergind South Polar Sku&atharacta maccormiclgpecialise
on burrow-nesting petrels and very often nest witlrieeding colonies of their prey
(Mougeot et al. 1998, Weidinger 1998, Mougeot &tBgmolle 2000b, Phillips et al.
2004). It was initially surprising to find how feskua pairs were nesting on Dun and
specialising on Leach’s Storm-petrels in comparisth Hirta, especially
considering the flat, grassy, terrain on Dun anatiree abundance of breeding
Leach’s Storm-petrels (Newson et al. 2008). Howevés possible that certain
aspects of the island’s vegetation are less hddpita nesting skuas than might at
first appear. Dun is the only island at St Kildiéhout sheep and, unlike on Hirta,
Soay and Boreray, there are swathes of ungrazetjentesegetation, such as
umbellifersApiacea which stand relatively tall and rigid. Also, tgess sward on
Dun is comparatively very deep, loose, and extrgmmpbngy. These specific features
possibly make alighting on Dun and the formatiom secure nest extremely difficult
for skuas, and the island perhaps is unsuitableafud colonisation by many

breeding pairs.

There was a tendency for skua pairs specialisingeach’s Storm-petrels on

Hirta to be found nesting in the west half of thkamnd, towards the location of the
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Leach’s Storm-petrel breeding colonies (Figure.2®is was also true of pairs
identified with 50-70% Leach’s Storm-petrels inittaiet (Figure 2.2). Given this
distribution, the three pairs with more than 50%dtgs Storm-petrels in their diet
that nested in relative isolation in the north epgirter of Hirta seemed rather
anomalous (pairs H6, H7 and one other, see Fig@)e & is tempting to speculate
that there may be an unknown Leach’s Storm-petieiny close to the nest location
of these three pairs; perhaps on the nearby oliffi¢ north (Conachair), which is the
highest in Britain and has areas of apparentlyabletstorm-petrel breeding habitat
which are inaccessible to surveyors (JNCC unpuétistata 2000). Access to several
areas of St Kilda, including Boreray and Soay,@s/\problematic for survey work
and research, due to the steepness of the teineguent bad weather conditions and
dangerous sea states. Compared with Hirta, tmerfew skua nests on Boreray and
Soay (an estimated 10 and 22 pairs respectivedyChapter 1; Murray 2002). Visits
to these to assess diet would have been extrersefylubut unfortunately proved to
be impossible during the study, and we were exthgfoetunate to be able to land on

Dun.

During this study we identified Great Skua pairs@alising on Leach’s
Storm-petrels. From these data it is possiblestonate numbers ohdividuals
specialising on Leach’s Storm-petrels, assuming@mnaat Skuas mate either: 1)
assortatively with respect to diet (i.e. Leach'srBt-petrel specialists always mate
with Leach’s Storm-petrel specialists), or 2) ramtipwith respect to diet (i.e. mate

selection is entirely independent of diet).

Let p = proportion of population (individuals) spalising on Leach’s Storm-petrels:

1) If Great Skuas mate completely assortativelyr nespect to diet:

The observed proportion of specialist pairs = ttopprtion of specialist individuals

2) If Great Skuas mate completely randomly witkpext to diet:

The observed proportion of specialist pains xp

Therefore:  p= (proportion of population (pairs) specialising loeach’s Storm-petref$)
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Following the above, if Great Skuas mate compledslortatively with respect to diet
then, on Hirta for example, 0.011 of the Great Sbggeding population (individuals)
specialised on Leach’s Storm-petrels in 2007, 0i@12008 and 0.023 in 2009. If
Great Skuas mate completely randomly with respedtdt then, on Hirta, 0.103 of
the Great Skua breeding population (individual®cgdised on Leach’s Storm-petrels
in 2007, 0.120 in 2008 and 0.152 in 2009. Equatege proportions into numbers
of individuals, we can therefore say that betweamd 39 individual Great Skuas on
Hirta specialised on Leach’s Storm-petrels in 2@@&tween 4 and 33 in 2008 and
between 8 and 53 in 2009, depending on the degredith diet is related to mate
selection (on a scale from completely assortatveoimpletely random). Despite the
small number of Great Skua pairs identified as igffistng on Leach’s Storm-petrels
during this study, we can only assume that theme aeorrespondingly small number
of specialist individuals if we are confident ti@ateat Skuas on St Kilda mate
completely assortatively with respect to dietw# accept the possibility of random
mating then the number of specialist pairs couldudestantially higher. Using data
from this study, there is a degree of uncertaingrahe precise figures, but certainly
it is possible that there were more Leach’s Stoatrgb specialist individuals in the
population each year than the number of speciadiss might imply. This has
implications for the effectiveness of any futuremagement of Great Skua pairs on St
Kilda according to prey-type(s). A future studydevelop methods to identify the
diet of individuals within pairs could be usefWNA methods could possibly be used
to identify which individual skua produced whichlpts in a breeding territory, since
it is sometimes possible to trap both adults ane for tissue sampling and DNA

from cells of the gut lining should be presentegurgitated pellets.

Great Skua prey diversity and switching

Skua pairs on Hirta identified as specialising @a¢h’s Storm-petrels did not feed
solely on that prey-type and a diversity of othexyptypes were found in the diets of
these pairs. Three or more different prey-typesevi@und in the diet of all Leach’s
Storm-petrel specialist pairs on Hirta during thedg and none were found to
specialise on Leach’s Storm-petrels in all yednsyears when pairs did not specialise
on Leach’s Storm-petrels, most fed on a broad aakseabird and fish prey,

without any specialisation (Table 2.1). Howevere @air (H3) specialised on fish in
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2007 (>77% of diet), on Leach’s Storm-petrels i@20100% of diet), and then on
fish again in 2009 (82% of diet), with consumptafran additional 5 other different
prey-types during the three year period. Bothnlade and female of this particular
pair were colour ringed individuals and the paimpoised the same individuals in all
years of the study. It was entirely unexpecteditoess such prey switching
behaviour and to find that the diets of ‘specialistere varied and differed greatly
between years. In some cases, where | could fglently one individual in a pair
throughout the study, prey switching may have lraren by the identified
individual taking a new (and unidentified) partairing the study, with different
dietary ‘tastes’ to their predecessor (also unified). Yet prey switching and high
prey-type diversity was also observed in pairs whmath birds were identified every
year and the two individuals known for certain tithange during the entire study.

A simple review of the diet of all skua pairs negton Hirta in 2007, 2008
and 2009 was carried out to try to assess the mawe of pairs feeding on only one
prey type (Leach’s Storm-petrels, European Stortrefse Manx Shearwaters,
Northern Fulmars, Black-legged Kittiwakes, aukshfor goose barnacles). This is
summarised in Table 2.5 (see below). Less thandf8airs fed solely on one prey
type in any one year of the study, indicating theas at least some prey diversity
(two or more prey-types) in the annual diet of thegority of pairs each year (>85%).
Very few pairs (5 or fewer) fed on only one pregeyfor two years, and none did so
for three years, thus all pairs which fed on oreygype in one year of the study at
some point switched to or from feeding on a greditegrsity of prey (two or more
prey-types). Feeding exclusively on one prey-tyt@out any diversity or switching
between years did not occur. High prey diversitgt prey switching are traits of
opportunistic generalist predators such as glllsas and many species of raptor. It
is likely that a degree of dietary flexibility cdwe an advantage for survival,
particularly if prey populations are prone to fluation. However, reproductive
advantages associated with prey specialisation bese widely reported in gulls and
skuas, so the extent of prey diversity and switghiound at St Kilda was surprising
(Pierotti & Annett 1991, Watanuki 1992, Votier €t2004a). Understandably, it has
often been assumed that dietary specialist paskua populations are the same
individuals each year. At St Kilda, skua pairscspising on Leach’s Storm-petrels

were certainly not always the same individuals gaedr. This has negative
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implications for the effectiveness of any experitaéremoval of specialists. Dietary
data from skua nests on Dun were relatively few,towas notable that the diet
composition of pairs on this island did not chabgeveen years, in contrast to the
general pattern on Hirta. Skua pairs on Dun nefsirdower density and in closer
proximity to very large seabird populations thanpairs on Hirta. It is possible that
competition for access to seabird prey is morensgeamong pairs on Hirta, because
they do not face a relative excess of prey withueiy short range of their nests, so
may have to compete for, adapt to, and switchfferént prey-types more than pairs
on Dun. Feeding conditions on Dun would seem f&vgurable to skuas and the
relative lack of colonisation of the island perhaphirther evidence that nesting is

inhibited by the ungrazed rank vegetation structure

Breeding and non-breeding Leach’s Storm-petrels

Clear differences were not found between the biameteasurements of Leach’s
Storm-petrels identified as breeding adults, naeting adults and juveniles (Table
2.3). Therefore | was unable to assign the ren@fiheach’s Storm-petrels found in
skua pellets to these different bird types. In&Q@fidence was found that non-
breeding Leach’s Storm-petrels had shorter billénjen) than breeding birds, but
given the small sample size of data, | treat timgihg with caution. It would be
useful to make further comparisons of the biomstoicbirds trapped at breeding
colonies that have brood patches bare of featmersuge heavily vascularised, with
the biometrics of birds trapped at sites away fleeding colonies that have fully
feathered brood patches. Potential use of biitleto identify the breeding status of
Leach’s Storm-petrels found in pellets may be kdiby the occurrence of complete
skull and bill arrangements in pellets. Duringstbiudy, very few pellets (<40) were
found containing these particular structures ahthase found, in most cases the bill
was broken or lacking the sheath and could notbarately measured.

One pellet which did contain a fully intact skufichbill, as well as most of the
rest of the skeleton, was that containing ring N8 The culmen of this bird
measured 15.5mm, which was indicative that the Wwad a non-breeder, as within the
(2008) range found for non-breeders (15.0-16.8nmumphtside that of breeders
(15.7-17.2mm). When ringed at the Feather Stor2Gduly 2008, the brood patch
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area of this individual scored 3 for feathering dnfdr vascularisation which, given
the date, was not perfect for identification of biel as a non-breeder. However, this
brood patch score was not in any way typical ofesefling bird (i.e. score was not
5/2) and, together with the bill length and locataf first capture (see below), it
seems extremely likely that the bird was not bregdAll other Leach’s Storm-petrels
found during the study already bearing a ring (2@tal) were ringed and recaptured
alive during mist-netting at Carn Mor, scored SR lfrood patch, in most cases were
re-trapped at least one year after having beemdiagd, overall, it seems very likely
that these individuals were all breeding adultstotal, 14% of all the birds that were
captured by mist-net at the Carn Mor breeding cpleare found to be already ringed
(these probably all breeding adults; 14% = (20/34B8)0), but by contrast only 0.2%
of Leach’s Storm-petrels captured by skuas anddonpellets were found to be
ringed (only one ring found; 0.2% = (1 / (total noen of Leach’s Storm-petrel pellets
found and examined / average number of pelletsymed by Great Skuas per storm-
petrel eaten)y 100 = (1 / (1289/2.5) 100). If the one ring found among the 1289
skua pellets examined was from a breeding ad@tptbportion of the total number
of Leach’s Storm-petrels consumed by skuas thabreding adults (P) is given as

follows:

a = Number of rings from breeding adults found efigis = 1
b = Number of Leach’s Storm-petrels found in skabgpis = (1289/2.5) = 516
¢ = Proportion of breeding adults that are ringg@3/148) = 0.14

a=lxcxP

P=al/(lac)
=1/(5160.14)
=0.01

This result is subject to considerable uncertaibty,is still extremely
suggestive that breeding adults likely form a vanall proportion of the total number
of Leach’s Storm-petrels consumed by skuas at l8aKiThe value of 0.01 should be
viewed as a theoretical maximum, given that thevidence to suggest that the
ringed bird that was found in a pellet was actuallyon-breeder. Using an estimate

of 21,000 individuals for the total number of Leac8torm-petrels consumed by
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skuas per year (see Chapter 3), the total numbareetding adult Leach’s Storm-
petrels consumed annually can be calculated = 2% 001 = 210 individuals
(maximum estimate). Overall, it seems reasonabt®nclude from ring-recoveries
that Great Skuas predominantly catch non-breednag land kill relatively very few

breeders.

This conclusion is in general agreement with obeteoas of the behaviour of
hunting Great Skuas and Leach’s Storm-petrels etbtbeding colonies on Dun and
at Carn Mor, made using a Leica BIM 35 night scipage intensifier) at St Kilda in
2007, 2008 and 2009 (see Chapter 4). Leach’s Spetnels showed two discrete
types of behaviour at colonies: some birds fleveatly in to the colony and quickly
disappeared down a burrow, but others meanderéahided, and spent prolonged
periods shuffling about, flapping and calling oe gurface of the colony. The former
were likely breeding birds returning to active sesthile the latter appeared to be
non-breeders prospecting for nest sites and matelsmuch more vulnerable to skua
attack (see Chapter 4; Furness 1987, Brooke 19%@ps hunting Leach’s Storm-
petrels were observed to patrol the surfaces ofdhanies, on foot, looking for
storm-petrels exposed on the ground, and not teecireany in flight or to dig nesting
individuals out from burrows. Non-breeding Leac&term-petrels on the surface of
the breeding colonies were entirely oblivious taak did not recognise the sight and

sounds of skuas as a threat, and were very eagityied and eaten (see Chapter 4).

Most Leach’s Storm-petrels mist-netted at the Fera®tore during the peak
incubation period in 2007 scored between 0 and #raod patch feathering, while
those mist-netted at Carn Mor mostly scored 5 (feidu4). This suggests that most
birds caught during this period at the FeathereSiggre not breeding, since partial
feathering of the brood patch during peak inculmaisonot typical of breeding birds
(Snow & Perrins 1998, Redfern & Clark 2001, Bro@k®4). There is evidence that
non-breeding European Storm-petrels respond teltaps more than breeders, and
our results suggest this is also likely true ofdtéa Storm-petrels (Fowler et al. 1982,
Okill & Bolton 2005). Ringing recoveries have shothat tape-lured European
Storm-petrels are mostly pre-breeding young binas &re highly transitory and travel
long distances prospecting potential breeding detofFurness & Baillie 1981,
Fowler et al. 1982, Fowler & OKkill 1988, Okill & Bwn 2005). We did not recover
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at St Kilda any Leach’s Storm-petrels that wergeuh at the Feather Store, other than
one in a skua pellet, and it seems likely thatdogdught at the Feather Store were
mostly transitory non-breeding individuals attrachs the tape, that soon departed to
visit colonies elsewhere. Further evidence of Was that a bird ringed at the Feather
Store on 5 July 2007, 5 days later was mist-n&&tkm away from St Kilda at Sule
Skerry, Orkney. In conclusion, although many sgais eat Leach’s Storm-petrels at
St Kilda, pairs identified as Leach’s Storm-pesgécialists were few, fed on a
variety of prey-types, and did not specialise oadtes Storm-petrels every year. It
was not possible to determine for sure the breesliatys of Leach’s Storm-petrels
eaten by skuas using storm-petrel biometric measemes; however, from ring
recoveries it seems very likely that skuas feedenoor transitory non-breeding
Leach’s Storm-petrels than on resident breeders.
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Table 2.5. Summary of the occurrence of Great Skua pairs feeding on only one prey-type
(Leach’s Storm-petrels, European Storm-petrels, Manx Shearwaters, Fulmars, Kittiwakes, Auks,
Fish or Goose Barnacles) on Hirta, St Kilda, Outer Hebrides in 2007, 2008 and 2009.

Great skua pair feeding behaviour, as identified from pellet analyses Total pairs
Fed on only 1 prey-type in 2007 16 (8%)
Fed on only 1 prey-type in 2008 19 (14%)
Fed on only 1 prey-type in 2009 22 (13%)
Fed on only 1 prey-type in 1 or more years of the study (known different pairs) 51

Fed on only 1 prey-type in any 2 years

Fed on only 1 prey-type in any 2 consecutive years

Fed on the same 1 prey-type in any 2 consecutive years
Fed on only 1 prey-type in all 3 years of study

o whr~ O
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Chapter 3

Quantities of Leach’s Storm-petrelsOceanodroma leucorhoa and

other prey eaten by Great Skuasstercorarius skua at St Kilda
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ABSTRACT

At St Kilda, Outer Hebrides, between 1999 and 2088% decline was recorded in
the largest Leach’s Storm-petrel breeding colonBritain and Ireland. It was
suspected that this could be attributed to preddijoGreat Skuas on the islands.
Here | use bioenergetics and prey-consumption nsddedstimate annual predation
rates of Leach’s Storm-petrels and other prey daye@reat Skuas in 2007, 2008 and
2009. Incorporating the results of population sys/and analyses of the diet of adult
breeders, young and non-breeding skuas, estimatesmade of the energy and
amounts of seabirds, fish and shellfish consumezhahn year. Estimates accounted
for all breeding and non-breeding activities eaearyfor all individuals, for the entire
period that skuas were present at St Kilda. Gve000 seabirds were estimated to
be killed by Great Skuas each year, mostly auksstorth-petrels. However, in two
out of three years, the prey-type consumed in getguantity by mass was fish.
Results are discussed in relation to prey avaitgbiAnnual predation of Leach’s
Storm-petrels was sustained and considerable: ar@amal consumption was
estimated to be approximately 21,000 individud®wever, a resurvey of the St
Kilda Leach’s Storm-petrel colony in 2006 foundrindad been no significant
decline since 2003 and that the breeding populappeared relatively stable
(Newson et al. 2008). | conclude that Great Slaie&&t Kilda eat extremely large
numbers of non-breeding Leach’s Storm-petrelseratian breeders, and that
thousands of non-breeders likely visit the arclagelevery year from colonies

elsewhere, such as those found in Iceland and Nawifand.

74



Chapter 3 udtities of Leach’s Storm-petrels eaten by skuas

INTRODUCTION

Prey availability can affect the size and foradietpaviour of predator populations in
different ways. Population sizes of specialisdaters are often limited by prey
availability, whereas population sizes of genetgigdators are less closely related,
because generalists are not always dependent @oph#ation density of one prey-
type (Nielsen 1999, Garrott et al. 2009, Ford e2@l 0). If one prey-type is
unavailable, generalists can adapt their foragetgalsiour to consume a wide range
of alternatives (Phillips et al. 2004, Quigley bt2908, Friedlaender et al. 2009).
This can impose very high predation pressure oarsédifferent prey-types,
resulting in limitation of prey population densgifDe Leon et al. 2006, Fargallo et al.
2009, Montevecchi et al. 2009, Innes et al. 20108)marine ecosystems, gullarus
and skuas$tercorariusare generalist predators which feed on many spefiésh,
birds and molluscs by direct predation, kleptopéisas and scavenging of adults,
young and eggs (Furness 1987, Malling-Olsen & La@03). Human refuse is also
exploited, for example large numbers of gulls feadlomestic waste at coastal (and
inland) rubbish tips and both gulls and skuas fae@vaste from commercial
fisheries, discarded at sea and at coastal progepkints (Votier et al. 2004c, 2007,
Neves et al. 2006, Skorka & Wojcik 2008, NavarraleR009).

In the North Sea, an increase in direct predatfaeabirds by Great Skuas
Stercorarius skuavas found to occur with decreases in the avaitgtuf fisheries
discards and of small shoaling pelagic fish sucbaasgleel®Ammodytes marinus
(Votier et al. 2004a). Likewise, in the Northwédlantic, increases in predation of
Leach’s Storm-petrel®ceanodroma leucorhday gulls occurred following decreases
in availability of inshore spawning Capeliallotus villosus(Stenhouse &
Montevecchi 1999). Predation of seabirds by gafid skuas can be considerable, for
example at Mayes Island, Kerguelen, an estimateg@aDB5etrels of at least eight
species were eaten by Brown Sk@agharacta antarctica lonnbergn the skua
breeding season of 1992 (Mougeot et al. 1998)intasibn of numbers of seabirds
killed by skuas and gulls is crucial in assessmétite potential impacts that
predation may have on seabird populations, padibuin the case of prey species of
conservation concern (Weidinger 1998, Oro et 80520 Heavy predation can result

in dramatic declines in prey populations. For egknBlack-legged KittiwakeRissa
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tridactyla have rapidly declined in most of Shetland, itisught largely as a result of
predation by Great Skuas (Heubeck et al. 1997 &arness 2002), and at St Kilda,
Outer Hebrides, predation by Great Skuas is thotlghinost likely cause of a severe
decline in the breeding population of Leach’s Stgmtrels on the island of Dun, by
approximately 13,000 pairs between 1999 and 200Bli( et al. 1999b, Newson et
al. 2008).

Changes in size of the storm-petrel population an Bave been a particular
concern for UK conservation of Leach’s Storm-peatiecause St Kilda holds more
than 94% of the total breeding pairs in Britain &mdand (Mitchell et al. 2004, Votier
et al. 2005, Newson et al. 2008). In the latestgete census, an estimated total of
45,433 apparently occupied breeding sites (AO%)atch’s Storm-petrels were
found at St Kilda, compared with 1,425 AOS on thenRan Isles, the second largest
UK colony (Mitchell et al. 2004). Phillips et 4.999b) estimated that Great Skuas
consumed approximately 14,800 Leach’s Storm-petiteft Kilda in 1996, a level of
predation thought likely to be unsustainable. @Gitlee sharp decline discovered in
breeding numbers on Dun between 1999 and 2003atwedoressure from skuas
seemed likely, albeit at a slightly lower levelrthestimated in 1996, and an
assessment of numbers of Leach’s Storm-petrelsuooed by skuas in more recent
years was considered imperative (Votier et al. 20@5%vson et al. 2008).

Prior to this study, it was not known how many L&aStorm-petrels were
consumed by Great Skuas at St Kilda, whether hpeagation occurred, or whether
predation was at all sustained, in any years dtteer 1996. In this study | estimate
numbers of Leach’s Storm-petrels consumed by GBlkaas in 2007, 2008 and 2009,
assess the impacts and implications of storm-ppteglation by skuas, and consider
storm-petrel consumption estimates for 1996 aloitly kecent Leach’s Storm-petrel
population changes at St Kilda. Additionally, tisete consumption of other
seabirds, fish and goose barnacles and compareithigstimates for 1996, as well
as with estimates of storm-petrel consumption @s¢hyears. Prey consumption
estimates were made for each year using predibtoenergetics and prey
consumption models described by Phillips et al9@l9, incorporating recent
advances in understanding of pellet productionkmas and of the field metabolic

rates of dietary-specialist skuas (Votier et aD2®004b). These models and
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techniques were selected because they allowed ¢mopaf prey consumption
estimates for 2007, 2008 and 2009 (this studyetmbde with those for 1996

(Phillips et al. 1999b). Additionally, this pantiar model-based approach was
preferred because it is relatively holistic, sirtcaccounts for the energy requirements
and prey consumption of adult breeders, young amdomeeders, for all breeding and
non-breeding activities, during the entire perioattskuas are present at St Kilda each
year, and across four years in total. Estimatastaf numbers of storm-petrels
predated by avian predators, for example gullselmaen made using absolute counts
of hard storm-petrel body-parts, particularly titet, found in pellets (e.g. Oro et al.
2005). However, this method was not used herausecit relies on complete
collection of all pellets produced during a studyipd and is most appropriate at sites
where all areas/islands are entirely accessiblé&euat St Kilda. Furthermore, the
method does not account for numbers of storm-Eepreldated by non-breeders and
by breeding birds at times outside of the breedemgson, and this information |

wished to include.

METHODS

Study site

The study was carried out on Hirta, the largesinidlin the St Kilda archipelago
(57°49N, 08°38W), Outer Hebrides, during the breeding seaso207, 2008 and
2009. More than 90% of adult Great Skuas breedir&f Kilda nest on Hirta
(Phillips et al. 1999a, Murray 2002). Access @ iglands other than Hirta (Dun,
Boreray & Soay) is extremely difficult owing to iheelatively very steep shores, few
landing sites and usually dangerous sea conditardswas very rarely achieved. St
Kilda is a Site of Special Scientific Interest, geSial Protection Area, and a
UNESCO World Heritage Site for its cultural andurat value. Over 670,000
seabirds breed on the islands, including (approtartaest minimum estimates):
90,000 Leach’s Storm-petre®eanodroma leucorho&,000 European Storm-
petrelsHydrobates pelagicyd.0,000 Manx Shearwatdpaiffinus puffinus137,000
Northern Fulmargulmar glacialis 121,000 Northern Ganne¥orus bassanys
23,000 Common Guillemotdria aalge 2,500 Razorbillf\lca tordaand 285,000
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Atlantic puffinsFratercula arctica(Murray 2002, Mitchell et al 2004, Newson et al.
2008).

Bioenergetics model

Energy requirements of Great Skua breeding aduis;breeding adults and chicks
on Hirta for the entire duration that they weresgr each year were estimated using
life-history parameters (Table 3.1). Numbers @&daling pairs of Great Skuas were
determined by a complete census of nests each Jeanbers of non-breeders
attending the only club site at St Kilda, on Hisagre determined by direct counts of
individuals at 6 to 10 day intervals throughout btineeding period and a mean
calculated for each year. Food assimilation efficy of 0.76 was used throughout,
calculated by Hilton et al. (2000) from controlliegding trials of captive Great Skuas
fed sandeels and Whitinderlangius merlangusMean clutch size and brood size at
20 days were recorded from frequent systematitsvisiall nests throughout each
breeding season. Published values of basal matabhté (BMR, Bryant & Furness
1995) and estimates of field metabolic rate (FMRBIdGw 1988, Votier et al. 2004b)
were used in the model, the latter calculated fronitiples of BMR according to the
cost of performing specific activities. Estimatietermined by Votier et al. (2004b)
of FMR:BMR ratios for skua pairs specialising omalsied prey and on fish prey were
used, with an average value incorporated for géisepairs feeding on both these
prey types without specialisation. | classifiedrpas bird specialist (seabirds >70%
of diet), fish specialists (fish >70% diet) or geadests (non-specialist diet, seabirds
and fish each <70%), according to diet compositibeach pair determined from
pellets. Following Votier et al. (2004b), a valfel.5x BMR was used for Great
Skua metabolic rate during incubation (FM&sation:BMR ratio), for one adult in
each pair for the incubation period. Clutch prddury incubation and maintenance
costs were excluded from energy calculations for-bieeders and it was assumed
that the energetic benefits to non-breeders ofearing chicks were offset by poor
foraging efficiency compared with breeders (follagiiCairns et al. 1990, Phillips et
al. 1999b, Votier et al. 2004b). Total energy tesplh by adults for clutch formation
and by chicks (hatching to departure from the cglavas calculated using the same
method described by Phillips et al. (1999b) andéfadt al. (2004b). A sensitivity
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analysis was performed on the model for each ygandseasing parameter values by

1% and testing a range of likely extremes for aligoneters.

Diet composition

Diet of breeding adult skuas and chicks on Hirta estimated from analyses of
regurgitated pellets collected from every knowntingsterritory on the island in each
year. For each territory, a circular area of 1awhus from the nest was checked for
pellets, by the observer walking in a tight spfram the nest out to the
circumference, at all times searching & &mea immediately ahead. Pellet searches
lasted 20 minutes per territory. Territories wessted every 10 to 15 days from May
(egg laying) to mid-August (fledging). Skua pedlare typically of similar size,
colours and texture, and | was confident that tivesebles did not bias pellet-finding
towards particular prey types. Fish pellets agh#lly looser and more prone to
disintegrate over time (20+ days) than bird or @oBarnacle pellets, but relatively
frequent pellet collection aimed to negate any a®educed by this potential
difference. ContraPhillips et al. (1999b) and Votier et al. (2004djd not carry out
separate analyses of diet for pre-breeding adnttchicks by assessment of
undigested prey-remains, regurgitated when birde wapped and handled for
biometric measurement and ringing. In 2007, exélgrfew adults and young that
were handled regurgitated, so my sample size afrgigites from the first year was
tiny. Regurgitation by skuas during handling magw more when the birds are
stressed, but this | wished to minimise. Diet ofitbreeders was assessed by
searches of the club site for pellets during theesperiod and at the same frequency
as searches of nest territories. Pellets werdifahto the lowest possible taxon
using published prey identification criteria (Vatet al. 2001, 2003, 2004b), and
removed to prevent recounting. Relative compasitibdifferent prey types in the
diet of the colony was determined by calculatiohef relative proportions of total
meals consumed of different prey-types (1 meal antjty of food present in a bird’s
proventriculus on its return from feeding, Philligisal. 1999b). Following Votier et
al. (2004b), 1 did not assume that one meal redutte¢he production of one pellet,
and calculated numbers of meals by applying caomedactors to pellet frequencies,
determined from studies of captive Great Skuaglitferent fish and bird prey

(Votier et al. 2001, 2004a, 2004b). Unlike othexypitems, Auk, fish and goose
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barnacld_epassp. remains in pellets could not be readily ideadito species level so
remains were classified into three generalisedycaites to include all species. Total
numbers of meals were calculated from the totallsemof pellets collected for each
of the following prey-type categories: Leach’s &tegpetrel, European Storm-petrel,
Manx Shearwater, Fulmar, Kittiwake, auk (includidgmmon Guillemot, Razorbill,
Black GuillemotCepphus grylland Atlantic Puffin), fish, and goose barnacleery
few pellets (<1%) were found that were not thesyfiypes or that could not be
identified and these were omitted from analysesnbler of goose barnacle pellets
produced per meal was estimated by counting thebeuwf goose barnacle half-
shells found in pellets and comparing this with laenber of half-shells estimated by
Phillips et al. (1999b) to be consumed per megloafse barnacles. | calculated that
approximately 2 goose barnacle pellets were pratipee meal and used this value as
the correction factor to calculate numbers of mé&als numbers of pellets of goose

barnacle in all years.

Prey energy content and meal mass

Most pellets of fish prey included large bones spithal sections from Mackerel
Scomber scombruend HerringClupea harenguand the vast majority of these
remains were of sufficient size to indicate thegt hame from fish of at least 100g.
Few pellets were found containing very small fisimés or scales but in such cases
also contained several otoliths, representativaafe than one fish. Following

Votier et al. (2004b) and Phillips et al. (1999h)sed the average fish wet meal mass
of 100g proposed by Furness and Hislop (1981) andan energy content value of
5.2kJg" for fish meals (Hislop et al. 1991). For goosenbale meal energy content
we used a value of 1.9K3gnd an average wet meal mass of 40g, as deterimjned
Phillips et al. (1999b). Wet meal mass of bird hveas assumed to be 100g for
species too large to be swallowed whole (Furnesistop 1981) and bird meat
energy content to be 10.9kdollowing Phillips et al. (1999b) and Votier dt a
(2004b). It was assumed that only 65% of freshybudss from carcasses of larger
seabirds (Manx Shearwaters, Fulmars, Kittiwvakesaarks) was consumed, due to the
high proportion of indigestible material in thegesies, and that they are not
swallowed whole (Phillips et al. 1999b). Compaweth other seabirds, mean energy

content of meals of Leach’s and European Storme[setvas adjusted downwards by
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65% (= 7.1kJd), because storm-petrels are swallowed whole apeater

proportion of material ingested will be indigestitdr of low calorific value compared
with larger seabird prey, which is normally purezahselectively taken from a
carcass (Phillips et al. 1999b). Because swallowleale, Leach’s and European
Storm-petrel wet meal mass was assumed to be tmtie average mass of

individuals, approximately 45g and 25g respecti@rooke 2004).

Prey consumption model

Using the above values of energy content and nfas&als with our estimates of the
relative proportions of meals of different prey#gan the colony diet, the percentage
energy contribution of each different prey-type wakulated. These percentages
were then used with values from the bioenergetiodehof total energy consumption
by skuas on Hirta, to estimate the total amoumna&rgy supplied by each prey-type.
Separate analyses were carried out for adult bregidies young, and non-breeders.
The total weight of each prey-type consumed was bHaek-calculated using prey
calorific densities. Numbers of seabirds consulmeGreat Skuas on Hirta were
calculated from total weight consumed, using knomgan body weights of the birds
eaten (Snow & Perrins 1998). An intermediate badight between Atlantic Puffin
and Common Guillemot was used for auks, as indalidpecies could not be
consistently identified from remains in pelletsoliBwing Phillips et al. (1999b) and
Votier et al. (2004b), performance of the model vested by increasing input values
by 1% and by introducing a range of likely extrem&streme limits of prey calorific
densities (x 25%), mean meal mass of birds and#s30%) and mean meal mass of
goose barnacles (x 50%) were tested in accordaitbeoublished values (following
Phillips et al. 1999b). Due to possible error i@me in using pellets to assess Great
Skua diet (see discussion), extreme limits forpgtmgortion of different prey-types in
the diet were set at = 50%. Total numbers of diffie seabird prey-types consumed
by Great Skuas at St Kilda were estimated for 199put into our models of the
population size and diet parameters determinedhiyd® at St Kilda in 1996

(Phillips et al. 1999b). Total numbers of prey aomed at St Kilda in 2007, 2008 and
2009 were determined by input into the models ofpmpulation size and diet
composition parameters for Hirta for each years phe most recent Great Skua

population size estimates for Dun (visited in 2@08 2009; 4 nests found in each
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year), Soay (not visited, 22 apparently occupiest tegritories recorded in 1999,
Murray 2002) and Boreray (visited only in 2009;dparently occupied nest
territories found).

RESULTS

Bioenergetics model

Table 3.2 shows the energy requirements of thetGiaaa population on Hirta in
each year, in total: 1137:4.0° kJ in 2007, 872.%10° kJ in 2008 and 1039:2.0° kJ

in 2009. The largest component of each seasot@bw@s for the maintenance and
activity of breeding adults (70-80%). Chicks amsh#breeding adults had much
lower energy demands10% and 10-20% of annual totals, respectively)ar@es in
parameter estimates following the sensitivity asiglyesulted in very similar patterns
of change in model outputs between years (Table auses of greatest change
were size of the breeding population, adult BMR #owtl assimilation efficiency.

The need for accuracy in these parameters is ¢tuecause for each a 1% change
altered the model output by almost 1%, unlike offeameters for which relative
response magnitude was much lower. Greatest absdiange in model outputs
following input of parameter extremes was causeddiynated maximum numbers of
non-breeders and duration of the post-fledgingagefoth were set relatively very
high (see discussion).

Prey consumption model

Estimates of prey energy content, meal mass ancotfiieibution of each prey-type in
the diet were used to calculate the relative eneogyributions of each prey-type for
adult breeders and chicks, and non-breeders oa {$ee Table 3.4 for all values).
Relative energy contribution and prey caloric val(iEable 3.4) were used with
absolute estimates of the total energy requireskioas per season (Table 3.2), to
calculate the total mass consumed of each prey(tygigle 3.5). In all years, fish and
auks were consumed in greater weight than any ptlegrtype. More fish meat was
consumed in 2007 and 2009 (6103.87kg and 6226.28&pgectively) than auks, but
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in 2008 the reverse was true (3997.03kg auks cardpaith 2951.37kg fish). In all
years, breeding adults and chicks consumed overofibe total mass of prey taken.
Annual weight proportions of goose barnacles coresliby skuas on Hirta were
consistently small compared with proportions ol fsd seabirds: 5.7% goose
barnacles in 2007, 2.5% in 2008 and 2.7% in 2009.

Estimates of numbers of seabirds consumed by Giasas on Hirta are
shown in Table 3.6, in total: 29,761 in 2007, 38,842008 and 53,752 in 2009. In
all years, storm-petrels (European and Leach’s aoedb) were the seabird prey-type
consumed in highest numbers. In 2008 and 2009batsvof Leach’s Storm-petrels
consumed were alone higher than any other. In 206y the number of auks taken
was slightly higher than that of Leach’s Storm-pkstr Compared with numbers of
auks and Leach’s Storm-petrels consumed (>8000D years), all other prey-types
were taken in relatively moderate numbers (<400C8lligears); with the one
exception of European Storm-petrels in 2009, wimawaimately 14000 were eaten
(an increase of +293% from 2008 and +416% from 2082tween-year changes in
numbers of Leach’s Storm-petrels consumed on Miesee positive and large
(numbers up by +94% in 2008 and +41% in 2009). blens of auks taken
diminished in each year, down by -16% in 2008 aynell9% in 2009; in contrast to
total numbers of storm-petrels taken, which fohbgpecies increased annually.
Estimated total numbers of auks and storm-petmisumed at St Kilda (all islands,
Table 3.7) followed the same trends as for Hirterfr2007 to 2009 (Table 3.6):
numbers of auks taken decreased but numbers ofi-gtetrels increased in each year.
Greater numbers of Manx Shearwaters, Fulmars wékes and auks were consumed
in 2007, 2008 and 2009, than in 1996. In 20082 this was also true for
Leach’s Storm-petrels, and in 2009, for Europeamrtpetrels. Numbers of Manx
Shearwaters, Fulmars and Kittiwakes consumed Kil& in 2008 were lower than
in 2007 (down by -5.8%, -19.6% and -43.0%, respebt), but higher in 2009 than in
2008 (up by +3.3%, +7.8% and +193.8%, respectively)2008 and 2009, combined
annual totals of numbers of Manx Shearwaters, Fdnéttivakes and auks were
less (by 11,204 individuals in 2008 and 32,631009) than the total numbers of
storm-petrels consumed in these two years, mostich’'s. Overall, numbers of
Leach’s Storm-petrels consumed were far greater fitraany other seabird prey-type
(Table 3.6 and 3.7), and in 2009 the estimated odtaeach’s Storm-petrels
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consumed at St Kilda outnumbered the sum totall atlaer seabirds taken (Table
3.7).

The results of the prey consumption model sensitamalysis are shown in
appendix 3.1. Results are consistent between.y€dranges to values of bird caloric
density, large bird meal mass and the proportidisbfin the diet had greatest effects
on estimated amounts of prey consumed comparedciéhges made to all other
parameters. Altering the proportion of each dédferbird prey-type in the diet of
skuas caused relatively large change in the owigdue for numbers of that prey-type
consumed but, in most cases, also smaller changhe bpposite direction to
numbers consumed for all other prey-types. Contparth the effects of changes
made to fish and bird prey proportions, effectaledring proportions of goose
barnacles in the diet were minimal. Changes tgtbportion of any prey-type in the
diet of breeders and young had a greater effent¢hanges to prey-type proportions

for non-breeders, for which only very minor chantgemodel outputs resulted.
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Table 3.1. Parameters used in the bioenergetics model

2007 2008 2009 Source
Breeding pairs on Hirta 189 139 174 This study
Non-breeding birds on Hirta 48 69 53 This study
Pre-breeding period =~ 30 days =~ 30 days =~ 30 days Phillips et al. 1999
Incubation period 29 days 29 days 29 days Furness 1978
Chick-rearing period (St Kilda) = 47 days = 47 days = 47 days Phillips et al. 1999
Post-fledging period (St Kilda) =~ 18 days =~ 18 days =~ 18 days Phillips et al. 1999
Adult BMR 538 KJday'  538KJday’ 538 KJday" Bryant & Furness 1995
Adult FMR:BMR ratio
Bird specialists (>70% bird) 2.15 2.15 2.15 Vatier et al. 2004
Fish specialists (> 70% fish) 3.5 3.5 3.5 Votier et al. 2004
Generalist 2.83 2.83 2.83 (Mean of specialist values)
Votier et al. 2004
Adult FMR\ncusaTion:BMR 1.5 1.5 1.5 Votier et al. 2004
Mean clutch size 1.78 1.79 1.78 This study
Mean brood size at 20 days 1.33 1.19 1.2 This study
Mean brood size at fledging (St Kilda) 0.84 0.84 0.84 Phillips, Thompson &
Hamer 1997
Mean fresh egg mass 96 g 96 g 96 g Furness 1978
Mean egg energy density 6.45KJ g™ 6.45KJ g™ 6.45KJ g™ Meathrel & Ryder 1987;
Meathrel et al. 1987
Egg synthesis efficiency 0.75 0.75 0.75 Rickleffs 1974, 1983
Food assimilation efficiency 0.76 0.76 0.76 Hilton et al. 2000
Mean chick fledging mass (St Kilda) 1170¢g 1170¢g 1170¢g Phillips, Thompson &

Hamer 1997
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Table 3.2. a) Energy requirements of Great Skuas in 2007 on Hirta, St Kilda, Outer Hebrides.

udtities of Leach’s Storm-petrels eaten by skuas

2007 Individual / pair Entire colony
Daily Whole season Daily Whole season
Breeding adults
Maintenance and activity
Bird specialists 1522.0 kJ bird * 182.1 x 10°%kJ pair ™ 2039 x10°kJ 2439 x10°kJ
Fish specialists 2477.6  kJ bird ! 286.7 x10°kJ pair™ 2379 x10°kJ 2752 x10°kJ
Generalists 2003.3  kJ bird * 234.8 x10°kJ pair™ 2965 x10°kd 3474 x10°kJ
Egg production costs
Bird specialists - 1933.6  kJ pair 1 - 259.1 x10°kJ
Fish specialists - 1933.6  kJ pair 1 - 185.6 x 10°kJ
Generalists - 1933.6  kJ pair * - 286.2 x10%kJ
Incubation costs 1061.8 kJ bird * 30793.4 kJ pair * 200.7 x10°kJ
Non-breeding adults
Maintenance and activity ~ 2003.3  kJ bird * 248.4 x10°kJ bird * 96.2 x10°kJ  119.2 x10°kJ
Chicks
Hatching to fledging
Bird specialists - 45722.9 kJ chick * - 40.7 x10°kJ
Fish specialists - 45722.9 kJ chick * - 29.2 x10°kJ
Generalists - 45722.9 kJ chick * - 45.0 x10°kJ
Fledging to departure
Bird specialists 1025 kJ fledgling 18450 kJ fledgling * 57687 kJ 10.4 x10°kJ
Fish specialists 1025 kJ fledgling * 18450 kJ fledgling ™ 41328 kJ 74 x10°kJ
Generalists 1025 kJ fledgling * 18450 kJ fledgling 63714 kJ 11.5 x10°kJ

Total colony energy requirement

11374 x10 °kJ
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Table 3.2. b) Energy requirements of Great Skuas in 2008 on Hirta, St Kilda, Outer Hebrides.

udtities of Leach’s Storm-petrels eaten by skuas

2008 Individual / pair Entire colony
Daily Whole season Daily Whole season
Breeding adults
Maintenance and activity
Bird specialists 1522.0 kJ bird * 182.1 x 10%kJ pair ™ 2253 x10°kJ  269.4 x10°kJ
Fish specialists 2477.6  kJ bird * 286.7 X 10°kJ pair™ 113.9 x10°kJ 1319 x10°kJ
Generalists 2003.3  kJ bird * 234.8 x10°kJ pair™ 168.3 x10°kJ  197.2 x10°kJ
Egg production costs
Bird specialists - 19445 kJ pair * - 287.8 x10°kJ
Fish specialists - 19445 kJ pair * - 89.4 x10°kJ
Generalists - 19445 kJ pair * - 163.3 x10%kJ
Incubation costs 1061.8 kJ bird * 30793.4 kJ pair * 1476 x10°kJ
Non-breeding adults
Maintenance and activity ~ 2003.3  kJ bird * 248.4 x10°kJ bird * 138.2 x10°kJ 1714 x10°kJ
Chicks
Hatching to fledging
Bird specialists - 45722.9 kJ chick * - 40.3 x10°kJ
Fish specialists - 45722.9 kJ chick * - 125 x10°kJ
Generalists - 45722.9 kJ chick * - 229 x10°kJ
Fledging to departure
Bird specialists 1025 kJ fledgling 18450 kJ fledgling ™ 63714 kJ 11.5 x10°kJ
Fish specialists 1025  kJ fledgling ™* 18450 kJ fledgling ™ 19803 kJ 3.6 x10°kJ
Generalists 1025 kJ fledgling ™* 18450 kJ fledgling ™ 36162 kJ 6.5 x10°kJ
Total colony energy requirement 872.5 x10°kJ
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Table 3.2. c) Energy requirements of Great Skuas in 2009 on Hirta, St Kilda, Outer Hebrides.

udtities of Leach’s Storm-petrels eaten by skuas

2009

Individual / pair

Entire colony

Daily Whole season Daily Whole season
Breeding adults
Maintenance and activity
Bird specialists 1522.0 kJ bird * 182.1 x 10%kJ pair ™ 237.4 x10°kJ 284 x10°kJ
Fish specialists 2477.6  kJ bird * 286.7 X 10°kJ pair™ 208.1 x10°kJ  240.8 x10°kJ
Generalists 2003.3  kJ bird * 234.8 x10°kJ pair™ 2164 x10°kd 2535 x10°kJ
Egg production costs
Bird specialists - 1933.6  kJ pair * - 301.6 x10°kJ
Fish specialists - 1933.6  kJ pair * - 162.4 x10%kJ
Generalists - 1933.6 kJ pair * - 208.8 x10%kJ
Incubation costs 1061.8 kJ bird * 30793.4 kJ pair * 184.8 x10°kJ
Non-breeding adults
Maintenance and activity ~ 2003.3  kJ bird * 248.4 x10°kJ bird * 106.2 x10°kJ 131.7 x10°kJ
Chicks
Hatching to fledging
Bird specialists - 45722.9 kJ chick * - 428 x10°kJ
Fish specialists - 45722.9 kJ chick * - 23.0 x10°kJ
Generalists - 45722.9 kJ chick * - 29.6 x10°kJ
Fledging to departure
Bird specialists 1025 kJ fledgling ™ 18450  kJ fledgling ™ 67158 kJ 12.1  x10°kJ
Fish specialists 1025  kJ fledgling ™ 18450 kJ fledgling ™ 36162 kJ 6.5 x10°kJ
Generalists 1025 kJ fledgling ™* 18450 kJ fledgling ™ 46494  kJ 8.4 x10°kJ
Total colony energy requirement 1039.2 x10°kJ
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DISCUSSION

Model performance

Before discussing prey consumption and implicationseabird populations, it is
important to consider the accuracy of models andmi@l sources of bias.

Sensitivity analyses revealed the parameters fachwbotential inaccuracy had most
effect on model outputs. Greatest effect on ogtpegulted from potential inaccuracy
in adult BMR values and associated adult BMR:FM#ibsa generally recognised as a
source of uncertainty in these models (Adams et%1, Phillips et al. 1999a, Votier
et al. 2004b). Published values of adult BMR:FMRrost seabirds are multiples of
between 3 and 4, so the value of 3.5 used forsfiEtialists was not unusual (Bryant
& Furness 1995, Ellis & Gabrielsen 2002, Gabrielseal. 1991). Use of slightly
lower values for bird specialists and generalisestsed entirely appropriate, as these
were determined from the results of studies of G&&aas to specifically define these
two parameters (Votier et al. 2004b). Potentiatouracy in food assimilation
efficiency and in breeding population size estimatas also found to cause large
effects on outputs. The value of 0.76 used fodfassimilation efficiency was
determined from controlled feeding trials of Gr8&uas, so it was reasonable to
assume this was accurate (Phillips et al. 1999pHet al. 2000, Votier et al.

2004b). Estimates of breeding population size weaee during up to twenty nest
surveys per season of all areas of suitable sksingehabitat on Hirta, and for this
island values are considered to be correct. Igeté study would have included
simialar surveys of Great Skua breeding populatiaas on Dun, Soay and Boreray
in each year. This was impossible, due to sevex&tipal and weather constraints
affecting landing on these islands. The most reestimates of total numbers of
breeding skua pairs on Dun, Soay and Boreray had tesed, but potential effects of
inaccuracy were likely to be limited because tatahbers of breeders on these

islands were small compared with Hirta.

Parameter extremes for numbers of non-breederthanduration of the post-
fledging period were set high for sensitivity arsay, since it is very difficult to assess
the turn-over of different non-breeding individuaisiting St Kilda through the

season or to define the exact date that skuas thavslands after breeding. In
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agreement with counts made in 1996 by Phillips @99numbers of non-breeders
counted at the club site on Hirta did not greaiyvthrough the breeding seasons so,
despite the possibility that entirely different imduals were seen at each count, use
of a mean value is unlikely to be misrepresentativa great source of error in model
outputs. Post-fledging, skuas were seen on SaKildil early October; however,
numbers on the islands rapidly diminished after dsigand counts made in
September and October suggested fewer than twendsy/were then normally
present. The value of 18 days post-fledging pefiidllips et al. 1999b) seemed
entirely reasonable to use in the model and reptasee of the behaviour of most of

the population during this study.

Assessment of skua diet using pellets is sometpr@®e to error, for example
via misidentification of prey remains. ldentifigat of prey-types was carried out
with caution, strictly following the methods detened by Votier et al. (2001, 2003,
2004b, 2004c, 2005). Prey remains that could eatéentified easily in the field
were identified later by reference to lab specimdhseems reasonable to assume
methods of calculation of numbers of meals from bers of pellets of different prey-
types were realistic, as based on data collected feeding trials using captive Great
Skuas and subsequent validity testing (Votier €2@01, 2004a, 2004b, 2007).
Nonetheless, there were still some reservationstalsing this data because the
sample sizes for the feeding trials were mostlywenall (Votier et al. 2001);
however, the information was the best availablewselof it was considered a
worthwhile improvement on the predation modellimgypously carried out for St
Kilda (Phillips et al. 1999b). Overall, sourcesgoéatest potential inaccuracy and
bias, considered above, are very similar to thosewntered in previous studies
(Phillips et al. 1999b, Votier et al. 2004b). tldiot find any additional or unexpected
sources of error to contradict the conclusionsrefjous studies regarding
performance of the models: that estimates of enexgyirement and prey
consumption from the models are reasonably accaratesalid (Phillips et al. 1999b,
Votier et al. 2004b).
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General consumption of fish, seabirds and goose hzacles

This study shows that, by mass, fish and auksharenbst important prey for Great
Skuas on Hirta, followed in decreasing order bynfals, storm-petrels and
shearwaters, goose barnacles, and kittiwakes.tifRgiahigh incidence of Mackerel
and Herring remains in pellets suggested fish pr@y obtained mostly by
kleptoparasitism, as these two species of fishharedy captured directly by Great
Skuas, whereas they are frequently caught by GarfRetness 1987, Mitchell et al.
2004). This inference is supported by observatairBoreray, the largest Northern
Gannet colony in the UK, where in excess of onedhenh skuas were frequently seen
in all years robbing gannets returning to theitsi@sath fish (Mitchell et al. 2004,
Pers. Obs. 2007, 2008 & 2009). Although relativainor, the quantity of goose
barnacles consumed in each year was slightly uréggeas on no occasion were
skuas directly observed capturing and eating tleég-pype, presumably mostly found

on flotsam away from land.

Estimated numbers of seabirds consumed by GreatsSkUSt Kilda in each
year were substantial (Table 3.7). However, ttadesaf predation was not
unprecedented, and was broadly similar to levefgedation found in other studies,
for example at St Kilda, Shetland, Kerguelen, Haetkaand Newfoundland
(Watanuki 1986, Mougeot et al. 1998, Phillips etl&99b, Stenhouse et al. 2000,
Votier et al. 2004c). Annual numbers of Leach’'sr8t-petrels consumed were
variable and surprisingly high (discussed below)riumbers of European Storm-
petrels particularly so, relative to breeding papioh estimates of this species at St
Kilda. Approximately 1,100 apparently occupieddutimg sites of European Storm-
petrel were found during the last complete suriiyohell 2004), but at least triple
this number of individuals was estimated to havenbeaten by skuas in every year of
this study, and in 1996. The most recent estirobtetal number of Manx
Shearwaters breeding at St Kilda in 1999 / 2000 apgsoximately 10,000
individuals (Mitchell et al. 2004). Compared wittis figure, and with numbers of
storm-petrels eaten, numbers of Manx Shearwatersucoed were relatively low (4-
year mean < 1300); although, cumulatively, totalszonption would surpass 10,000

individuals in nine years.
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It is difficult to assess the impacts of skua ptisaon seabird populations at
St Kilda, since complete surveys of the breedingutettions of seabirds are not
possible every year, due to the large scale oatbleipelago, its remoteness and
difficult terrain, and the expense, manpower anadgweather required. However,
sample-plot surveys of breeding Guillemot and Wittike populations were carried
out in 2009 and 2008 respectively, and indicat®d% decline in Guillemot numbers
between 2003 and 2009 and a 37% decline in Kittenakmbers between 2006 and
2008 (Money 2008, NTS and JNCC unpublished dat@R208uch declines could
possibly be due to predation of breeding adult&bsat Skuas. However, in the case
of Guillemots, it is very difficult to be certairf this because, with the exception of
skulls and feet (found rarely), Guillemot remainard in pellets cannot be
confidently differentiated from those of other auldthough Great Skuas consumed
extremely large numbers of auks in each year sfghidy, we do not know exactly
how many were killed of each of the four specied tireed on St Kilda. Relative to
storm-petrels, Manx Shearwaters and Kittiwakes)| taambers of auks consumed
each year were low (4-year mead1500) in comparison with estimated total
breeding population sizes 812,000 total individuals in 1999/2000, Mitchellad.
2004). Numbers of non-breeding auks at the islanesinknown, but could quite
easily number at least 100,000 individuals, addéido breeders and potentially
available to skuas (Harris 1984, Cairns et al. 18%0llips et al. 2004). If auks were
generally declining between 2003 and 2009 at St&ithen it is conceivable that
increases in numbers of storm-petrels consumedumssn 2007, 2008 and 2009
could be a response to reduction in the availgilitauks; this is also suggested
perhaps by the diminishing numbers of auks consumedch of these years. Future
complete surveys of breeding Atlantic Puffins, Radts, Common Guillemots,
Black GuillemotsCepphus grylland Kittiwakes at St Kilda, with counts of
apparently non-breeding individuals, would hel@s$sess the likelihood of this
possibility and how prey density dependent factoight have influenced the
between-year variation in the numbers of diffeisrdbirds eaten estimated in this

study.

Without results from such surveys, nor any comseteeys of storm-petrels
at St Kilda other than just one for ‘Seabird 20hen different islands where
surveyed in different years: Dun in 1999, Boreragt &oay in 2000, and Hirta in
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1999-2000; Mitchell et al. 2004), it is extremelifidult to comment on the large
variation in estimated numbers of seabirds eateskbgis in years of this study,
further than to say that this was due to variatiothe relative proportions of different
seabirds in the diet each year. Given the conaiiers above regarding model
performance and accuracy we consider it extrem@ikely that measurement and
calculation of the relative proportions of diffeteseabirds in the diet of skuas each
year was prone to error. However, taking Leaclsr8-petrel as an example, if the
proportion of this prey-type had been determinedtcurately by up to 1% in each
year, then estimates of total Leach’s Storm-petretssumed each year on Hirta
would have been inaccurate to the following lim&807, consumption = 9234 + 74
individuals (0.80% potential error); 2008, consuimpt= 17903 + 183 individuals
(1.02% potential error); 2009, consumption = 252435 individuals (0.85%
potential error). Potential error in the modelpdtvalues is small in each year with
such hypothetical inaccuracy in the input parame@verall, it seems extremely
unlikely that year to year variation in estimatésombers of Leach’s Storm-petrel
consumed is due to errors in estimation. Execudfcamcomplete baseline survey of
total numbers of Leach’s Storm-petrels breedingta&ilda in any one year was
outside the scope of this study, but is extremelyessary, and would greatly help
with assessment of how the breeding (and non-bmgedieach’s Storm-petrel
population may fluctuate (see below).

In 2008, a total of 957 apparently occupied Kittheanest sites were recorded
during a complete survey at St Kilda, yet an edteahd 174 Kittiwakes were
consumed by skuas in that year. Given such avelasmall (and apparently
declining) breeding population and yet relativelgthpredation pressure, Kittiwakes
are surely under extreme threat as a breedingespatiSt Kilda and it is slightly
surprising that a breeding population still ex{stse also Phillips et al. 1999b).
However, for this species as well as auks, we d&mnow the exact predation rate of
breeders, the extent to which non-breeders andlereérom elsewhere may occur at
St Kilda, the extent to which these individuals nb@&yconsumed by skuas, or the
occurrence of Kittiwakes and auks at St Kilda alggheir breeding seasons (April to
July). Perhaps one possibility is that non-bregdfiitiwakes may occur at St Kilda
more than is realised, have been heavily predatesias, and that this has lessened

impacts of predation on the breeding populationictvistill survives at a much
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reduced and limited size (see discussion of thea@eo in more detail below for
Leach’s Storm-petrels). The likelihood of this pibdity can only be evaluated by
regular surveys of the Kittiwake breeding populatisurveys of apparently non-
breeding individuals, and estimates of skua predadf Kittiwakes in future.

Although greatest numbers occur between April agpt&nber, Northern Fulmars
nest above ground and are present at St Kildargead, so it is likely that this
species is more available to skuas than otherap&gth shorter breeding seasons
(e.g. guillemots and Razorbills) or that nest inrbws (e.g. puffins and storm-
petrels). However, relatively few fulmars were somed by skuas compared with
storm-petrels and auks (Table 3.7), and in compangth estimated total numbers of
fulmars at St Kilda: ¢.68,000 breeding pairs, @dsditional non-breeders that likely
number more than 102,000 individuals (Dunnet 1991llips et al. 1999a, Mitchell et
al. 2004). Fulmars however are larger, heaviersarahger than most other seabirds
at St Kilda and can defend themselves by vomittognach oil, so perhaps it is less

effort for skuas to kill auks and storm-petrels.

Predation of Leach’s Storm-petrels

Leach’s Storm-petrel consumption was consideraiaeiparable estimates are
presented in Table 3.7 for the years of this sty 1996. Estimated numbers of
Leach’s Storm-petrels consumed in 2008 and 2008 geyater than in 1996, by
factors of 1.9 and 2.4 respectively. Given the mitaige of these values, | first
checked the methods and the validity of parametigmates (see discussion above).
Prey consumption estimates made for 1996 usinghgtaods in this study were
lower than estimates made by Phillips for 1996 awerall, our methods seemed
relatively conservative. Comparisons of our reswlith those of prey-consumption
studies made elsewhere in the UK and abroad wede mé&/here breeding ranges of
generalist predators such as gulls and skuas gverth those of petrels, auks and
kittiwakes, it is not unusual for predation ratede impressively high (Nelson 1989,
Mougeot et al. 1998, Brooke et al. 1999, Stenhdubtontevecchi 1999, Weidinger
1998, Finey et al. 2001, Massaro et al. 2001, Davet al. 2002, Le Corré 2008).
Results were relatively unexpected in the contég8tdilda, but similar annual

predation of tens of thousands of Leach’s Stormepgeby gulls has been found on
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islands elsewhere, for example at Great Island,fb@vwdland, and at Daikoku Island
in north Japan (Stenhouse et al. 2000, Watanul$)198

Breeding Leach’s Storm-petrels were surveyed oniD@906 and the
population size was found to have not changed fstgnily since 2003 (Newson et al.
2008). In 2006 the population was estimated atA2apparently occupied nest sites
and appeared to be relatively stable (Newson @088). Given the very large
numbers of Leach’s Storm-petrels estimated duhigydtudy and in 1996 to have
been consumed annually, this suggests annual pyedst skuas is not solely of
breeders on Dun. Assuming population changes onlie@éween 1999 and 2003 and
2003 and 2006 are representative of changes iorédegling Leach’s Storm-petrel
population at St Kilda as a whole, and that thaltpbpulation numbered 45,433 pairs
in 1999, | calculated the theoretical mean anmsdds of breeding individuals at St
Kilda between 1999, 2003 and 2006 (Table 3.8; sémA). Estimated mean values
of annual losses of breeders (Table 3.8) areaktdhan any value of estimated
annual consumption of Leach’s Storm-petrels foumgeiars of this study and 1996
(Table 3.7, Phillips et al 1999a), and generalffedences are considerable; for
example, the differences between the estimatedaduhmas of breeders from 1999 to
2003 and the estimated numbers of Leach’s Stormelgsetonsumed in 2008
(difference = 15,646 individuals), 2009 (differere@2,061 individuals), and the 4-
year mean including 1996 (difference = 3,948 imdlinals). Such differences, as well
the results from the two most recent populationeys, strongly imply that many
‘additional’ Leach’s Storm-petrels may be present predated at St Kilda each year
that are not part of the breeding population. bé&a8torm-petrels typically have a
protracted pre-breeding period, often amountinfivi®or more years, during which
they visit potential breeding colonies and gradulaéigin courtship (Brooke 2004).

At the largest colonies, non-breeding birds engagé¢kese behaviours can amount to
tens of thousands of individuals during any oneetireg season (Brooke 2004, Votier
et al. 2005).

It seems reasonable to infer that breeding storreiseat St Kilda are not
consistently predated and that very large numbiens@-breeders are also available
and consumed. The question could even be posedrehi Skuas kilbnly non-

breeding Leach’s Storm-petrels at St Kilda anddfoge might changes in the
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breeding population be due to factors other thadation by skuas? Annual
predation of tens of thousands of non-breedingefgehy skuas on sub-Antarctic
islands such as Gough and Mayes Islands, and ky@uislands in Newfoundland,
has occurred apparently without greatly influengoegrel breeding population sizes
(Furness 1987, Mougeot & Bretagnolle 2000, Robaredal. 2006). Predation of
many non-breeders but not breeders may be explayddcrepancies in their
behaviour. Unlike breeders, non-breeding petriéénspend much time above
ground on the surface of colonies, looking for regtgts and displaying to potential
mates, which increases their predation-risk (Fleri€@87). If tens of thousands of
non-breeding Leach’s Storm-petrels are consumeskbgs at St Kilda, then this

raises questions as to the availability and soaftkese birds.

Availability of non-breeding Leach’s Storm-petrels

Using estimates of Leach’s Storm-petrel total papoh size (Stroud et al. 2001,
Mitchell et al. 2004), age of first breeding (Breoét al. 2004), productivity (Money
et al. 2008 & Money unpublished data 2008), andigal (Brooke et al. 2004, Votier
et al. 2005), it is possible to construct simple tables to estimate numbers of non-
breeders, of pre-breeding age, potentially avalabdifferent breeding locations and
areas (Table 3.9, see below). At St Kilda, tHisstrates that approximately 35,000
non-breeding individuals are potentially availainl@ny one year, given a breeding
population size of 45,433 pairs (Mitchell et al02). This assumes that Leach’s
Storm-petrels at St Kilda are an entirely isolgtegulation. However, it seems likely
that the St Kilda Leach’s Storm-petrel populatismot isolated from others and is
subject to immigration of young and non-breedingldirom other colonies.
Currently, no morphological, vocal, behaviourabenetic evidence has been found
to suggest that the St Kilda population is isoldtech any other colony in the
Atlantic. During the course of this study, undeehce, 103 feather lice were
sampled from 58 adult and juvenile Leach’s Storrrgie at St Kilda, in case
evidence of host population isolation could be ckeis from parasites by a simple
pilot study (Paterson et al. 1995, Proctor & Ow2080, Proctor 2003). Upon
identification, all samples were found to be theneapeciedialipeurus pelagicus

an extremely common louse, widespread, previouslipnd on at least fourteen
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different species of storm-petrel of 4 genera waitt#, including Leach’s Storm-

petrels at Pacific Islands and at North Rona, 8odt(R. Palma pers. comm. 2010).

It is entirely conceivable that large numbers ohdering non-breeding
Leach’s and European Storm-petrels visit St Kildarg year from other colonies,
given ringing recoveries from these species whicve both can travel prodigious
distances between countries, and even continesiviely rapidly (Huntingdon et al.
1996, Wernham et al. 2002, Okill & Bolton 2005, Rab Mullarney 2008).
Wandering behaviour, predation, and occurrence Kil&a, and elsewhere, of non-
breeding storm-petrels ringed on Hirta during yedirthis study are discussed in
Chapters 2 and 4. For a highly pelagic and aspaties such as Leach’s Storm-
petrel, the sea is of course no barrier, and perii@apng individuals originating from
the large breeding colonies in Iceland and Newftamd prospect St Kilda for
breeding opportunities very frequently (Brooke 20tchell et al. 2004). If non-
breeding Leach’s Storm-petrels fledged at colomedke North Atlantic, or even
elsewhere in the world, annually travel far acressans and prospect different
islands for breeding opportunities, total numbesging St Kilda in any year could be
huge and exceed total breeding numbers (see Tdjle 8 complete baseline survey
of total numbers of Leach’s Storm-petrels breedin§t Kilda is crucial, and further
studies using DNA markers (microsatellites and SNWRaild be extremely useful to
try to determine the provenance of breeding andbrereding Leach’s Storm-petrels
at St Kilda and the extent of immigration from atkelonies in the North Atlantic. In
conclusion, Great Skuas annually consume very langebers of Leach’s Storm-
petrels at St Kilda; however, the latest survereeding Leach’s Storm-petrels
showed the population to be stable and not sigmfig changing. It seems likely that
thousands of non-breeding Leach’s Storm-petrelsthis archipelago, are available

to skuas, and may originate from colonies far fthmUK.
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Table 3.8. Estimates of total Leach’s Storm-petrel population sizes at St Kilda (all islands) in 1999, 2003 and
2006, rates of population decline, and estimates of annual losses of breeding individuals.

Total St Kilda breeding population estimate for 1999 ® =

Percentage decline from 1999 to 2003 b
Estimated total breeding population in 2003
Percentage decline from 2003 to 2006 b
Estimated total breeding population in 2006

Estimated annual loss in breeding population 1999 to 2003 (mean) =
2003 to 2006 (mean) =
1999 to 2006 (mean) =

45433
48
23625
12
20790

10904
1890
7041

apparently occupied burrows

%

apparently occupied burrows

%

apparently occupied burrows

individuals per year
individuals per year
individuals per year

a Combined total for all islands of St Kilda, surveyed for 'Seabird 2000' in 1999/2000 (Mitchell et al. 2004)
b Percentage declines recorded in the (largest) population on Dun (Newson et al. 2008)

Table 3.9. Minimum estimates of numbers of non-breeding Leach’s Storm-petrels derived from estimated

minimum numbers of pairs breeding at St Kilda (1999/2000), at colonies around the Atlantic, and at all

colonies worldwide.

StKilda  N. Atlantic Atlantic World
Breeding pairs ? 45433 4900000 4920000 9000000
Mean breeding success (eggs to fledged young) b 0.62 0.62 0.62 0.62
First-year survival rate  ° 0.37 0.37 0.37 0.37
Adult survival rate 0.8 0.8 0.8 0.8
Mean age at first breeding ¢ 6 6 6 6
Number of chicks 28168 3038000 3050400 5580000
Immatures in year 1 10422 1124060 1128648 2064600
Immatures in year 2 8338 899248 902918 1651680
Immatures in year 3 6670 719398 722335 1321344
Immatures in year 4 5336 575519 577868 1057075
Immatures in year 5 4269 460415 462294 845660
Total non-breeders, of pre-breeding age, in year 5 35036 3778640 3794063 6940359

Stroud et al. 2001, Mitchell et al. 2004

Votier et al. 2005
Brooke 2004

o O T o

Money et al. 2008 & Money 2008 unpublished data (St Kilda)
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APPENDIX |

Appendix 3.1. Sensitivity analysis for the prey consumption model, showing percentage changes in output
estimates for fish (kg), goose barnacles (kg), total birds consumed (numbers), and total different seabird types
consumed (numbers of Leach’s Storm-petrels (LSP), European Storm-petrels (ESP), Manx Shearwaters, Fulmars,

Kittiwakes and Auks) resulting from a 1% change in input parameters and probable extremes in input parameters.

2007

Fish caloric density

Goose barnacle caloric
density

Bird caloric density

Fish meal mass

Goose barnacle meal mass

Large bird meal mass

Leach's Storm-petrel mass

European Storm-petrel
mass

Percentage carcass
utilization

Proportion Leach’s Storm-
petrel

Breeding adults and young

Non-breeders

Proportion European
Storm-petrel

Breeding adults and young

Non-breeders

% % % % LSP ESP Manx Fulmar  Kittiwake Auk
change in change change change Shearwater sp.
input in fish in goose in bird
parameter mass barnacle numbers
mass
+1 -0.28 -0.27 -0.28  -0.28 -0.28 -0.28 -0.28 -0.27 -0.28
+25 -6.58 -6.31 -6.50 -6.47 -6.66 -6.49 -6.61 -6.32 -6.48
-25 7.58 7.23 7.48 7.44 7.68 7.48 7.62 7.26 7.45
+1 -0.01 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.02 -0.01
+25 -0.33 -0.38 -0.35  -0.35 -0.31 -0.35 -0.32 -0.38 -0.35
-25 0.33 0.39 0.35 0.36 0.32 0.35 0.33 0.39 0.35
+1 -0.70 -0.71 -0.70 -0.70 -0.70 -0.70 -0.70 -0.71 -0.70
+25 -14.98 -15.16 -15.04 -15.06 -14.93 -15.04 -14.96 -15.15 -15.05
-25 21.40 21.78 2151 2155 21.29 21.51 21.35 21.75 21.54
+1 0.72 -0.27 -0.28  -0.28 -0.28 -0.28 -0.28 -0.27 -0.28
+30 19.88 -7.47 -7.69  -7.66 -7.88 -7.69 -7.83 -7.49 -7.67
-30 -23.53 8.81 9.11 9.06 9.36 9.11 9.29 8.84 9.08
+1 -0.01 0.98 -0.01 -0.01 -0.01 -0.01 -0.01 -0.02 -0.01
+50 -0.66 48.85 -0.69 -0.70 -0.63 -0.69 -0.65 -0.76 -0.70
-25 0.33 -24.71 0.35 0.36 0.32 0.35 0.33 0.39 0.35
+1 -0.67 -0.68 -0.08  -0.67 -0.67 0.32 0.32 0.31 0.32
+30 -16.84 -17.03 -1.98 -16.92 -16.78 8.03 8.14 7.87 8.02
-30 25.40 25.85 299 2558 25.26 -12.12 -12.26 -11.92 -12.10
+1 -0.03 -0.03 0.28 0.97 -0.03 -0.03 -0.03 -0.03 -0.03
+10 -0.26 -0.27 2.84 9.71 -0.25 -0.26 -0.25 -0.27 -0.26
-10 0.26 0.27 -2.85  -9.76 0.25 0.26 0.26 0.27 0.26
+1 0.00 0.00 0.09 0.00 1.00 0.00 0.00 0.00 0.00
+10 -0.04 -0.04 0.87 -0.04 9.95 -0.04 -0.04 -0.04 -0.04
-10 0.04 0.04 -0.87 0.04 -9.96 0.04 0.04 0.04 0.04
+1 -0.03 -0.03 -0.62  -0.03 -0.03 -1.02 -1.02 -1.02 -1.02
+25 -0.74 -0.76 -12.63  -0.75 -0.74 -20.60 -20.59 -20.61 -20.60
-25 0.76 0.77 20.86 0.76 0.75 34.35 34.34 34.36 34.35
+1 0.01 -0.03 0.21 0.90 -0.39 -0.30 -0.04 -0.26 0.00
+50 0.58 -1.52 10.83 4560 -19.83 -15.34 -2.13 -13.12 0.22
-50 -0.56 1.48 -10.48 -44.14  19.20 14.84 2.06 12.70 -0.21
+1 0.00 0.00 0.03 0.14 -0.06 -0.05 -0.01 -0.03 0.00
+50 0.02 0.03 1.67 6.98 -3.18 -2.30 -0.44 -1.75 0.08
- 50 -0.02 -0.03 -1.60 -6.69 3.05 2.20 0.42 1.68 -0.08
+1 0.01 -0.01 0.07 -0.03 0.98 -0.10 -0.01 -0.08 0.01
+50 0.38 -0.33 3.70 -140 49.40 -4.79 -0.49 -4.09 0.26
-50 -0.38 0.32 -3.64 1.38 -48.67 4.72 0.48 4.03 -0.25
+1 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00
+ 50 0.01 0.02 0.13 -0.04 1.70 -0.16 -0.03 -0.12 0.01
-50 -0.01 -0.02 -0.13 0.04 -1.69 0.16 0.03 0.12 -0.01
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Proportion Manx

Shearwater

Breeding adults and young +1 -0.02 -0.03 -0.02  -0.06 -0.17 0.87 -0.04 -0.12 -0.02
+50 -1.00 -1.60 -0.83  -2.96 -8.67 43.25 -2.03 -5.94 -1.07
-50 1.02 1.63 0.84 3.00 8.79 -43.86 2.06 6.02 1.08

Non-breeders +1 0.00 -0.01 0.00 -0.01 -0.02 0.11 0.00 -0.02 0.00
+50 -0.11 -0.31 -0.12  -041 -1.08 5.69 -0.23 -0.87 -0.16
-50 0.11 0.31 0.12 0.42 1.10 -5.78 0.23 0.88 0.16

Proportion Fulmar

Breeding adults and young +1 -0.10 -0.16 -0.18  -0.29 -0.85 -0.67 0.88 -0.58 -0.10
+50 -4.73 -7.59 -8.72  -14.00 -41.01 -32.56 42.48 -28.09 -5.05
-50 5.07 8.13 9.34 14.98 43.90 34.86 -45.48 30.08 5.41

Non-breeders +1 0.00 -0.01 -0.01  -0.02 -0.05 -0.04 0.05 -0.04 -0.01
+50 -0.23 -0.68 -0.56  -091 -2.38 -2.02 2.70 -1.92 -0.35
-50 0.24 0.70 0.58 0.94 247 2.09 -2.80 1.99 0.36

Proportion Kittiwake

Breeding adults and young +1 -0.02 -0.03 -0.01 -0.06 -0.18 -0.15 -0.04 0.78 -0.02
+50 -1.05 -1.68 -0.60 -3.10 -9.08 -7.21 -2.13 38.89 -1.12
-50 1.06 171 0.61 3.14 9.21 7.32 2.16 -39.47 1.14

Non-breeders +1 0.00 -0.01 0.00 -0.02 -0.04 -0.04 -0.01 0.20 -0.01
+50 -0.21 -0.62 -0.17  -0.84 -2.19 -1.86 -0.46 9.75 -0.32
-50 0.22 0.64 0.18 0.86 2.26 1.92 0.47 -10.07 0.33

Proportion auk sp.

Breeding adults and young +1 -0.27 -0.44 -0.41  -0.80 -2.36 -1.87 -0.55 -1.61 0.71
+50 -12.49 -19.99 -17.74  -36.83  -96.62 -85.61 -25.34 -73.87 32.28
-50 15.06 24.15 22.66 4453 130.46 103.58 30.62 89.38 -39.14

Non-breeders +1 -0.03 -0.09 -0.06  -0.12 -0.32 -0.27 -0.07 -0.26 0.10
+50 -1.44 -4.18 -1.80 -5.53 -3.38 -11.65 -3.02 -11.62 4.21
-50 1.78 5.14 3.49 6.93 18.13 15.40 3.80 14.61 -5.45

Proportion fish

Breeding adults and young +1 1.02 -0.31 -0.78  -0.79 -2.87 -2.24 -0.42 -1.92 -0.08
+50 50.46 -17.80 -3498 -42.35 -96.62 -88.35 -23.46 -79.53 -6.11
-50 -48.49 14.81 37.19 37.31 136.46 106.34 19.72 91.20 3.84

Non-breeders +1 0.08 -0.02 -0.06  -0.06 -0.24 -0.18 -0.04 -0.15 0.00
+50 4.13 -0.94 -2.46  -3.23 -3.38 -9.38 -1.96 -7.71 -0.30
-50 -3.89 0.81 3.03 2.98 11.53 8.73 1.81 7.14 0.24

Proportion goose barnacle

Breeding adults and young +1 0.06 0.87 -0.15 -0.16 -0.75 -0.57 -0.04 -0.49 0.05
+50 3.38 46.21 -8.09 -8.20 -39.41 -30.16 -2.27 -25.70 251
-50 -3.03 -41.39 7.25 7.34 35.30 27.01 2.03 23.02 -2.25

Non-breeders +1 0.01 0.27 -0.04 -0.03 -0.22 -0.15 -0.03 -0.10 0.02
+50 0.48 15.18 -1.38  -2.02 -3.38 -8.67 -1.46 -5.97 1.02
-50 -0.39 -11.86 1.70 1.53 9.85 6.70 1.12 4.58 -0.83

2008 % % % % LSP ESP Manx Fulmar  Kittiwake Auk

change in change change change Shearwater sp.
(Appendix 3.1 continued) input in fish in goose in bird
parameter mass barnacle numbers
mass

Fish caloric density +1 -0.07 -0.21 -0.20 -0.19 -0.20 -0.23 -0.21 -0.21 -0.20
+25 -1.70 -4.98 -4.70  -458 -4.88 -5.55 -4.91 -4.90 -4.69
-25 1.93 5.55 5.20 5.04 5.42 6.26 5.46 5.45 5.19

Goose barnacle caloric

density +1 0.09 0.22 0.19 0.17 0.20 0.27 0.21 0.21 0.19
+25 -0.06 -0.14 -0.12  -0.12 -0.14 -0.18 -0.14 -0.14 -0.12
-25 0.18 0.43 0.38 0.35 0.41 0.55 0.42 0.42 0.37

Bird caloric density +1 -0.36 -1.30 -1.32 -1.32 -1.31 -1.27 -1.31 -1.31 -1.32
+25 -4.42 -16.39 -16.62 -16.73  -16.48 -15.91 -16.45 -16.45 -16.63
-25 6.42 24.40 2491 25.14 24.59 23.36 24.53 24.54 24.92

Fish meal mass +1 0.93 -0.21 -0.20 -0.19 -0.20 -0.23 -0.21 -0.21 -0.20
+30 27.38 -5.92 -559 544 -5.79 -6.59 -5.84 -5.83 -5.58
-30 -28.36 6.73 6.31 6.11 6.57 7.61 6.62 6.61 6.29

Goose barnacle meal mass +1 0.00 0.99 0.00 0.00 -0.01 -0.01 -0.01 -0.01 0.00
+50 -0.12 49.57 -0.25  -0.23 -0.27 -0.37 -0.28 -0.28 -0.25
-25 0.06 -24.89 0.12 0.12 0.14 0.18 0.14 0.14 0.12
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Large bird meal mass +1 -0.20 -0.71 -0.32 -0.72 -0.71 0.28 0.28 0.28 0.28
+30 -5.02 -17.75 -7.84 -17.79 -17.76 7.01 6.92 6.92 6.89
-30 7.75 27.51 12.16 27.61 27.54 -10.84 -10.73 -10.73 -10.69

Leach's Storm-petrel mass +1 0.00 -0.06 0.43 0.92 -0.06 -0.03 -0.06 -0.06 -0.07
+10 -0.04 -0.57 4.25 9.18 -0.62 -0.32 -0.60 -0.61 -0.70
-10 0.04 0.58 -4.31 -9.32 0.63 0.33 0.61 0.61 0.71

European Storm-petrel

mass +1 0.00 -0.01 0.09 -0.01 0.99 -0.01 -0.01 -0.01 -0.01
+10 -0.03 -0.08 0.92 -0.07 9.92 -0.08 -0.07 -0.07 -0.07
-10 0.03 0.08 -0.92 0.07 -9.93 0.08 0.07 0.07 0.07

Percentage carcass

utilization +1 -0.01 -0.07 -0.48  -0.08 -0.07 -1.03 -1.06 -1.06 -1.07
+25 -0.16 -1.60 -9.80 -2.01 -1.70 -20.81 -21.33 -21.34 -21.51
-25 0.16 1.66 15.64 2.10 1.77 34.72 35.65 35.66 35.96

Proportion Leach’s Storm-

petrel

Breeding adults and young +1 -0.07 -0.34 0.41 1.06 -0.61 -0.65 -0.13 -1.10 0.03
+50 -3.44 -17.87 21.71 5520 -32.34 -29.14 -7.08 -57.95 121
-50 3.44 16.02 -19.72  -50.25 29.11 30.83 6.23 52.31 -1.32

Non-breeders +1 0.00 -0.01 0.02 0.04 -0.03 -0.02 0.00 -0.05 0.00
+50 0.08 -0.60 0.82 212 -1.27 -0.83 -0.20 -2.31 -0.02
-50 -0.07 0.59 -0.81  -2.08 1.25 0.82 0.20 2.27 0.02

Proportion European

Storm-petrel

Breeding adults and young +1 -0.01 -0.05 0.07 0.00 0.77 -0.10 -0.02 -0.17 0.01
+50 -0.54 -2.45 355 -0.01 38.94 -5.03 -0.81 -8.46 0.49
-50 0.54 2.39 -3.47 0.01 -38.09 4.92 0.79 8.28 -0.48

Non-breeders +1 0.00 -0.01 0.02 -0.01 0.25 -0.01 0.00 -0.05 0.00
+50 0.21 -0.58 1.04 -0.29 12.88 -0.70 -0.13 -2.65 0.02
-50 -0.20 0.56 -1.01 0.29 -12.50 0.68 0.12 2.57 -0.02

Proportion Manx

Shearwater

Breeding adults and young +1 0.00 -0.03 -0.01  -0.02 -0.05 0.29 -0.02 -0.08 -0.01
+50 -0.21 -1.48 -0.37 -0.75 -2.37 14.42 -0.88 -3.85 -0.50
-50 0.21 1.49 0.37 0.76 2.39 -14.52 0.89 3.88 0.50

Non-breeders +1 -0.03 -0.08 -0.01  -0.02 -0.12 0.66 -0.05 -0.19 -0.02
+50 -1.56 -4.00 -0.58  -1.13 -5.80 31.84 -2.39 -9.37 -0.85
-50 1.67 4.29 0.62 1.21 6.22 -34.15 257 10.05 0.92

Proportion Fulmar

Breeding adults and young +1 -0.03 -0.25 -0.11 -0.13 -0.39 -0.36 0.69 -0.64 -0.08
+50 -1.75 -11.95 -5.29  -6.09 -19.13 -17.55 33.39 -31.07 -3.99
-50 1.75 12.67 5.61 6.45 20.27 18.61 -35.38 32.93 4.23

Non-breeders +1 -0.04 -0.10 -0.03 -0.03 -0.15 -0.19 0.25 -0.24 -0.02
+50 -1.95 -5.00 -1.58  -1.41 -7.25 -9.10 11.81 -11.72 -1.07
-50 2.13 5.46 1.72 1.54 7.92 9.94 -12.90 12.80 1.17

Proportion Kittiwake

Breeding adults and young +1 -0.01 -0.04 -0.01  -0.02 -0.07 -0.06 -0.03 0.73 -0.01
+50 -0.31 -2.15 -0.42  -1.10 -3.44 -3.16 -1.28 36.16 -0.72
-50 0.31 217 0.43 111 3.48 3.19 1.30 -36.54 0.73

Non-breeders +1 -0.01 -0.02 0.00 -0.01 -0.03 -0.03 -0.01 0.26 0.00
+50 -0.35 -0.89 -0.09 -0.25 -1.29 -1.62 -0.53 12.98 -0.19
-50 0.35 0.90 0.09 0.25 1.31 1.64 0.54 -13.17 0.19

Proportion auk sp.

Breeding adults and young +1 -0.14 -0.99 -0.37  -0.50 -1.58 -1.45 -0.59 -2.57 0.67
+50 -7.03 -45.08 -16.78 -24.96  -71.02 -29.14 -27.92 -73.45 26.27
-50 7.03 56.01 21.14 2854 89.63 82.27 33.38 145.61 -38.09

Non-breeders +1 -0.06 -0.16 -0.04 -0.04 -0.23 -0.29 -0.09 -0.37 0.11
+50 -2.88 -7.38 -1.91  -2.08 -10.70 -13.43 -4.41 -17.29 4.96
-50 3.29 8.43 2.18 2.38 12.22 15.35 5.04 19.75 -5.67

Proportion fish

Breeding adults and young +1 0.72 -0.56 -0.27  -0.14 -0.97 -0.99 -0.26 -1.70 -0.03
+50 35.79 -29.31 -13.95  -8.28 -50.60 -29.14 -13.95 -87.52 -2.72
-50 -35.79 26.96 12.95 6.73 47.02 47.75 12.37 82.00 1.56

Non-breeders +1 0.31 -0.17 -0.10 -0.06 -0.31 -0.27 -0.08 -0.55 -0.02
+50 16.23 -8.89 -5.01 -331 -16.45 -13.98 -3.97 -28.79 -0.99
-50 -14.83 8.12 4.58 3.02 15.03 12.78 3.62 26.30 0.91
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Proportion goose barnacle
Breeding adults and young

Non-breeders

2009

(Appendix 3.1 continued)

Fish caloric density

Goose barnacle caloric
density

Bird caloric density

Fish meal mass

Goose barnacle meal mass

Large bird meal mass

Leach's Storm-petrel mass

European Storm-petrel
mass

Percentage carcass
utilization

Proportion Leach’s Storm-
petrel

Breeding adults and young

Non-breeders

Proportion European
Storm-petrel

Breeding adults and young

Non-breeders

Proportion Manx
Shearwater

Breeding adults and young

Non-breeders

+1 -0.02 0.71 -0.02 0.01 -0.13 -0.15 -0.02 -0.25 0.02
+50 -0.83 36.25 -0.88 0.31 -6.87 -7.70 -1.00 -12.87 1.07
-50 0.83 -34.81 0.85 -0.30 6.60 7.39 0.96 12.35 -1.03

+1 0.01 0.34 -0.01 -0.01 -0.06 -0.02 0.00 -0.11 0.00
+50 0.66 17.79 -0.76  -0.63 -3.01 -1.08 -0.10 -5.75 0.13
-50 -0.61 -16.47 0.70 0.58 2.78 1.00 0.09 5.32 -0.12

% % % % LSP ESP Manx Fulmar  Kittiwake Auk
change in change change change Shearwater sp.
input in fish in goose in bird
parameter mass barnacle  numbers

mass

+1 -0.31 -0.31 -0.31  -0.31 -0.31 -0.31 -0.31 -0.31 -0.31
+25 -7.23 -7.18 -7.23 -7.22 -7.25 -7.27 -7.26 -7.20 -7.21
-25 8.46 8.39 8.45 8.44 8.49 8.51 8.49 8.41 8.42
+1 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
+25 -0.16 -0.17 -0.17  -0.17 -0.16 -0.16 -0.16 -0.17 -0.17
-25 0.17 0.18 0.17 0.17 0.16 0.16 0.16 0.17 0.17
+1 -1.10 -1.10 -1.10  -1.10 -1.10 -1.10 -1.10 -1.10 -1.10
+25 -14.56 -14.59 -1456 -14.56 -14.54 -14.53 -14.54 -14.58 -14.57
-25 20.54 20.61 20.54 20.55 20.51 20.49 20.50 20.59 20.57
+1 0.69 -0.31 -0.31  -0.31 -0.31 -0.31 -0.31 -0.31 -0.31
+30 18.88 -8.49 -8.55 -8.54 -8.58 -8.60 -8.58 -8.51 -8.53
-30 -22.78 10.24 10.32 10.31 10.36 10.39 10.37 10.26 10.28
+1 -0.01 0.99 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
+50 -0.33 49.48 -0.33  -0.33 -0.32 -0.31 -0.32 -0.34 -0.34
-25 0.17 -24.87 0.17 0.17 0.16 0.16 0.16 0.17 0.17
+1 -0.58 -0.58 -0.31 -0.58 -0.58 0.42 0.42 0.42 0.42
+30 -14.82 -14.88 -7.94 -14.83 -14.80 10.78 10.77 10.68 10.70
-30 21.07 21.19 11.28 21.09 21.02 -15.31 -15.29 -15.19 -15.21
+1 -0.08 -0.08 0.39 0.92 -0.08 -0.08 -0.08 -0.08 -0.08
+10 -0.77 -0.77 3.89 9.15 -0.77 -0.77 -0.77 -0.77 -0.77
-10 0.78 0.78 -3.95  -9.30 0.78 0.78 0.78 0.78 0.78
+1 -0.02 -0.02 0.24  -0.02 0.98 -0.02 -0.02 -0.02 -0.02
+10 -0.24 -0.23 236 -0.24 9.73 -0.25 -0.24 -0.23 -0.24
-10 0.24 0.23 -2.37 0.24 -9.78 0.25 0.25 0.23 0.24
+1 -0.10 -0.10 -0.37 -0.10 -0.10 -1.09 -1.09 -1.09 -1.09
+25 -2.47 -2.46 -7.73  -2.47 -2.48 -21.99 -21.98 -21.97 -21.97
-25 2.60 2.59 11.82 2.60 2.61 36.82 36.81 36.79 36.79

+1 0.04 -0.26 0.37 0.96 -0.13 -0.88 -0.14 -0.40 -0.01
+50 2.00 -13.92 19.29 50.24 -6.90 -46.27 -7.51 -20.94 -0.65
-50 -1.81 12.59 -17.45  -45.46 6.24 41.86 6.79 18.95 0.59

+1 0.00 -0.03 0.06 0.15 -0.03 -0.14 -0.03 -0.05 0.00
+50 0.17 -1.76 2.86 7.58 -1.40 -5.19 -1.53 -2.98 -0.01
-50 -0.22 1.48 -261 -6.94 1.22 6.79 1.34 2.60 -0.08

+1 0.04 -0.14 0.24 0.00 1.00 -0.50 -0.06 -0.22 0.01
+50 2.23 -7.17 1232 -0.10 51.96 -25.87 -3.27 -11.24 0.63
-50 -2.06 6.60 -11.35 0.09 -47.87 23.84 3.01 10.35 -0.58

+1 0.00 -0.01 0.02 0.00 0.08 -0.05 -0.01 -0.02 0.00
+50 0.16 -0.39 1.02 0.01 4.24 -2.39 -0.43 -0.81 0.14
-50 -0.15 0.37 -0.97 -0.01 -4.04 2.28 0.41 0.77 -0.13

+1 -0.02 -0.06 -0.02  -0.03 -0.05 0.93 -0.05 -0.08 -0.03
+50 -1.03 -3.00 -0.80 -1.583 -2.26 46.30 -2.35 -3.95 -1.32
-50 1.05 3.04 0.81 1.55 2.29 -47.03 2.38 4.02 1.35

+1 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00
+50 -0.05 -0.19 -0.04  -0.09 -0.11 2.57 -0.11 -0.23 -0.08
- 50 0.05 0.19 0.04 0.09 0.11 -2.59 0.11 0.24 0.08
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Proportion Fulmar

Breeding adults and young +1 -0.08 -0.24 -0.11  -0.12 -0.18 -0.61 0.87 -0.32 -0.11
+50 -4.09 -11.85 -5.38  -6.05 -8.92 -29.48 42.11 -15.64 -5.24
-50 4.35 12.62 5.73 6.45 9.51 31.41 -44.87 16.66 5.58

Non-breeders +1 -0.01 -0.02 -0.01 -0.01 -0.01 -0.04 0.07 -0.03 -0.01
+50 -0.30 -1.08 -0.41  -0.49 -0.61 -2.18 3.43 -1.33 -0.47
-50 0.31 1.12 0.42 0.51 0.63 2.26 -3.55 1.38 0.49

Proportion Kittiwake

Breeding adults and young +1 -0.04 -0.11 -0.02  -0.05 -0.08 -0.26 -0.08 0.80 -0.05
+50 -1.81 -5.25 -1.15  -2.68 -3.95 -13.06 -4.11 39.51 -2.32
-50 1.86 5.39 1.19 2.75 4.06 13.43 4.22 -40.62 2.38

Non-breeders +1 -0.01 -0.03 0.00 -0.01 -0.01 -0.05 -0.02 0.17 -0.01
+50 -0.36 -1.29 -0.23  -0.58 -0.73 -2.60 -0.75 8.28 -0.56
-50 0.38 1.34 0.24 0.61 0.76 271 0.78 -8.62 0.58

Proportion auk sp.

Breeding adults and young +1 -0.19 -0.54 -0.21  -0.28 -0.41 -1.34 -0.42 -0.71 0.72
+50 -8.71 -25.26 -9.90 -12.90 -19.03 -62.87 -19.78 -33.34 33.89
-50 10.03 29.07 11.39 14.85 21.90 72.35 22.76 38.37 -39.01

Non-breeders +1 -0.03 -0.12 -0.04 -0.05 -0.07 -0.23 -0.07 -0.14 0.13
+50 -1.64 -5.52 -1.76  -2.55 -3.08 -5.19 -3.14 -6.69 5.57
-50 1.79 6.34 2.07 2.87 3.60 12.83 3.69 7.81 -7.04

Proportion fish

Breeding adults and young +1 0.98 -0.78 -0.37  -0.21 -0.46 -2.34 -0.49 -1.11 -0.15
+50 50.44 -41.47 -19.83  -12.18 -24.97 -94.81 -26.55 -59.23 -8.72
-50 -46.49 36.69 17.61 10.14 21.66 110.73 23.07 52.73 7.04

Non-breeders +1 0.13 -0.09 -0.05 -0.03 -0.07 -0.32 -0.07 -0.14 -0.02
+50 6.24 -5.40 -2.67 -1.81 -3.62 -5.19 -3.84 -1.77 -1.30
-50 -6.13 4.46 2.38 1.32 3.15 15.14 3.37 6.74 0.77

Proportion goose barnacle

Breeding adults and young +1 0.03 0.84 -0.01 0.01 -0.02 -0.27 -0.03 -0.11 0.01
+50 1.66 43.31 -0.69 0.36 -1.18 -13.89 -1.37 -5.84 0.75
-50 -1.57 -40.98 0.65 -0.34 1.12 13.14 1.30 5.52 -0.71

Non-breeders +1 0.01 0.22 0.00 0.00 -0.01 -0.08 -0.01 -0.02 0.01
+50 0.37 11.63 -0.22 0.12 -0.58 -4.02 -0.67 -1.22 0.37
-50 -0.34 -10.56 0.20 -0.11 0.53 3.65 0.61 111 -0.33
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ABSTRACT

Many species of bird recognise acoustic and visuas given by their predators and
have complex defence adaptations to reduce predasic Recognition of the threat
posed by particular predatory species and spesthtisunter-predator behaviours are
common. In this study we investigated anti-prematind predator recognition
behaviours in a highly pelagic seabird, the Lea8ttgm-petreDceanodroma
leucorhoa at a site where predation risk from Great Skst@scorarius skuas
exceptionally high. Leach’s Storm-petrels breedumrows and come to land only at
night. Counter-predator adaptations were invetgayaorrelatively in relation to
changing natural light levels at night, and expenally in relation to nocturnal
visual and acoustic signals from Great Skuas. ®Mead that sexual vocal activity and
colony attendance by Leach’s Storm-petrels werdyiattuned to between- and
within-night changes in light conditions, were heghwhen nights were darkest, and
that this behaviour likely reduced individuals’ gation risk on land from Great
Skuas via predator swamping. However, specifiogation of Great Skuas and
specialised defence and avoidance behaviours warglfentirely lacking. Skuas
were frequently observed capturing Leach’s Stortnetgeon the ground, in the air, at
the darkest times of night and on nights with Vétle moonlight. Leach’s Storm-
petrels showed no specific counter-predator adapgtwere apparently entirely
naive to the threat posed by Great Skuas, andcaptared extremely easily. Lack of
specialised behavioural adaptations in Leach’sn$foetrels against Great Skuas may
be because spatial overlap of breeding distribatafrthese two species appears to be

a very rare and recent phenomenon.
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INTRODUCTION

Natural attack and defence adaptations are abuaddndiverse between predators
and prey. Prey defences depend on detection andnition of direct signals from
predators, such as visual, auditory or olfactoirygli, or indirect receipt of warnings
from other individuals, for example hearing predapecific alarm calls or seeing
rapid aggregation of individuals under threat (Dumokh 1991, Lima 2009, Mgller
2009, Nocera & Ratcliffe 2009). Among seabirdproeluctive behaviour is strongly
influenced by predators (Nelson 1989, Mougeot &a&geolle 2000b, Votier et al.
2004b, Matias et al. 2009). The evolutionary arigi colonial nesting is ultimately
unknown, but there is little doubt that this beloaviprovides protection to most
species of seabird via predator swamping (Walké&il&tt 2005, Fauchald 2009,
Kirkman 2009). Ground-nesting seabirds are atafskest predation by land animals
and therefore have frequently nested in areas @sadule to most predators, such as
on cliffs and remote islands (Camphuysen & de V€205, Barrett 2008, Jovani
2008). When predation risk is high, sk&ercorariidaeand ternsSternidaeuse
aggressive mobbing behaviour to deter terrestredgtors from their nesting
territories, and some large petrels, for exampteNbrthern FulmaFulmarus
glacialis, can spit substantial quantities of foul-smellgtggmach oil at predators to
deter attack or egg robbery (Furness 1987, Olsear&son 1995, Brook 2004).

The petrels (familie®rocellariidag Pelecanoididae@ndHydrobatidag are all
colonial and most species breed in the southerndpér@re on sub-Antarctic islands,
where many are preyed on by skuas (Ryan & Molo®1 1Moncorps et al. 1998,
Weidinger 1998, Brooke 2004, Varpe & Tveraa 2008{)irrow-nesting and
nocturnality on land are common to the breedindaggoof many Prion®achyptilg
Shearwater®uffinusand Storm-petrels Hydrobatidae, and these adapsatire
thought to have evolved in response to terregtriadlation pressure during daylight
(Watanuki 1986, Brooke & Prince 1991, Mougeot & tagnolle 2000b, Brooke
2004). However, skuas in the southern hemispheradept at locating petrels at
night, even those in burrows (Furness 1987, Braakd. 1999, Phillips et al. 2004).
Field-based experiments have shown that Brown SRa#isaracta antarctica
l6nnbergibreeding on Mayes and Verte Islands in the Kerguatehipelago, for

example recognize sexual vocalizations of breedeteels and use these for precise
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location and selection of prey (Mougeot & Bretadg@@000a). Conversely, it has
been shown that as a defence against skuas, patthlsse species most heavily
depredated at Mayes and Verte Islands recognizeoitedizations made by skuas,
and then become silent to avoid detection (MougeBtetagnolle 2000a).

Predation of nocturnally active petrels by skuahaight to be a very rare
phenomenon in the northern Hemisphere, and exteasiourrence has only been
observed on the islands of Hirta and Dun, in thKika archipelago. Here, Great
SkuasStercorarius skudave been found to be killing very large numbédnseach’s
Storm-petrelDceanodroma leucorhoa highly pelagic seabird active on land only at
night (Phillips et al. 1999a, Brooke 2004, Votieak 2004). Using energy and prey
consumption models with dietary analysis from skabets, it was estimated that in
1996 Great Skuas consumed c.14, 800 Leach’s Stetralp at St Kilda (Phillips et
al. 1999). Evidence of sustained high annual stoetnel predation since 1996 was
found during a pilot study made in 2004 of skuagdenteractions at St Kilda (Votier
et al. 2005). The situation at St Kilda preseraeshique opportunity to study
counter-predator adaptations used against skutgebystorm-petrel prey in the
northern hemisphere. Furthermore, two aspectseo$kua-petrel interactions at St
Kilda led us to investigate this relationship inmmdetail: 1) Great Skua numbers
have increased rapidly on the archipelago sincéi$tepair nested there in 1963
(Phillips 1999b); 2) there is evidence that the hars of Leach’s Storm-petrels now
being killed by skuas is unsustainable (Miles eRalLO in prep). Loss of breeding
Leach’s Storm-petrels using nest burrows on St&ul@s estimated to have been
49,000 individuals in the period from 1999 to 2@Rewson et al. 2008). This
situation contrasts with that on many sub-Antaridi@nds, where skuas apparently
have no major reductive effects on breeding numbiepgtrels, despite taking

breeding species as their main prey (Furness M8ugeot et al. 1998).

In this paper we assess how finely attuned coldt@ndance and sexual vocal
activity behaviours of Leach’s Storm-petrels areltanging natural light conditions
at night, and experimentally investigate how thecsgs responds to signals from its
main predator on St Kilda, the Great Skua. Givenhigh predation pressure from
skuas at St Kilda, we predicted that Leach’s Stpetrels would exhibit behavioral

defence adaptations against predation; includisging land and vocalizing most at
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times of lowest light intensity, and specific premtaecognition and avoidance

behaviors against Great Skuas.

METHODS

Study areas

The study was conducted in the summers of 20078 26d 2009 on Hirta, the largest
island in the St Kilda archipelago (57°M908°383W), Outer Hebrides. Most data
came from Hirta, with the exception of observatioh&reat Skuas foraging at night
on the smaller island of Dun, made by viewing Diomf Hirta across a 300m wide
channel separating the islands. Unlike Hirta, as@ato Dun is severely limited by
its very steep shoreline and frequently high seallsywmaking landing impossible on
most days. Great Skuas nest on the islands’ flgteessland, 5 pairs on Dun (2009)
and 174 pairs on Hirta (2009). Dun holds the lsrgeach’s Storm-petrel breeding
colony in Britain and Ireland, in total c. 12,708parently occupied nesting burrows
(Newsonet al.2008). Habitat on the islands is primarily vet¢mtesea cliffs and

maritime heath and grassland, grazed by Soay Sbesparies

Vocal activity, colony attendance and light conditbns

Leach’s Storm-petrel vocal activity was assessdldeaCarn Mér breeding colony on
Hirta in 2007, between 10 June and 20 July whertlvee@ermitted safe access to the
cliff for the night. To determine how the frequgraf sexual vocalisations (chatter
calls) of Leach’s Storm-petrels and light levelamged through the night, number of
chatter calls heard in one minute was counted @émyelalf-hour period between 2330
and 0400hrs BST. Two counts were made for eadbqyeat intervals of 15 minutes,
and the average recorded. Simultaneously to coligits$ level (luminance) was
measured to 0.001 lux using a Megatron DL3 dididgdit meter
(www.megatron.co.uk). All data were collected frome safe position on the cliff,
from which we did not move during the hours of degs. To see and determine the
normal behaviour of Leach’s Storm-petrels at thegeding colony at night and how
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they are captured by Great Skuas on Hirta, betwesasurements of chatter call rate,
observations of petrel and skua behaviour were roahg a Leica BIM 35 night
scope image intensifier (uk.leica-camera.com)thtnsame way, observations were
also made looking from the southern tip of Hirtaoas to Dun in June and July in
each year of the study on a total of twenty-ondtsig On one night that observations
were made of Dun (24 June 2007), moonlight washb(igc% of face illuminated at
midnight) and the sky was entirely clear exceptviny occasional large clouds moving
rapidly eastwards. These conditions were unlikeathers experienced during the
study period, though not unprecedented at St Kiiddilda Rangers’ Reports 2005-
2009). Occasional short-term reductions in ligels occurred throughout this night,
when the islands were temporarily in the shadowalaids. In response to these rapidly
changing conditions, clearly visible even at dwsikh the aim to see if short-term
changes in Leach’s Storm-petrel vocal activity ecediwith short-term changes in

light conditions, at 0030hrs we began to measghd level and count Leach’s Storm-
petrel chatter calls per minute. This was repeabadinuously at intervals of 15
minutes until 0300hrs. To assess how Leach’s Stmetrel colony attendance
changed through the night, we used data colleaied fo this study at Carn Mor by a
bird ringing team for the Joint Nature Conservaf@mmittee. Leach’s Storm-
petrels were trapped using mist nets by a teanrofringers working under British
Trust for Ornithology (BTO) and Scottish Naturalridege (SNH) Schedule 1 Species
licences, on five nights ibuly 2004. Data recorded were the number of bregsped
within each half-hour period from 2330 to 0400hosdll nights of trapping, and half-
hourly mean numbers of birds £ S.E. for all niglnts presented (JNCC 2004).

Experiments with acoustic predator signals

To investigate if Leach’s Storm-petrels used auglitmes for predator detection, in
2008 we conducted playback experiments at nigimiguscorded vocalisations of
three test species: Great Skua (predator), GreakBlacked GulLarus marinuga
predator at Canadian colonies of Leach’s Stormepatrd a very occasional predator
of this species on St Kilda) and Northern Fulmanfool, resident breeder at St Kilda
and not a predator of storm-petrels on St Kild&)r each test species, playback
tracks only included calls known to be emittedighhby each species, from

observations made at storm-petrel breeding colameésgr natural conditions (Pers.
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obs. pre-2008). Recorded tracks from at leastdifferent individuals of each test
species were used during the experiments. Playdgodriments were carried out at
the Carn Mor Leach’s Storm-petrel breeding coloageen &nd 18 July on nights
we could safely access the cliff (seven in tot&pr any one test, Leach’s Storm-
petrel chatter calls were counted during one mimitieout any test vocalisation
played (silent control), during one minute witheattvocalisation played (skua, gull or
fulmar test playback), and again during one mimuteout any test vocalisation
played (silent post-playback control). Each tastdd three minutes and was
separated from any other by at least two minutessl@fce. Following Mougeot and
Bretagnolle (2000), if Leach’s Storm-petrels redegd any of the test vocalisations,
the expected response would be that sexual comationovould temporarily cease
and thus chatter call counts would be lower duplayback and the silent post-
playback period. The vocalisation used for plajidacach test was selected in
random sequence. For playback, we used an 8GBNRad for track creation,
storage and selection, coupled to a IBLTour120-W speaker that was hidden in
the cliff and could not be detected visually. Stloudness was set so that to the
human ear it matched that of natural calls andkeas constant. All tests were done
by the same observer between 0130 and 0230hrpedieperiod for Leach’s Storm-
petrel vocalisations determined in 2007 (see resulll data were collected from
one position on the cliff within the Leach’s Stopatrel colony.

Experiments with visual predator signals

To investigate if Leach’s Storm-petrels recognipegtiators by sight and reacted to
them, in 2008 and 2009 we conducted experimenigusreat Skua and Northern
Fulmar models (stationary dead specimens stuffddpased). In 2008, experiments
were carried out at Carn Mor betweeant 3QJuly, on ten nights when the cliff was
safely accessible. On all nights, one skua andunear (control) model were each
placed in a separate randomly selected positidmmihe Leach’s Storm-petrel
colony area and observed using a Leica BIM 35 reghpe. Frequency of different
reactions to each model by Leach’s Storm-petrefsivone minute was then
recorded for each model in turn (one directly atfter other - observation order
selected randomly), and this was repeated at 1b#mintervals from 0000 to

0330hrs on all nights. In accordance with apparéet- and intra-specific Leach’s
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Storm-petrel behaviours seen in 2007 (see rediftsyent reactions were
categorically defined as: evasive flights, alarrh fights, non-contact mobbing

dives, and aggressive contact attacks. During eeyttt, observations of the models
were also made outside of the standard one-mirmutetcimes (almost continuously),
and behaviours of the storm-petrels and all intevas with the models then recorded
on an ad hoc basis. Due to risks associated watletrrain, and to minimise effects of
observer presence on the experiment, all data eadlected by observation from one
safe position on the cliff. This was selecteditegood vantage of the Leach’s
Storm-petrel colony, but was also secluded and weden, outside of the storm-

petrel breeding colony area, and always greater 20an away from the test models.

In 2009, working under BTO and SNH licences, playoaf recorded Leach’s
Storm-petrel chatter calls was used to simulatevaloreeding colony on Hirta in an
area where the species does not breed - VillagerBage than 1km from any known
Leach’s Storm-petrel breeding sites. Such playlsekstandard technique used by
bird ringers to catch storm-petrels, and is thougainly or exclusively to attract non-
breeders (Redfern & Clarke 2001). For playbackused a camouflaged Sony
Personal Audio System 25-YN3tiereo with a custom made looped track of calling
Leach’s Storm-petrels that included males and femal he ‘playback colony’ was
switched on between 0000 and 0330hrs in the saate jpind at the same constant
volume (matching that of natural calls) on ten teglall within a period of
exceptionally stable and calm weather between 8& and 11 July. On each night,
one 8m extra-fine meshed mist net was put up diyratiove the stereo in the same
open position between 0000 and 0330hrs. All balgght were fitted with a uniquely
numbered metal BTO ring, to allow identificationasfy individuals caught more than
once. The birds were measured, and then quicldgsed. Due to deliberate
positioning of the stereo between a building and steep hillsides, storm-petrels
could only approach the playback colony from onedlion, from the sea. On five
randomly selected nights of the study, a pair adabSkua models was positioned 2m
apart and 5m away from the stereo in the direaticthe sea. Any Leach’s Storm-
petrels approaching the playback colony on thegletsi thus encountered the skuas
before reaching the “colony” location (and mist)n&his design aimed to test if
Leach’s Storm-petrels recognised the skuas anddwagive action in response to

encountering them, and if therefore fewer were hang nights when skuas were
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present. Weather was monitored using site-spadiétOffice data for Village Bay,
kindly made available by the MoD St Kilda Radar &&acility on Hirta. Throughout
the entire study period conditions remained extigsi@able, with low wind speeds (0
to 2 knots), wind direction at 140 degrees, tempeeaat approximately 1Z on

every night, complete cloud cover, and only vergastonal rainfall (light drizzle on
two nights, all others completely dry). Additionialaiding the investigation of skua
effects, these conditions meant a relatively ‘coligd’ assessment could be made of
effects on Leach’s storm-petrel colony attendarfc#aud-base height and moon
phase. Both of these variables changed frequdating the study period, unlike
others, and are of particular interest due to theiential to affect light levels at night,
given the sensitivity to this of Leach’s Storm-jeddr(e.g. Harris 1974, Watanuki
1986, Brooke 2004). Nightly percentage of the medace illuminated (moon
phase) was obtained for Hirta from the U.S. Navatédrology and Oceanography

Command (www.usno.navy.mil [Accessed January 2010])

Statistical analyses

Analyses were performed using R version 2.10.kqéency distributions of Leach’s
Storm-petrel vocal activity and colony attendanagrdy nights in 2007 were
analysed using Chi-squared tests for homogen&pearman’s rank tests were used
to investigate correlation between vocalisatiogf@encies and light level. Effects of
playback of predator and control vocalisations eadh’s Storm-petrel chatter call
counts in 2008 were examined using a generaliseddimodel with a Poisson error
distribution and log link function. Call count waeated as the dependent variable,
with playback treatment (categories: silent contiedt playback, silent post-playback
control), date, time and individual track includesifixed effects. Playback test
species were each modelled separately. A genedldlisear mixed model with a
Poisson error distribution and log link functionsu#sed to examine mist-netted
Leach’s Storm-petrel nightly count data from 20@3elation to skua presence,
cloud-base height, moon phase (fixed effects), wipeked and rainfall (random

effects).
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RESULTS

Colony activity, light levels and cloud conditions

Leach’s Storm-petrel chatter call activity was fduao vary significantly through
nights in 2007 = 36.76, P<0.01); with greatest calling activitgorded between
0130 and 0300 and peaking between 0130 and 02¢ré.1). There was a
significant negative correlation between chattérazivity and light level (Spearman’s
rank correlation coefficient = -0.787, P<0.05),lwiteak vocal activity occurring during
the darkest period of the night (Figure 4.1). Nemstof Leach’s Storm-petrels mist
netted in 2004 also varied significantly througé thight % = 13.41, P<0.05); with
most caught between 0130 and 0300 and the catpeak between 0200 and 0230
(Figure 4.2). Light levels were not recorded by timging team in 2004, but the
temporal pattern of colony attendance was sinildinat of vocal activity seen in 2007.
Overall, peak calling activity and colony attendanccurred between 0130 and 0230
during the darkest periods of nights (Figure 4.4.8). On the 24 June 2007, when
occasional rapid short-term changes in cloud coceurred during an otherwise clear
night, highest Leach’s Storm-petrel chatter caliively was recorded at 0215hrs. At
this particular time, light level was exceptiondlbyv due to temporary cloud cover,
not present at any other time that data were recbod that night (Figure 4.3).

Night-time observations of Leach’s Storm-petrehaist at the breeding
colonies at Carn Mor and on Dun resulted in veegfient observations of two land-
based behaviours. The normal appearance of tbaieslat night was of very many
storm-petrels, at peak times on Dun several thaydhing within the airspace close
to the ground. However, birds were often seeand land then either 1) quickly
disappear underground, or 2) shuffle extensivetgsscthe colony surface, making
frequent stops, wing flaps, and physical contatih wther grounded individuals.
Defensive and presumably sexual aggressive ingaHfspbehaviours were seen and
heard, including: aggressive chasing on land artddrair by one individual directed
at another, evasive flights away from an aggresdarm calling in response to an
aggressor (invariably on land first, then in fligraggressive attacks making physical
contact on land or in the air, and repeated nonaoblives by one or more storm-

petrels (apparent mobbing of an aggressor by tgntandividuals). On one night on
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Dun, the last behaviour was seen apparently dileatt@ hunting Great Skua by at
least eight Leach’s Storm-petrels (0035-0055, 28 2007). This, however, was the
only example witnessed of behavioural interactietwleen Leach’s Storm-petrels and
any other species.

The number of Leach’s Storm-petrels trapped pdntrdgring experiments to
test visual predator signals in 2009 was influergigdificantly by the percentage of
the moon'’s face illuminated at night (with fewerds when more of the moon was
illuminated, GLMM: z = -2.061, P<0.05), and higlsignificantly by cloud-base
height at night (with fewer birds when cloud bagghbr, GLMM: z = -2.582,
P<0.01), with no interactions. Figure 4.4a shdvwesihverse relationship detected
between cloud-base height and number of LeachisrSpetrels caught during our
study. More Leach’s Storm-petrels were trappedights close to the new moon

than were on nights when the moon was close tallwthination (Figure 4.4b).

Response to predator signals

Throughout experiments using skua and fulmar made2908, no evidence was
found that Leach’s Storm-petrels recognised oraedpd to visual predator signals.
During 300 systematic observation periods, on r@asion was any reaction by a
Leach’s Storm-petrel observed to either the Gr&aba®r Northern Fulmar model,
nor was any response seen during ad hoc obsersatidghe Carn Mor breeding
colony, during a total of thirty hours observatmutside the systematic experimental
periods on twelve nights. Normal behaviour of llea&torm-petrels was observed
continuing as usual during the experiments, withaapnt complete disregard for both

models, and often at very close range to the siugp Figure 4.6).

No differences were found in 2008 between Leaclkosn$-petrel chatter call
counts made before, during and after playback edgior and control test species
vocalisations, for any species tested and for amahsations of different individuals
of the species tested (Figure 4.5); playback wasistently found not to influence
call rate (GLM: Great Skua playback, z = 0.792, .N@eat Black-backed Gull
playback, z = -0.555, N.S., Northern Fulmar playyac= 0.577, N.S.).
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In 2009, numbers of Leach’s storm-petrels caugtiteaartificial “colony” site
did not significantly differ between nights wheruskmodels were present and absent
(Figure 4.7); the presence of a pair of skuas &mtat an artificial Leach’s Storm-
petrel “breeding colony”, on the only access routas found to have no influence on
the number of Leach’s Storm-petrels trapped péntnigsiting the colony (GLMM: z
=0.281, N.S)).
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Figure 4.1. Frequency distribution of Leach’s Storm-petrel chatter calls heard in 1 minute (bars, mean
+ S.E.) and light level recorded simultaneously to counts (line, mean + S.E.), within every half hour
period from 2330 to 0400 on four nights in June and July 2007. Data were collected on the Leach’s
Storm-petrel breeding colony at Carn Mér on Hirta, St Kilda, Outer Hebrides.
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Figure 4.2. Frequency distribution of Leach’s Storm-petrels mist netted (mean + S.E.) in every half hour
period between 2330 and 0400 on 5 nights in July 2004. Data were collected on the Leach’s Storm-
petrel breeding colony at Carn Mér on Hirta, St Kilda, Outer Hebrides (JNCC 2004).
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Figure 4.3. Frequency distribution of Leach’s Storm-petrel chatter calls heard in 1 minute (bars) and
light level, recorded at 15-minute intervals from 0030 to 0300 on 24 June 2007, during conditions of
entirely clear sky except for occasional fast-moving very large clouds. The relatively very low light level
recorded at 0215 was due to the islands temporarily being in the shadow of a cloud, unlike at all other
times data were collected that night.
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Figure 4.4. Numbers of Leach’s Storm-petrels caught in a mist net per night during variable conditions of
cloud-base height and moonlight (daily lunar phase) on ten nights between 21 June and 11 July 2009 in
Village Bay on Hirta, St Kilda, Outer Hebrides. The obvious anomalous point (open diamond) represents a
night when a high percentage of the moon'’s face was illuminated (91%) but on which cloud-base height
was relatively very low (68m). This may represent an occasion when reductive effects of high moonlight
level on numbers of Leach’s Storm-petrels attending the colony were cancelled by a particularly thick
cloud layer blocking light from the moon.
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Figure 4.5. Leach’s Storm-petrel chatter call counts (mean + S.E.) in one minute before, during, and
after one-minute playback of vocalisations of Great Skua (storm-petrel predator), Great Black-
backed Gull (storm-petrel predator), and Northern Fulmar (control, not a storm-petrel predator on St
Kilda). Data were collected between 0130 and 0230 on ten nights between 6 and 18 July 2008 at
the Leach’s Storm-petrel breeding colony at Carn M6r on Hirta, St Kilda, Outer Hebrides.
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Figure 4.6. Stills from video footage filmed through a Leica BIM 35 night scope using a Samsung NV3
digital camera. This series shows a Leach’s Storm-petrel (circled) flying towards a Great Skua test
model (photograph a), landing directly in front of the skua at less than 3m range from it (photograph b),
and moving towards the skua on foot while investigating the breeding colony’s surface topography, with
occasional wing flaps while on land (photograph c). Such behaviour by Leach’s Storm-petrels was seen
very regularly, was apparently quite normal and, in this case and all others witnessed, did not appear to
be influenced in any way by the presence of a skua. On no occasion were Leach’s Storm-petrels seen
to react to the skua model; it was apparently ignored entirely. This was quite unlike the reactions of
Great Skuas to the skua model, which included: calling at it, attacking it, and on one occasion trying to
copulate with it. The control model (Northern Fulmar) was also recognised and attacked by Great
Skuas. The above sequence was recorded on 18 July 2008, at the Leach’s Storm-petrel breeding
colony on the cliffs at Carn Mér on Hirta, St Kilda, Outer Hebrides.
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Figure 4.7. Numbers of Leach’s Storm-petrels caught in a mist net per night (mean + S.E.) at a
simulated breeding colony when a pair of Great Skuas (models) absent and when present. The
experiment was conducted on ten nights between 21 June and 11 July 2009 in Village Bay on Hirta,
an area with no known breeding Leach’s Storm-petrels and more than 1km away from any known
breeding colonies, St Kilda, Outer Hebrides.
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DISCUSSION

Light avoidance and behaviour of storm-petrels athie colony

Leach’s Storm-petrel vocal activity and colony attence were finely attuned to light
levels at night, being higher at times when lightditions within-nights were darker.
Also, between-night colony attendance was highettayker nights; more birds were
mist netted on nights with low moonlight. Similgrivhen cloud base height was low
and conditions very heavily overcast so that mabrjilate evening and early
morning sunlight levels were much reduced, greatenbers of Leach’s Storm-
petrels were caught. This general pattern wastalgoduring the one night when
cloud conditions were observed shifting rapidlyotighout the period from dusk until
dawn; a short-term increase in Leach’s Storm-p&wedél activity occurred during a
short-term drop in light levels when the islandsevemporarily in the shadow of
cloud. Overall, there was much evidence that LsaStorm-petrel colony attendance
and vocal behaviour on land are highly attunedhéodegree of darkness at night, very
closely track within-night changes and between-hdlifierences in light levels, and

that extreme light avoidance on land is charadterid the species at St Kilda.

Results suggested that low cloud base height pekijtaffects Leach’s Storm-
petrel colony attendance and that this may oven@gative effects caused by high
moonlight levels (see Figure 4.4 legend and anonsadata point). This would make
perfect sense if light effects on Leach’s Stornrgdetolony attendance, from the
moon in this case, are reduced in proportion tqtiesence of cloud. It was slightly
surprising to find that colony attendance was sicgutly influenced by moonlight
during the study in 2009, given that cloud coveswamplete throughout all nights.
However, moonlight effects on juvenile Leach’s &tegpetrels attracted to artificial
lights at St Kilda in the autumn of 2005 to 200@urced independently of within-
and between-year weather effects, including claecand cloud base height (Miles
et al. 2010, St Kilda Warden’s Reports 2005-200®)rther study of interactions
between different cloud conditions (base heightstg and layer depth), dusk to
dawn light levels (considering both moon and sany petrel colony attendance, with

larger sample sizes, would be very useful.
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Data from tape luring may be representative masftiyon-breeding birds.
There is evidence that a very high proportion afdpean Storm-petreldydrobates
pelagicusattracted to tape lures are failed breeders amdbgeding birds, and this
may also be true for Leach’s Storm-petrels (Fur&eBsiillie 1980, Fowler et al.
1982, Fowler & OKkill 1988, Okill & Bolton 2005). ¥amination of brood-patches
suggested most Leach’s Storm-petrels that we cawgihg tape lures were probably
non-breeders, as most had feathering across tle Ipaich area, rather than the
region being bare of feathers and highly vasciegdres is more typical of breeding
birds (Furness & Baillie 1980). Data of within-higvocal activity and colony
attendance of Leach’s Storm-petrels may also be megresentative of non-breeders
than breeders, since calling frequency and timatdéur spent above ground at the
breeding colonies have been found to be highendorbreeding petrels than breeders
(Watanuki 1986, McNeil et al. 1993, Mougeot & Bigitalle 2000b, Brooke 2004).
Unlike many small petrel species, for example BratrelHalobaena caeruleand
Thin-billed PrionsPachyptila belcher(Mougeout & Bretagnolle 2000b), in June and
July it is extremely difficult to determine non-kding from breeding Leach’s Storm-
petrels using biometric measurements or plumagectes (Baker 1993, Miles
2010). Comparison of our observations using atrégbpe with studies made of the
breeding behaviour of petrel species for which direg status can be determined,
suggests it is very likely that Leach’s Storm-plstseen to land and disappear quickly
underground were breeders returning to their nesotw, but birds seen remaining
for relatively prolonged periods on the colony’'sfaoe were non-breeders
investigating potential nest sites and calling disglaying to potential mates
(Bretagnolle 2000b, Brooke 2004). Leach’s Storrirge engaged in nuptial
behaviours above and on the surface of the colalnyast certainly non-breeding
birds) are apparently at far greater predationfriskn skuas than those that disappear
quickly underground (most likely breeding birds);@servation corroborated by
other behavioural studies of breeding and non-linggaktrels (Storey 1984,
Watanuki 1986, Bretagnolle 1990, McNeil et al. 19BBo0ke 2004). It is possible
that petrels that disappear into burrows quickeylairds that have learned to
recognise the threat posed by predators on thacudf the colonies and to avoid
them by quickly going underground. This situatioay exist at St Kilda, although
the possibility that quick disappearance into adwris driven not by predator

avoidance but by the need for breeding adults toageneir chick and to feed it as
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soon as possible is perhaps more likely, as thiddvoe typical behaviour of breeding

birds returning with food from a foraging trip teeir young at the nest.

Great Skuas seen hunting on the Dun and Carn Mdmsgpetrel colonies
were most frequently observed foraging by runniogss the colonies’ surfaces to
capture petrels on land, which were clumsy and stawing and very easily
intercepted (>100 sightings, Pers. obs. 2007, 200809). Skua hunting activity
was seen at all times of night, including the datlperiods between 0130 and 0230,
and on nights close to the new moon (Pers. obs/,ZD8 & 2009). Capture of
Leach’s Storm-petrels in flight by skuas was sess fegularly (c.20 sightings, Pers.
obs. 2007, 2008 & 2009). The occurrence of thiguwra technique was surprising,
given that light levels sometimes were extremely, laerial pursuit and prey capture
is dependent on visual cues, and it has been siegijesm studies made in the sub-
Antarctic that these are of little use for skuasffing for petrels at night (Schmidt-
Nielsen 1997, Mougeot & Bretagnolle 2000a).

The sensitivity to darkness shown by Leach’s Stpatrels at St Kilda, in
particular fewer birds on land when moonlight waghtter, was in total agreement
with the behaviour of the species at Daikoku Is)aokkaido (Watanuki 1986) and,
for example, that of Blue Petrels and Thin-billetbRs at Kerguelen archipelago
(Mougeot & Bretagnolle 2000b). At Kerguelen, highpetrel predation by Brown
Skuas was recorded during nights with brightestmtigbt (Mougeot & Bretagnolle
2000b). It is considered that predation risk fetrels visiting land has been higher
when light levels are relatively high, and that-sand moon-light avoidance on land
are counter-predator adaptations which reduce ithails’ conspicuousness on land
and thus predation risk (Watanuki 1986, Mougeotr&tBgnolle 2000b, Brooke
2004). The precision of synchrony of Leach’s Stquatrel vocal activity and colony
attendance with light levels within-nights at Std& was impressive, and | agree that
this behaviour is likely an adaptation against ptes. However, at St Kilda, given
that skuas were observed successfully huntingard#itkest conditions at night, it
seems likely that the behaviours | observed in hsaStorm-petrels involving
sensitivity to light probably reduce predation riskre via the effect of predator
swamping (greater safety in numbers, highest atléinkest times of night) than by

reduced conspicuousness to skuas.
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Lack of predator recognition and avoidance

Results indicated that Leach’s Storm-petrels didrecognise acoustic or visual cues
from Great Skuas at St Kilda, nor react in any wathe presence of skuas on the
storm-petrel breeding colonies. Counter-predat@ptations by Leach’s Storm-
petrels specific to Great Skuas, such as vigilaeady detection, alarm calling,
silence or physical avoidance, were not obsenfezptey apparently totally ignored
its predator. Results were consistent even wighalivocalisations from different
individuals of each predator and control speciesbitiation of Leach’s Storm-petrels
to the models seems extremely unlikely given tt@ins-petrel ringing at St Kilda has
shown there is a very high turnover of differertiunduals at the archipelago each
night, so models (and test vocalisations) werdylikacountered by entirely new
individuals during every experiment (Furness 1984#ness & Baillie 1980, JNCC
unpublished data 2004-2009). On many occasionsH.€&torm-petrels were seen
landing close to or directly in front of model areél Great Skuas. In cases of the
latter, petrels were often attacked immediately tveth eaten whole. Leach’s Storm-
petrels appeared to be entirely vulnerable to pi@dd&y skuas on land; in particular
grounded birds on the surface of the colonies.efsihese results, it is
understandable why very high numbers of Leach’sn${oetrels have been eaten by
Great Skuas at St Kilda, even though the mean ofassypical meal eaten by Great
Skuas (100g of fish or bird meat, Furness & Hisl&g1, Phillips et al. 1999a, Votier
et al. 2004) is more than twice the total massnaddult Leach’s Storm-petret @59,
Snow & Perrins 1998), and this mostly bone andhierat Perhaps the ease of capture
of Leach’s Storm-petrels compensates for theitikaly low weight and nutritional
value compared to typical meals of fish or bird trfe@am alcids, gulls, shearwaters or
larger petrels (Phillips et al. 1999a, Votier et2404).

Given the observed modes of foraging by skuas,\etns observed of
Leach’s Strom-petrels on land, and reported bela@tsewhere of non-breeding
petrels compared to breeders, it seems likelyrtigat Leach’s Storm-petrels eaten at
St Kilda are non-breeders (Storey 1984, WatanuBb18retagnolle 1990, McNeil et
al. 1993, Brooke 2004). Skuas hunting on the petilenies probably pose a
particularly high predation risk to non-breedingath’s Storm-petrels, when the latter

are attracted to the colony by sexual vocalisaticgrmain on land for long periods,
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and investigate potential mates calling from bus@wfrom above ground. Lack of
recognition and response by Leach’s Storm-peteelba Great Skua and Northern
Fulmar models used in 2008 and 2009 could, thexalgti be due to poor model
guality or that petrels simply did not see the nieddowever, this seems extremely
unlikely as models were sufficiently realistic @i very close attentions from skuas
(see Fig. 4.6 legend). Also, Leach’s Storm-petngdse often observed through a
night scope flying towards models and circumnawggaround them (to avoid
collision and not in alarm), implying that modetsutd be seen by petrels at least at
close range. In 2009, the experimental designreddueach’s Storm-petrels
approaching the playback colony passed the skualinatiextremely close range,
and it seems unlikely that the models were not.séése of a pair of skuas for these
experiments was realistic to observations of skaiesghunting together on Dun.

Leach’s Storm-petrel is the only species of noaupetrel known to have
been heavily predated by skuas in the northerns$mmre (Phillips et al. 1999a,
Votier et al. 2005). In comparison with studiegefrel species most abundant and
most frequently predated by skuas on islands irstluhern hemisphere, the lack of
predator recognition and counter-predator adaptatio skuas by Leach’s Storm-
petrels at St Kilda was surprising (Weidinger 1998®ugeout & Bretagnolle 2000a,
Brooke 2004, Varpe & Tveraa 2005). At Mayes andé&/éslands for example, of
twelve breeding species of petrel, Blue Petrelsn-billed Prions and Common
Diving PetrelsPelecanoides urinatriare most abundant and most heavily predated,
but these species were found to recognise vodalnsadf their main predator, the
Brown Skua, and to respond by reducing their vactlity (Mougeot & Bretagnolle
2000a). However, adaptation to recognise and gwadators takes generations to
evolve, petrels are extremely long-lived and, unblk Mayes and Verte Islands, skuas
are relatively recent colonists to St Kilda (Ppdliet al. 1999b, Brooke 2004). Skuas
first colonised St Kilda in 1963 and this may be tecent for evolution of any

defence adaptations by Leach’s Storm-petrels te loacurred.

Leach’s Storm-petrels are not predated heavilyriyyspecies other than Great
Skuas on St Kilda, although they are eaten occabjolny Great Black-backed Gulls
and Herring Gulld.arus argentatugMitchell et al. 2004, S. Murray pers. com., Pers.

obs. 2007, 2008), extremely rarely by vagrant Shared OwlAsio flammeus
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(Money 2005), and Leach’s Storm-petrel eggs arbaity predated by St Kilda Field
Mice Apodemus sylvaticus hirtengBicknell et al. 2009). Man is the only predatér o
storm-petrels discovered in the archaeologicalnkeab St Kilda, an UNESCO World
Heritage Site intensively studied for its cultuaald archaeological heritage, and such
records are extremely rare, including direct constion and egg collection (Steel
1994, Harman 1997). Until the arrival of Great &kut seems likely that Leach’s
Storm-petrels at St Kilda experienced few or napt®n pressures. Only time will
tell whether Leach’s Storm-petrels at St Kilda veMolve specialised defence
behaviours against Great Skuas. In conclusionresuits suggest that sexual vocal
activity and colony attendance by Leach’s Stormigetare highest when nights are
darkest, that adaptations to avoid light and redweespicuousness are finely attuned
to between- and within-night changes in conditi@ms] this behaviour likely reduces
individuals’ predation risk on land from Great S&wada predator swamping.
However, predation risk remains high for Leach'srBi-petrels at St Kilda because
specific predator recognition and counter-predatiaptations are lacking against
Great Skuas, recent colonists which are able ttuoagtorm-petrels on the ground
and in the air, even at the darkest times of ragiat on nights with very little
moonlight. Further research would be useful t@deine whether nightly hunting

success of Great Skuas on St Kilda varies with kkgimditions.
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Chapter 5

Effects of artificial lights and moonlight on Leachs Storm-petrels
Oceanodroma leucorhoa, European Storm-petrelsHydrobates

pelagicus and Manx ShearwatersPuffinus puffinus at St Kilda

Published as:
Miles, W., Money, S., Luxmoore, R. & Furness, R. @010. Effects of artificial
lights and moonlight on petrels at St Kild&ird Study57: 244-251.
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Capsule When moonlight levels are low, shearwaters andrs{oetrels are attracted
to artificial lighting at night at St Kilda and mé killed, but impacts are lessened by
deliberate light reduction measures.

Aims To determine the scale and impacts of attractigmetrels to artificial lights at
St Kilda, investigate influences of the lunar cy@ed assess effects of reducing
artificial light emissions.

Methods Nightly numbers of Manx Shearwatd?sffinus puffinusLeach’s Storm-
petrelsOceanodroma leucorhoand European Storm-petrélydrobates pelagicus
attracted by artificial lights were recorded in &epber and October 2005 to 2008.
Effects of experimental reductions to light emissian 2007 and 2008 were assessed,
together with variation in annual moonlight, mattatates, and age of birds found.
Results Reductions to light emissions caused a decreasennbers of Leach’s
Storm-petrels attracted, but had less effect oaciton of Manx Shearwaters. Only
juveniles were found, the majority after nightstwlittle or no moonlight, and
mortality was extremely infrequent. Only one Ewap Storm-petrel was found, and
Leach’s Storm-petrel and Manx Shearwater totalewearall compared to estimated
breeding totals at St Kilda.

Conclusions Numbers of petrels attracted to artificial lights $t Kilda were low.
However, reductions to light emissions were sgihéficial in reducing numbers of
young that became disorientated, grounded, ordlieithg fledging periods.
Therefore, reductions to light emissions shoul@beouraged. A review of this

phenomenon across the UK found it to be rare iedirg areas away from St Kilda.
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INTRODUCTION

Attraction to artificial lights has been observadnany different species of birds
(Saunders 1930, Herbert 1970, Avetyal. 1976, Dick & Donaldson 1978, Hares$

al. 1998). Among seabirds, burrow nesting and noctwspeties such as petrels
(Procellariiformes) are particularly vulnerable ¢kip & Furness 1992, Jones &
Francis 2003, Montevecchi 2006). Widespread maytafi petrels has been reported
in many situations where these birds are attracteditificial lights, especially on
islands with large breeding populations of sheagvgatstorm-petrels, and gadfly
petrels (Reeet al. 1985, Muirhead & Furness 1988, Brooke 1990, Warh866,
Brooke 2004, Imbeet al. 2005, Montevecchi 2006, Salamolatdal. 2007,

Rodriguez & Rodriguez 2009). Tens of thousandggbf-disorientated and grounded
petrels have been recorded, and many birds fouad, diecluding threatened,
endangered, and endemic species (Readl 1985, Stewarét al. 1996, Jones 2001

Le Correet al. 2002, Le Corret al. 2003, Montevecchi 2006). On several islands,
conservation measures have been implemented toed¢lde impacts on petrels of
artificial light from buildings and to decreasethar threats to grounded petrels from
mammalian predators (Le Comeal. 2002, Montevecchi 2006). For example, on the
island of Kauai, Hawaii, large numbers of Newe8searwaterPuffinus newelli
Madeiran Storm-petrel®ceanodroma castrand Dark-rumped Petreerodroma
sandwichensibave been attracted to bright lights of coastdnts, but by shielding
lights to prevent upwards radiation in the largesbrts, the number of birds attracted
decreased by 40% (Reetlal. 1985). On Tenerife, Canary Islands, public awassne
and civil cooperation with care and release schdorgsetrels found around the
heavily-lit resorts has resulted in the successiglase to sea of 95% of nearly 10,000
petrels found between 1998 and 2006, including B@hearwater€alonectris
diomedea borealijBulwer’'s Petrel8ulweria bulweriiand White-faced Storm-petrels
Pelagodroma marin#Rodriguez & Rodriguez 2009).

In the UK at St Kilda, Outer Hebrides, Manx SheaessPuffinus puffinus
and Leach’s Storm-petre@3ceanodroma leucorhdaave been found grounded within
the inhabited area of the only village, on thendlaf Hirta, annually since 1969 (St
Kilda Rangers’ Reports 1969-2004, St Kilda Rangers. con). Although records

have not been systematically documented every jtaarertain that in excess of ten
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thousand shearwaters, storm-petrels, and Atlantitn® Fratercula arcticahave

been found, and that these species are stronghgtatl in autumn to the lights of
buildings at night in the village, and formerlydtreetlamps that were on at night
along the shorefront (St Kilda Rangers’ Reportsat2608, Harris 1984, Harret al.
1998, St Kilda Rangemsers. com.Miles & Moneypers. obg. In a successful
attempt by the MOD and The National Trust for Smod to reduce numbers of
puffins found grounded on Hirta, these streetlamese turned off by the St Kilda
MOD base staff through the late 1990s, and havaireed turned off to date. The
village on Hirta faces the island of Dun, acroskage Bay, and it is assumed that
young Manx Shearwaters and Leach’s Storm-petretscédd to the village lights are
mostly fledglings from the large breeding colora@sDun, since these species do not
breed on Hirta within sight of the village. Unlipeffins (Harriset al. 1998), storm-
petrels and shearwaters attracted to artificidtfign the village on Hirta have not
been studied and, until now, mortality rates, agfesl birds, and influences of the
moon on the attraction of petrels to lights at 8tl&were unknown. Dun holds the
largest breeding colony of Leach’s Storm-petrelBiiiain and Ireland (Mitchelét al.
2004). Recent declines in this colony have beearteg, from an estimated 27 704
apparently occupied sites (AOS) in 1999 to 14 4@1B5An 2003 and 12 770 AOS in
2006 (Newsoret al. 2008). Predation of Leach’s Storm-petrels by GBatas
Stercorarius sku&as been proposed as the most likely cause aflemegebut other
possible mortality factors for petrels should netignored. This study aims to assess
the numbers, ages and mortality of petrels attdaiciehe lights in the village on Hirta
between 2005 and 2008; to determine the possililgating effects of reduced
artificial lighting in the village at night; and tovestigate the influence of the lunar

cycle on storm-petrels and shearwaters found o Hir

METHODS

Study site, species, and collection of grounded pels

St Kilda (57°47'N, 08°33'W) is located in the Outdebrides 66km west of Harris.
This study was carried out on the largest islanthénarchipelago, Hirta, in the
inhabited area (0.25kKinof Village Bay. Petrels found grounded were Léa&torm-
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petrels, European Storm-petrels and Manx Shearsvater other species of petrel has
ever been found grounded on St Kilda due to liginaetion, and these three are the
only breeding petrels on the islands, other tharthdéon FulmaiFulmarus glacialis
(Murray 2002, Mitchelket al. 2004), which differs in not being an exclusively
nocturnal visitor to land. In all years from 20@52008, the entire perimeter of every
inhabited building was systematically checked fiamugpded petrels, within the hour
after dawn, every morning betwee®éptember and 16 October. These dates were
chosen because the vast majority of grounded pdtrehd prior to this study had
been recorded within this period (St Kilda Rang&sports 1969-2004). Searches
also included thorough examination of all poterttiging places for grounded petrels,
including pipe systems, nearby vehicles, and etitnawents. All birds examined
were fledglings with newly grown fresh feathers andetimes tufts of chick down
still present. When estimating the ages of LeaBitsm-petrels reference was made
to photographs of known adults examined duringing@nd known juveniles from
burrows, examined pre-fledging at St Kilda undeetice. Birds examined were
temporarily sheltered in the dark and on the saayereleased to sea at dusk.
Sheltering the birds prevented any chance of otiserexposed individuals being
found by skuas, which commonly hunted within théage area during daylight

(Miles & Moneypers. obg. The timing of release aimed to minimise thie#t, but
also to reduce the likelihood of the birds flyingchk towards artificial lights in the

village, which were much less glaring at dusk tlzer in the night.

Artificial lighting and reduction measures

In 2005 to 2008, total artificial lighting at nigimt the village on Hirta included:
thirty-two fixed outside lights, indoor lighting paanently on in two utility buildings
(for access safety), and indoor lights left onightiwith windows uncovered in up to
fifteen rooms used for accommodation. Eleven bagdiin the village were used or
inhabited with lighting on during nights of thisudiy, all but two being MOD
buildings of the radar base facility. The small gowstation for the island was the
most densely-lit building, with 24-hour indoor liging and eight outside lights. In
2005 and 2006, many indoor lights in the villageeveft on at night, many left
uncovered, outdoor lights left on, and no reduditinlight emissions made. In 2007,

at our request, measures to reduce light emissiotiee absolute minimum in the
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village were kindly implemented by staff of the aadhase and NTS. These changes
included all outside lights being turned off and thindows of the majority of rooms
being shielded at night by curtains, blinds, oteasmade boarding. However,
effects of these measures on petrels were somewbkgar from one year’s trial (see
results). In 2008, light-reduction methods wereesdpd as in 2007, but with an
experimental period of 20 nights of no light redoictin the village, starting from the
night of 22September. The exact start date was determineukebyay most

convenient to the radar base staff for changintgidt reduction measures on their
buildings, and because of this could not be chesginely at random (see discussion).
The timing and short duration of the 20-day conpiiod were considered preferable
to lights being left on and uncovered for the enate summer and autumn in 2008,
because attraction of fledgling puffins would benimmised in the late summer, and
numbers of petrels attracted in different light didions would potentially be

comparable within-year as well as between years.

Influence of moon phase and position

We investigated possible effects of moonlight ombars of petrels found attracted to
lights in the village using two explanatory variadil the phase of the moon and the
length of time that the moon was above the horagamght. Data of percentage of the
moon’s face illuminated (moon phase) and percentiatgéduration that the moon
was above the horizon at sea level between sundefumrise were calculated for the
years of this study using annual and daily datéstdilda from the U.S. Naval
Meteorology and Oceanography Commanwdyv.usno.navy.mi[Accessed April

2009]). Effects of the moon on daily numbers of dléa Storm-petrels and Manx
Shearwaters found in the village were investigatEdg a generalised linear model
with a Poisson error distribution and log link ftioa. All analyses were performed
using R version 2.8.1.
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RESULTS
Numbers, ages, and mortality of grounded petrels

Over the four years we collected 59 Manx Shearwatds Leach’s Storm-petrels and
1 European Storm-petrel (Table 5.1). Fewer tharo8%rds were found dead in this
study, all in 2006 (Table 5.1). They included orath’s Storm-petrel which had
become trapped in an open drain-hole and drowmedhar which had landed in an
open and partially-full diesel sump and becomerelytsaturated in fuel, and,
exceptionally, one Manx Shearwater found hanging teean outside light with its
head lodged in a ventilation grill and its neckken. Subsequently the drain-hole was
covered and the diesel sump kept drained and daly tatnes. All other birds (>97%)

were found alive, and successfully released tmsadhe same day.
Between and within year differences in petrel numbes and artificial light

Numbers of Leach’s Storm-petrels found in the gdgTable 5.1) differed
significantly between years (test for homogeneity= 38.65, P<0.01). The only year
that none were found was 2007, when village lightiras reduced for the entire
autumn period. In 2008, numbers of Leach’s Stortnetsediffered significantly
between periods with and without light reductionasies in place (test for
homogeneityy?, = 4.16, P<0.05); however, the total number ofvitials found was
very small (Table 5.1). Birds were found only dgrihe period when light reduction
measures were not in use, and the first individwalie discovered on the morning of
23 September, immediately following the first nigit outdoor lights were on and
lighting left uncovered in the village (Figure 5.1ach’s Storm-petrels were never
found during any time in this study when measuoasinimise artificial light
emissions were in place. Numbers of Manx Shearwébemd in the village (Table
5.1) also differed significantly between yearst(fes homogeneityy’; = 18.48,
P<0.01). Unlike Leach’s Storm-petrels, Manx Sheaeveawere found in all years,
including 2007 (Table 5.1 & Figure 5.1). In 2008mbers of Manx Shearwaters
differed between periods with and without lightwetion measures implemented at
night (test for homogeneity? = 15.06, P<0.01). Shearwaters were found onlyiwith

the 20-night period that no light reduction measwrere in place and the first on the
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morning of 23 September, immediately following kiglffirst going on (Figure 5.1).
Also during this period, on 4 October, the only &@pgan Storm-petrel of the study

was found.

Effects of the moon on petrels and shearwater respees to artificial light

The number of Leach’s Storm-petrels and Manx Shatens found in the village
attracted to lights was influenced significantlythg percentage of the moon’s face
illuminated at night (GLM: z = -3.768, P<0.001) anyglthe percentage of the night
that the moon was above the horizon (GLM: z =43,2<0.05), with no significant
interactions. Species was tested in the model asldiional explanatory variable and
effects found to be non-significant. Figure 5.1w&adhat, overall, the vast majority of
Leach’s Storm-petrels and Manx Shearwaters wenedfad times of very low
moonlight, for example after nights when less tB@# of the moon’s face was
illuminated and after nights when the moon was alibe horizon at sea level for less

than 20% of time between sunset and sunrise.
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Figure 5.1. Distribution of numbers of Manx Shearwaters Puffinus puffinus, Leach’s Storm-petrels
Oceanodroma leucorhoa and European Storm-petrels Hydrobates pelagicus found around buildings in
the village on Hirta, St Kilda, between 1* September and 16™ October, with different conditions of
artificial lighting (background), moon phase (solid line), and total duration that the moon above the
horizon at night (dashed line) in 2005 to 2008.
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DISCUSSION

Assessment of numbers and ages of petrels attractemlartificial lights

Total numbers of Leach’s Storm-petrels, Europeann${petrels and Manx
Shearwaters found during this study (Table 5.1ewery low compared to the
estimated combined total of over 60 000 individudlthese species which have
annually bred at St Kilda (Mitchedit al. 2004, Newsort al. 2008). Adult breeding
activity of these species may continue at the debuntil November (Brooke 2004)
but only juvenile petrels were found during thedstperiod. This strongly suggests
that, in September and October, adults are not albramfluenced by artificial

lighting at night on Hirta. Outside of this periatis likely that effects of the lighting
on adults are also minimal. Only Manx Shearwatekgelever been found attracted to
lights on St Kilda outside of the species’ norntatifing times. Less than ten have
been reported in total, and all were thought teddy or late fledglings, based on the
time of year (all broadly within the autumn peri@ahd presence of chick down in
their plumage (S. Murray pers. comm. 2009, St KiR#éangers’ Reports 1969-2008,
Snow & Perrins 1998, Brooke 2004).

Juveniles were the only age group attracted bfiaatilights on Hirta in this
study, but it is difficult to state the scale ofeetts precisely. Measures of Leach’s
Strom-petrel, European Storm-petrel and Manx Shai@mproductivity do not exist
for all years of the study, so estimates of theprtons of the total number of
fledged juveniles that were attracted to lightshegear cannot be determined for all
species. However, it is very likely that suchresties would be extremely small, as
very low numbers of petrels were found in comparignthe most recent estimates of
breeding population sizes at St Kilda (Mitchetllal. 2004, Newsoret al. 2008).

Effects of artificial light reduction and moonlight

Between-year differences in numbers of Leach’srBtpetrels found in the village
were probably due to deliberate reductions in lghissions rather than other
unknown year effects. There was a significant wiyear difference in numbers of

Leach’s Storm-petrels found in 2008, between timlesn light reduction methods
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were in place and the deliberate control periodriight emissions were not
reduced. Also, numbers of Leach’s Storm-petralmdbin the village differed
significantly between 2007, when lights were offdahe period in 2008 when lights
were on (test for homogeneity; = 4.16, P < 0.05). These differences are very
suggestive that differences in numbers of birdsfoun different years occurred in
response to deliberate changes in artificial lghriditions. Considering the two most
obvious possible other influences (annual proditgtand annual weather effects),
there is little to suggest that differences in nershwere not due to the deliberate
changes in light reduction measures. Productistyreates for the species in 2007
and 2008 were not significantly different (Monetyal. 2008, Money 2008
unpublished data) and, although particularly highmbers of seabirds are found
during foggy weather (Harrow 1976, Verheijen 198/Hrham 1990, Jones 2001),
low-visibility and extreme weather conditions irethillage on Hirta were recorded
very infrequently in 2007 and 2008 (St Kilda Rarg&eports, 2007 & 2008). It was
unfortunate that, due to practical limitations, ghart of the period with lighting on in
2008 could not be chosen entirely randomly, so exyntal control was not perfect
in this respect. However, the results showed nwatidn of being an artefact of
experimental design, and, considering this potehi#s alongside the other three
years’ data, overall, the data seemed stronglgattie and convincing that deliberate
reductions to light emissions during this studyuaetl attraction of Leach’s Storm-

petrels.

Unlike Leach’s Storm-petrels, a high number of M&thearwaters was found
in 2007, and effects of reducing light emissiongt@numbers of birds attracted to
the village were apparently not the same for MahaeBwaters as for Leach’s Storm-
petrels that year. Given the measures in placedoae lighting to the absolute
minimum throughout 2007, it seems possible that Malnearwaters may still be
attracted by very weak lighting, even the extreni@ly-level emissions on St Kilda in
2007 which did not affect the smaller species dfgddreeding at the site. Greater
sensitivity to artificial lights in larger specie§petrels has been suggested in other
studies, for example differences between shearsvatet storm-petrels in Hawaii and
in the Canary Islands (Telfet al. 1987, Rodriguez & Rodriguez 2009). Additional
evidence for this theory at St Kilda is that Eurap&torm-petrels are the smallest

species to breed on Hirta and nest in walls ne#ttéddMOD base (unlike Leach’s
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Storm-petrels and Manx Shearwaters), yet have yaxdir been found grounded
around buildings at any time of year, and are agbyr the least sensitive to light (St
Kilda Rangers’ Reports 1969-2008, Murray 2002, BléeMoney pers. obs.). One
other possibility, however, is that Manx Shearwataay be more attracted by sounds
at night than storm-petrels and that certain naisesinue to attract shearwaters at
times when artificial lighting is minimal or evelmmexistent. On Hirta, Manx
Shearwaters have most frequently been found ctosgttactors and generators that
were continuously emitting low frequency soundsjuding in all years of this study.

It seems likely that attraction to these sound simins could be one explanation as to

why shearwaters were found in 2007 during reduiggd conditions.

Effects of the lunar cycle and position of the matwove the horizon on
numbers of grounded petrels were similar in thislgtto those found in other studies:
most petrels were found at times of least moonlfylerheijen 1980, Telfeet al.

1987, Le Correet al. 2002, Rodriguez & Rodriguez 2009). In 2008, assp study
was carried out on the phenology of Leach’s Stoatngbs at St Kilda, in which
fledging dates were recorded (Money 2008, unpuétistata). Thirteen birds, out of
twenty-eight studied, fledged between the first st quarter of the lunar cycle (7 to
22 September), including three on nights arounduhenoon (14 to 16 September).
In other studies on light attraction of petrel® gossibility has been suggested that
fewer juveniles have been found at times of greate®nlight (e.g. full moon)
because fledging was inhibited on these nights émi®75, Rodriguez & Rodriguez
2009). However, for Leach’s Storm-petrels at Sd&in 2008, the phenology study
suggested this was not so. The lack of groundedH.e&torm-petrels at times of
greatest moonlight was perhaps more probably dtieeteelative glare and attraction
of artificial lights diminishing on nights when areht light from the moon was

particularly bright and long-lasting.

Occurrences of light-induced mortality of petrels & St Kilda and in the UK

Mortality of petrels found attracted to lights waey low at St Kilda (< 3%). This has
also been found in similar studies on much largerraore populated islands (more
petrels and more people), for example Réunion ds(&0%) and Tenerife (<6%)
(Le Correet al 2002, Rodriguez & Rodriguez 2009). Consideringdideine in
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Leach’s Storm-petrels reported from Dun (Newsbal 2008), in relation to our
results, the possibility that high mortality of bdéng and non-breeding storm-petrels
may have occurred in the UK away from St Kilda wasewed, by searching all
regional bird reports and county avifaunas for rds®f light induced effects and
mortality of Leach’s and European Storm-petrels albareas of the UK with storm-
petrel breeding colonies (Mitchadt al. 2004), in all years from 1990 to 2006 (Table
5.2, see below). Most frequent were records odetitvn to lighthouses and harbour
lighting, but unusual records included: individuedsning to flashes from a garden
fireworks display (e.g. Egilsay, Orkney, 5 NovemB@05); attraction to oil terminal
flares (e.g. Sullom Voe, Shetland, 3 November 20809 several individuals
attracted to moth traps (e.g. Skaw, Shetland, 802004). Given the time period and
area covered (Shetland, Orkney, all regions oftKenorth and west coasts, Scillies,
and the Channel Islands), records were surprisifeglyin total (<120 individuals).
However, the proportion of all records of stormrpkst found dead (21%) was high in
comparison with our study at St Kilda (<2%). Peshbpcause records from regions
of the UK other than St Kilda were not all madetegsatically, they were possibly
biased by a greater likelihood of dead birds bé&mmd during casual observations
than live and potentially transitory individualstdn with this consideration, the
results of this search strongly suggest that insacé the UK with storm-petrel
breeding colonies away from St Kilda, mortalitylafach’s Storm-petrels and
European Storm-petrels due to light attractiondias been very low in comparison
to estimated UK breeding population sizes (Mitckeelhl. 2004). It was notable that
the highest proportions of all Leach’s Storm-petmadl European Storm-petrel records
(70% and 86.6% respectively) came from Bardseythiglise. This may partly be
explained by relatively high observer coveragéat light source, but even taking
this into account, this site has a high attracgiower to birds in comparison to other
intensively watched sites with lighthouses, suchagth Ronaldsay and Fair Isle
(Bardsey, Fair Isle, North Ronaldsay, and Orknay Bieports 1990-2006). Possible
reasons suggested for this have included differeimckghthouse beam
characteristics (e.g. light frequency and rotatate), as well as site location
differences relative to species’ migration routed Breeding areas, migration
bottlenecks, seabird foraging ranges, and seaamddbcal weather patterns
(Saunders 1930, Herbert 1970, Verheijen 1981, Byr8&d Reports 1990-2006,
Brooke 1990, Jones 2001, Jones & Francis 2003hBw$ers. comm. 2009).
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Overall, in areas of the UK with breeding stormepkst, it seems that very low
numbers of individuals are affected by artificighlting relative to estimates of total

breeding population sizes, and light attractionasa cause of high mortality.

The status of St Kilda as a SSSI, SPA, and Worldt&tge site means that
increases in the number of brightly-lit buildings thie archipelago are unlikely. The
inhabited village is the only area of Hirta witghting on at night, with the exception
of one MOD building on the hilltop which has outsiighting occasionally left on.
Petrels have been discovered near this buildingpgdine daytime by staff of the
radar base, but very few birds have been found,tlem annually, and the vast
majority of these were alive. There are no otheraes of artificial light on land at St
Kilda and it is rare for brightly-lit ships to ammhfor long near the islands. In
conclusion, numbers of petrels attracted to ardifiights on St Kilda are low, very
few are killed by the phenomenon, but reductionartidicial light emissions should
be encouraged since they are beneficial in redunumgbers of fledglings that are
grounded.
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Table 5.2. Total annual numbers and mortality of Leach’s Storm-petrels
Oceanodroma leucorhoa and European Storm-petrels Hydrobates pelagicus recorded
at artificial light sources in regional bird reports and avifaunas, for all regions of the UK
with storm-petrel breeding colonies other than St Kilda, for all years from 1990 to

2006.
Year Leach's Petrels found European Storm Petrels found
1990 2 8
1991 0 2
1992 1 2
1993 0 2
1994 3 8
1995 2 3
1996 0 2
1997 4 0
1998 2 2
1999 1 6
2000 3 3
2001 0 0
2002 8 16
2003 0 1
2004 3 16
2005 1 9
2006 0 2
Total 30 82
Total found dead 8 (26.7%) 15 (18.3%)
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Chapter 6

Variation in plumages of adult and juvenile Leach’s

Storm-petrels Oceanodroma leucorhoa at St Kilda

Published as:
Miles, W. T. S. 2010. Variation in the appearaatadult and juvenile Leach’s
Storm-petrelDceanodroma leucorhoan St Kilda. British Birds103: 721-727.

Appendix 6.1 accepted as a short book chapter:

Miles, W. T. S. 2010. Leach’s Pet@teanodroma leucorhoaln: Baker, K. (&
Coiffait et al. (eds.))ldentification Guide to European Non-passerinesiged
edition) British Trust for Ornithology, Thetford (in prep
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INTRODUCTION

St Kilda, Outer Hebrides, is the stronghold for tl&#a Storm-petrels in Britain and
Ireland, having 94% of the breeding populationeatimated total of 45,400 occupied
nesting sites (Mitchell et al 2004, Forester €@07). In 2007 and 2008,
considerable variation was observed within and betwadult and juvenile plumages
of Leach’s Storm-petrels on St Kilda, during resbdveing carried out by the
University of Glasgow and National Trust for Scatlastudying Great Skua
Stercorarius skuand Leach’s Storm-petrel population dynamics amedator-prey
interactions. During fieldwork between mid-May date October, Leach’s Storm-
petrels were observed in-hand when mist-nettedriging, when sampled
(temporarily and under licence) at burrows, andmja@eniles were found on land
post-fledging, apparently disorientated by art#idights in the village. Individuals
were also observed in field conditions in natuigtitl at sea, when adults mist-netted
and ringed around dawn, and fledged juveniles faamthnd, where viewed through
optics after release out to sea (the latter dutangight to prevent possible further
disorientation towards artificial lighting at nightAdditionally, observations of
Leach’s Storm-petrels in field conditions at sea] aver land, were made extensively
using a Leica BIM 35 night scope. This enabled/wdear sight of a sample of the
tens of thousands of breeding and non-breedingi’e&torm-petrels that come to St
Kilda during darkness. In these circumstancesdgaews were obtained of the
plumage structure, tone, pattern and variation afiyrindividuals at sea in a variety
of weather conditions. Excellent views were albtamed of the swarms of Leach’s
Storm-petrels present at their cliff-slope breedinfpnies at night, where many
individuals in flight could be studied at very atogroximity (often at less than 1m
range). Geographical variation in Leach’s Storrrgdg@lumage is well documented
between distant populations across the PacificAdlaohtic, and in relation to
unexpected occurrences of dark-rumped storm-pdeeais Ainley 1980, Bourne &
Jehr 1982, Ainley 1983, Power & Ainley 1986, Vaugh®90, Bretagnolle et al

1991, Cubbitt et al 1992, Morrison 1998, Brooke £08owell & Patteson 2008).
However, plumage variation is not well documenteithiw the British breeding sites.
From a birding and ringing perspective, this agtislimmarizes observations of
plumage colour, pattern, structure and variatiowviand between adult and juvenile

Leach’s Storm-petrels observed at St Kilda in 280d 2008, with consideration of
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potential similarities to other species of storntrgle Variation from typical adult and
juvenile plumages is summarized for all featurewlich it could be seen clearly
through standard optics or the naked eye and whemeetric measurements were

unnecessary.

ADULTS

Adult plumage is defined here as any non-juvenienage. Observations were made
between mid-May and August 2007 and mid-May anel @Gttober 2008, with the
greatest proportion during the most intensive nggeeriods in July. Throughout
these months, adults were seen in-hand duringmeising sessions at and away from
the breeding colonies (total = 570 birds), and sedield at the breeding colonies at
night and at sea during night and day (total = 4068ightings). These observations
included both breeding and non-breeding adults.

Typical plumage

Plumage features of the vast majority of adult®wbserved at St Kilda closely
matched standard descriptions of the species founbnographs and field guides.
However, throughout the observation period (Ma@tbober inclusive), the dark
plumage colouration and tones of almost every aghdbuntered were brown in all
areas, rather than the black and grey tones ofteted. The only exceptions to this
were a very few moulting or freshly moulted indiwvads, and juveniles (see below).
Even the pale carpal bars of all adults, includhmgse recently moulted, were tinted
brown, very heavily in some cases, and were ofteg poorly defined within the
other brown tones of the wing. This was partidylatriking in comparison to the
distinctive pure pale-grey carpal bars of juven(&=e Fig. 6.1). In agreement with
(e.g.) Flood and Thomas (2007) and Onley and Sdof2®07), browner colouration
was synonymous with older plumage, probably reduti@m bleaching and wear, and
typified the increasingly worn plumage of adultsotighout the late spring, summer
and early autumn. Noticeable at St Kilda, washttoevn colouration of adult
primaries in comparison to those of very fresh jules, which were bluish-black

(e.g. Fig. 6.2). Also, the differences betweerstippe of the primaries of adults,
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which are broader and more rounded, and juvenitegh are thinner and more
pointed (Fig. 6.2).

Figure 6.1. Close-up of inner wings of Leach’s
Storm-petrels Oceanodroma leucorhoa, St Kilda,
Outer Hebrides, September 2008. Adult (left) and
newly-fledged juvenile (right) plumages, showing
typical colours, tones, and differences in the
definition of the pale carpal bar. Unusual and
unexpected abrasion of the juvenile greater coverts
can also be seen.

Figure 6.2. Outer wings of Leach’s Storm-petrels Oceanodroma leucorhoa, St Kilda, Outer Hebrides,
September 2008. Typical adult (a) and typical newly-fledged juvenile (b), showing differences between
colour tones and between shape of the primary tips, and an example of a newly-fledged juvenile found
(untouched) with an unexpected, damaged, and heavily worn wing condition (c).

Plumage variation

Rump patch:A spectrum of shape and patterning of the runtphas of adult

Leach’s Storm-petrels was encountered in-hand d€il& (see Fig. 6.3). The vast
majority of adults seen in-hand and in-field hadassic ‘text-book’ rump, very like
Figure 6.3c: large, white, V-shaped, extendingsligonto the rump sides, with a
central dark dividing line, very narrow dark shstiteaking to the white feathers, and
occasional, indistinct, small dark spots at theaugmd lower ends of the rump. Less

common, on about 1 in every 10 birds, was a runtghphat appeared more square-
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shaped than V-shaped. An example of this is Figu8b, also an example of a rump
virtually lacking a clear central dark dividing én One of the biggest surprises was
how frequently birds were observed (estimated 30%l @ightings), both in-hand

and in-field, with little or no central dark divide the rump, or with a square or band-
shaped rump, or with white extending far down tap sides, or with all three. In
rare cases of the latter, in-field, the speciestifleation of the individual was at first
particularly confusing (see below). At extreme £ofithe spectrum are the rump
patches shown in Figures 6.3a and 6.3d. White noatghes with no dark shaft
streaking, no dark spotting, and very little sugigesof a dark central divide, thus
entirely pure white (e.g. Fig. 6.3a), were veryeraAs were very dark rump patches:
figure 3d the darkest encountered, judged to sSBane the Ainley scale (1 = entirely
white to 11 = entirely dark, Ainley 1980). Coloshape and pattern of this rump was
produced partly by an unusually large amount ok gggmentation to the upper,

lower and central (otherwise white) feathering, imatre, by extensive wear and
abrasion of many of the white feathers, revealindeulying darker plumage. This,
and very similar rump patterns, were also witnesséeld conditions, but none

darker.

Figure 6.3. Rump patches of different adult Leach’s Storm-petrels Oceanodroma leucorhoa,
St Kilda, Outer Hebrides, July 2008. Variation spanned between the purest white (a) and
darkest (d), including squarer shaped patches (e.g. b) and typical pattern (e.g. c).

Primary shaft basesTone of the feather shafts at the bases of thexy pumaries was

examined in-hand, specifically: the region extegdmt immediately beyond the tips
of the primary coverts for white colouration, asrsén Swinhoe’s Storm-petrels
Oceanodroma monorhisMost Leach’s had blackish-brown or dark brown
colouration to the region examined (see Fig. 6.40wever, light brown to pale
yellow shaft bases (e.g. Fig. 6.4b) were also salémyugh slightly less often, on

about one in every four individuals. Only one indual (of 570) had clear white
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bases to the outer primary shafts (Fig. 6.4c)e Bedwn, yellow or white colouration
to the primary shafts beyond the tips of the prin@verts never extended out more
than 2cm, reduced towards the inner primaries,easr observed on more than the
outer 6 primaries, and could not be seen on birdeaduring day or night
observations but could on several birds seen gtclese (<10m) range in-field at the
breeding colonies. There were no signs that pakeokthe outer primary shaft bases
Is positively correlated with darkness of the rumpeach’s Storm-petrels. It should
be noted, however, that relatively few Leach’s Elstwere encountered at St Kilda

with extremes of either of these features.

Figure 6.4. Primary bases and coverts of different adult Leach’s Storm-petrels
Oceanodroma leucorhoa, St Kilda, Outer Hebrides, July 2008. Variation in colour of
the outer primary shaft bases immediately beyond the primary coverts is shown:
examples of brownish-black (a) and yellow (b) seen frequently, alongside white
found in only one individual (c).

Tail shape:Leach’s Storm-petrels observed in-hand and il St Kilda mostly
exhibited the classic, deeply-forked, tail. Howewesurprising number were seen
with square-shaped, shallowly forked, or asymmaitigils. Approximately 100
sightings (from 4000+) were noted of Leach’s Stqetrels in field conditions
exhibiting abnormal tail shapes. In most of thegses, the tail appeared rather short
and square-shaped. In-hand, unusual tail shapesals® encountered, typically one
in every twenty birds handled. Most of these wasgmmetrical, a few shallowly
forked, but none fully square-shaped. It is likidgt tail abnormalities other than
short and fully square shapes are difficult to s@el, were under-recorded, during
sightings in-field compared to in-hand. Figure $i®ws an example of an aberrant
asymmetric tail, where the right side appears shadtsquare, and the left normal.
This shape was caused by total loss of the outer@ather and loss of the tips of the
second, third and fourth outermost tail feathersh@right side, making all feathers

on that side roughly equal in length to the shoiieser) feathers. Feather losses and
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damage did not always result in an unusually shégedAberrant loss of entire
single tail feathers, apparently unrelated to ahmault, was encountered quite
frequently, on approximately 10% of birds seenamdh Loss of primary, secondary
and tail feather tips was rarer, only observeddults on approximately 5% of all
individuals. This likely occurred due to feathistsnapping off when weakened by
extreme weathering or bleaching, particularly & #ineas exposed in the closed wing
and tail positions. Figure 6.5 (left photographdws how the tip portion of the
second outermost tail feather on the left sidett@ached lighter brown, and is likely
to be structurally weak, due to exposure to sutligieather and the sea even when

the tail is fully closed.

Normal ageing, moult and re-growth of the tail gaeatly reduce the forked
appearance, and in rare cases temporarily prodsgaae or only very slightly
forked shape (e.g. Flood & Thomas 2007, Robb 2088). Therefore, unusual tail-
shapes of the birds observed in-field between dndeSeptember around St Kilda
may have been due to normal feather loss and rénetlzer than aberrant total or
partial losses and damage. However, this seenigelyplas during the entire
fieldwork period, of the total birds examined imhkiaonly four (0.7%) were found
with extensive tail moult, with two of these exHibg unexpected moult sequences
compared to other studies (e.g. Ainley et al 19Ad¥o0, the basic tail shape of all
four birds, including those moulting the outer fa#thers (e.g. Fig. 6.5), was very
deep-forked and symmetrical in comparison to theoaial tail shapes caused by

aberrant feather losses and damage, seen moreifitgqu
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Figure 6.5. Unexpected tail
conditions of different adult Leach’s
Storm-petrels Oceanodroma
leucorhoa, St Kilda, Outer
Hebrides, July 2008. Examples of
aberrant asymmetry (left) and tail
moult (right) with the deep-forked
tail shape remaining even whilst the
outer feathers are renewed.

Timing of moult: The majority of adults examined in-hand showediga of active

wing, tail, head or body moult, and never could sigyns of moult be seen in the
many individuals observed in-field. Variation wasited to 4 birds showing
extensive tail moult (see above) and approxima&eélyndividuals (3.5%) with signs
of body moult, all mist-netted in July. None ween at St Kilda with signs of moult
in the primaries, secondaries or tertials in anyting of observation (May to
October). This was not particularly surprisingnasult of the wings usually starts
after birds leave the breeding grounds (Baker 1988)individuals with tail moult
were also undergoing body moult, for example showkfigure 6.6 (right
photograph). This bird also shows a rather sgsiaaped rump patch with little trace
of a dark central divide. In all cases, moultindividuals were mist-netted away
from the breeding colonies by attraction to tape-fwnder licence), and are more
likely to have been non-breeders than breedeignsSif moult were therefore not
totally unexpected, as non-breeders begin mougtast one month before breeders,
starting with the body as early as April or May dinght feathers in August or
September (Baker 1993, BWPi 2006). Slightly marexpected was one individual
caught in July 2007 (Fig. 6.6, left photograph)jahhin all plumage areas had
extraordinarily fresh-looking feathers, relativeeteery other adult examined. Small,
black, unworn tips to the white rump feathersfedithers very glossy and unworn;
slight brown tones restricted to the carpal badsfeather shafts of the wings; and all
other areas unbleached and uniform dark grayistkbkrongly suggested the
plumage was very fresh and this adult had completéding, tail, head and body
moult very recently. This timing, and the bird&atively tiny white rump patch, was

unique.
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Figure 6.6. Adult Leach’s Storm-
petrels Oceanodroma leucorhoa,
St Kilda, Outer Hebrides, July
2007 and 2008. A freshly moulted
individual with entirely new
plumage (left), and close-up of the
body and tail of a different
individual during moult (right),
showing contrast between the old
plumage (brown) and new (glossy
greyish-black).

Similarities with other species

Within the plumage variation of Leach’s Storm-pkti@served in-hand and in-field
were features very closely resembling those ofradt@m-petrels of the genus
Oceanodromaincluding ‘band-rumped’ species (e.g. Madei@rcastrg Monteiro’s
O. monteiroj and Cape Verd®. jabejabeStorm-petrelsand ‘dark-rumped’ species
(e.g. Swinhoe’®©.monorhis Markham’sO. markhamiand BlackO. melaniaStorm-
petrels). The plumage variation encountered &iil8a frequently created initial
difficulties for species identification, but onlydng in-field observations, and never
to the point of precluding final positive specidentification as Leach’s for any
individual encountered. For example, differencesveen a typical adult Leach’s
Storm-petrel and two adults with extremes of vasraseen in field conditions at sea

at St Kilda are summarized in Figure 6.7.

Plumage features of band-rump@deanodromatorm petrels encountered
within the plumage variation of Leach’s Storm-phkstie St Kilda included: 1) band-
shaped rump patches with no central dark dividevattdwhite extending far down
the rump sides; 2) short and square-shaped tailsng wings relative to other
Leach’s Storm-petrels. The latter was only notefiéld, on birds with short and
square-shaped tails, and was probably an illusieated by decreased tail (and

overall body-) length changing perceived propodiohwing length (see Figure 6.7,
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middle left petrel). Abnormal, very long, wing gths were not recorded from 400
birds measured in-hand on St Kilda. Variant Lea@torm-petrels showing all three
of the above features were only seen on two sepaca@asions. Both were observed
in-field, at extremely close (<3m) range, very digérough a night scope, for at
least 15 minutes, and, in face of initial exciteirtat here was a different species,
both were heard to emit classic Leach’s Storm-petratter calls! An image of one
of these individuals can be seen in figure 8, shgwie ‘band-rumped’ features and,
also, the impression of round-tipped wings, appaasrihe bird flexed, soared and

hovered at two meters range around the peak Gl cr

Figure 6.7. Adult and newly fledged juvenile Leach’s Storm-petrels Oceanodroma leucorhoa. Typical
plumages and examples of plumage variations seen in field conditions at St Kilda, Outer Hebrides,
2007 and 2008. Adults (summer and autumn): typical plumage (top); and individuals encountered with
plumage variations suggestive at first of ‘band-rumped’ (middle left) and ‘dark-rumped’ (bottom left)
species of Oceanodroma storm-petrels. Newly-fledged juveniles (autumn): typical very fresh plumage
(middle right); and another very freshly plumaged individual but with unexpected abrasion and
damage to primaries and tail (bottom right). In flat light, during typical overcast days at St Kilda, the
differences in colour and tone of the adult and very fresh juvenile plumages could be clearly seen and
differentiated at sea at close range (up to 200m distance). However, caution may be necessary for
separating these ages in many other field situations, as the plumages of both could also appear
similarly brown-greyish black, particularly at long-range or when the sky and sea were brighter.
Additionally, the plumage features of very fresh juveniles are likely to quickly change, becoming
darker, slightly browner, less distinctive, and more adult-like, with wear and bleaching throughout the
autumn, winter and spring before moult: beginning as early as April in the second year (Baker 1993,
Ginn & Melville 2000, Blomdahl et al 2003).

156



Chapter 6 Leach’s Storm-petrel plumage o

Figure 6.8. Field drawing of an adult Leach’s
Storm-petrel Oceanodroma leucorhoa, seen
through a night scope at extremely close (< 2m)
range on the species’ breeding colony at Carn
Mor, St Kilda, Outer Hebrides, 20™ July 2008.
This individual was at first thought possibly to
be a different species of Oceanodroma storm
petrel, such as Madeiran O. castro, due to its
band-rumped, square-tailed and long-winged
appearance. However, other characters,
including bill structure, carpal bar pattern, and
flight style, were more typical of Leach’s, and it
was soon heard repeatedly emitting a classic,
and very loud, Leach’s chatter call.

Plumage features of dark-rump@&deanodromatorm petrels’ encountered
within the plumage variation of Leach’s Storm-pkstia St Kilda included: 1) white
bases to the outer primary shafts; 2) partiallkadamp patches, appearing wholly
dark only when seen at long range at sea. Theserés were never both seen
together on one bird and, unlike the variation ssgige of ‘band-rumped’ species,
never appeared well-defined or unchanging in feeldditions, or seriously suggestive
of any species other than Leach’s. Wear and abragithe white rump feathers
shown on Figure 6.3d (photographed'26ily 2008) would be prone to continue until
the rump was moulted and feathers renewed. Mdulteorump feathers could occur
normally as late as February or March of the follaywear (Ginn & Melville 2000,
Flood & Thomas 2007), during which time it is tdgatonceivable that the white
feathering may entirely wear away, and the rumpltpaecome all-dark in

appearance.

JUVENILES

Observations were made in September and Octob&; #00n individuals
encountered on land after apparent disorientatost-fledging and when sampled
(temporarily and under licence) from burrows forgsite collection. All individuals

were examined in-hand, had extremely fresh plumaige had likely experienced
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very little or no exposure to light, weather and sea, because those found on land
had apparently only just fledged, and those fromdws were within a few days of
fledging (determined by endoscope during sepataaqogy studies - S. Money
pers. comm.). Juveniles sampled numbered 19ah ®found landed and 13 in
burrows. Only those found disorientated on landeveeen well in field conditions at

sea: through optics, upon release during daylight.

Typical plumage

Despite the small sample size, plumage features sen which were universal to all
juveniles examined and which were surprisinglyetght from the adult plumage.
Most striking were a lack of any distinct brown ésnin the juvenile plumage and
strong contrast of the head, lesser coverts, mexiaerts, scapulars and mantle
which were grey, with the tail (see Fig. 6.9) andgg (e.g. Fig. 6.2) which were jet
black with blue sheen. Also, the carpal bars vioeight, purely pale-grey, and very
well defined between the darker grey and blacksarighe rest of the inner wing (see
Fig. 6.1). These features were always visibleanehand in-field at close range in
flat light (see Fig. 6.7). Contrast between coland tone of the outer wing and
between the shape of the primary tips of an adwltjavenile in September
(described above) is shown in Figure 6.2. Diffeemnin shape of the separate
primary tips were only visible on birds seen in-thatdowever, in-field, the wings of
newly-fledged, unworn, juveniles looked much mdrarply pointed than wings of
adults and this effect was likely caused by diffexs in tip shape of the outer
primaries. All juveniles also exhibited very cleand in most cases broad, white
outer edges to the tertials (e.g. Fig. 6.9) whikctiield conditions, were only visible at
very close range (see Fig. 6.7). The rump patoh#se majority of birds (e.g. Fig.
6.9) were large, white, unworn, V-shaped, extersligihtly onto the rump sides, had
only slight suggestion of a central dark dividingel and had extremely thin dark
shaft streaking and neat, narrow, black edgesetdipls of all the white feathers. All
plumage, including wings and tail, was very frasmworn and glossy for the majority

of individuals.
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Figure 6.9. Tertials, rump and tail of
newly-fledged juvenile Leach’s Storm-
petrels Oceanodroma leucorhoa, St
Kilda, Outer Hebrides, September 2008.
White outer edges to the tertials, unworn
juvenile rump pattern, and contrast
between the grey mantle tone and black
tail are shown on a typical individual
(left). Less typical and totally unexpected
(right) are heavy abrasion, matting and
twisting of the tail feathers, abrasion to
the tertials, and no trace of a central dark
divide to the rump.

Plumage variation

Little variation was found between individuals, kvéxception of the two features
below. Variation was not seen within shaft badeb@ outer primaries beyond the
primary coverts (dark bluish-black), unworn taibple (symmetrical and deeply
forked) or timing of moult (no signs of moult). &ares akin to other species of storm

petrel were not found.
Rump patch:Variation was very slight, limited to 5 individgdacking any trace of a
central dark divide (e.g. see Fig. 6.9). Band-skagr partially dark rumps were

totally absent from all juveniles examined.

Wing and tail damagetJnexpected, severe abrasion and damage was fouhe

wings and tail of 2 juveniles found on land andahf within burrows. Given the
birds’ lack of any prolonged exposure outside aftws, lack of any human handling
when the damage was encountered, as well as tiieskert duration and extreme
care taken when birds were handled, it was ratkiea@dinary to discover 32% of
otherwise very freshly-plumaged juveniles with martr areas of extensive feather
damage, including: primary tips missing (see Figch heavy abrasion to coverts
(e.g. Fig. 6.1); and webs of primaries, secondarégtals and tails misshapen, matted

and frayed (e.g. Fig. 6.2c and Fig. 6.9). It bebgeestions of how the damage
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occurred, if it is a normal phenomenon, and if ghesweniles moult and replace the
damaged feathers soon after fledging. Sticky aargt &brasive grit and mud inside
burrows, infestations of feather parasites, orudesq acidic leaching of rainwater
through burrows and over petrels, may be possimats of the damage, visible at
close range at sea (e.g. Fig. 6.7). There waviderce of high parasite burdens on
these birds, but 2008 was exceptionally wet in sat@mer, and so flooding of
burrows may have been unusually prevalent thabseaStorm-blown juveniles with
such abraded and damaged extremities seen at sgaaied inland in September

and October could easily be mistaken for adultk Wweavily worn plumage.
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APPENDIX |

Appendix 6.1.Accepted as:Miles, W. T. S. 2010. Leach’s Pet@teanodroma
leucorhoa In: Baker, K. (& Coiffait et al. (eds.))identification Guide to European
Non-passerines (revised editiorBritish Trust for Ornithology, Thetford (in prep

LEACH'S PETREL Oceanodroma leucorhoa

Identification From Storm Petrel and Wilson's Petf@teanites oceanicusy larger size,
prominent long pale carpal bars, forked tail (1/aB3 shortest to longest tail
feathers, tl-t6), and white rump patch usually A&mbd (nominate
leucorhog. Madeiran PetrelOceanodromacastro has completely white
band-shaped rump and less deeply forked tail (<13nmunally 5-8mm).
Swinhoe’s PetrelOceanodroma monorhikas all-dark rump (no trace of
white) and extensive white base regions to shafbei@r primaries (p10-p5).

Autumn/Winter

Iw (3/5) Most have remains of chick down on bodhew leaving nest burrow;
otherwise, head, body, lesser- and median-covdrtsewly fledged birds
grey-black with slightly paler grey fringes (witholrown tones). Primaries,
secondaries, and tail jet black with blue sheercgimtrast to head and body).
Tertials grey-black with paler grey fringes and tehiips. Outer primaries
comparatively pointed at tip (Fig). Greater-coveptle, milky-grey with
white fringes. Rump feathers white with thin blastkafts and narrow black
fringes to tips (forming small anchor shapes towaswil). Outer web of t6
sometimes narrowly edged pure white but usuallyempétan rest of tail,
especially towards rump.

NOTE: Greater-covert and tertial edges become wortate autumn and
winter (reducing amount of white), dark plumage e®nfade quickly
(becoming slightly brown), and individual variationccurs; making
distinction from adults sometimes difficult (espdlyi from non-breeders that
have completed body, tail and wing moult relativedyly).

Adult (4/6) Outer primaries rounded at tip (Fig)re@ter-coverts appear uniform and
distinctly brown tinted (even when fresh), lackwbite fringes. No distinct
contrast between tone of head and body against ebnprimaries and
secondaries (all typically brownish black).

Spring/Summer

1s (5) Greater-coverts and tertials may show tradeshite edges, though often
indistinct or absent due to wear. Primary tip shapipful if unworn and
sharply pointed; however, intermediate primary sisapccur and such birds
should not be aged without reference to other featuBirds in active wing
moult in spring will likely be of this age (but bave adults with suspended
moult).
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NOTE: 1st-summer birds assumed not to visit bregdiolonies, most 1s
birds probably stay far off-shore, possibly in eigual wintering areas.

Adult (4/6) As Autumn/Winter. Dark plumage tonesbming browner and slightly paler
with age. Occasional birds in late June and Julyr wntirely new and
unworn plumage (comparatively black and glossikglli to be non-breeders
that completed moult exceptionally early.

Moult

5 Complete post-juvenile moult starting in April 8hd calendar year with
flight feathers, completed by October-December.

Adult Complete post-breeding moult starting witldpaluring breeding cycle (June

onwards). Tail replacement begins in August. Remigeulted after leaving
breeding grounds in September/October. Inner pgimaoult may suspend
until winter quarters are reached; resumed Noverbesards, completed by
February (March). Non-breeders moult earlier, beigig with body in May
or June and flight feathers from August or Septempwery rarely in
June/July).

Individual variation Extensive in rump patch; white V-shape with blamntral divide
typical, but pure white and band-shaped (resemblgdeiran Petrel), mostly dark
(resembling Swinhoe’s Petrel), and diverse inteniated patterns occur. White surface
feathers of rump also become worn relatively quickiften to reveal underlying darker
plumage(V-shape of white feathers and 1w black shafts tgmdringes transient, changing
rapidly due to wear and abrasion, and fading oftshaAberrant loss or renewal of one, two,
occasionally three, tail feathers common. Tips 4fat prone to heavy abrasion and shaft
breakages causing asymmetrical, shallowly forkemg aquare tail shapes (latter two
uncommon, but can resemble Madeiran Petrel). Pallwwhite shaft bases to outer
primaries (similar to Swinhoe’s Petrel) occur freqgtly, although rarely extensive or pure
white (<0.5% birds examined at St Kildes700).

NOTE: Appearance of black, grey and brown plumages very variable according to light
(e.g. under artificial light at night).

Geographical variation Within nominateleucorhoanegligible, except birds from southern
region of East Pacific range (slightly smaller, smdrequently dark rumped). Three other
subspecies recognized (N. America).

Biometrics Full-grown. Nominatéeucorhoa(BWP).

Wing 24158 (3.76;47) 148-165 9158 (3.56:54) 152-166
Bl 15.7 (0.46;50) 14.2-16.6 15.7 (0.50;56) 4.7:16.9
Tarsus 24.0 (0.58:50) 22.9-25.5 241 (0.70;55) 22.3-25.5
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Chapter 7

Behaviour and diet of non-breeding Snowy Owls

Bubo scandiacus at St Kilda

Published as:
Miles, W. T. S. & Money, S. 2008. Behaviour atet of non breeding Snowy
Owls on St Kilda.Scottish Bird28: 11-18.
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ABSTRACT

We report numbers of individual Snowy Owls, thehhaviour, and diet on Hirta, St
Kilda, between late May and early August 2007.eFdifferent individuals were
identified and movement of different individualsaid from Hirta was regular.
Compared with previous records, sightings in 20@rewery frequent and the
number of different birds recorded was high. Fagduoost sites were perches
sheltered by natural or ancient artificial storredures, with good vantage.
Territorial, courtship or nesting behaviour was observed on any occasion. Prey
species recorded in the diet were few. Most comynimound were remains of the
endemic subspecies of St Kilda Field Mouse andta&tldntic Puffins, including a 27
year old ringed bird. A Great Skua chick was thi @ther prey species found in

pellets.
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INTRODUCTION

Snowy OwlsBubo scandiacuare scarce vagrants to Scotland (Forrester €10i)2
Records are almost annual and are most frequanttite Northern and Western Isles
(Scottish Bird Reports 1970-2001, Thom 1986). \rwtlials have arrived in all
months of the year, but there is a clear peak inl Apd May (Forrester et al 2007).
Long staying Snowy Owils are not infrequent, butdhby records of nesting in the
UK are a pair which bred annually on Fetlar, Simetldetween 1967 and 1975
(Tulloch 1968, Sharrock 1976, Pennington et al 20@4et of these birds was
studied by pellet analysis and consisted primarilRabbitsOryctolagus cuniculus
and wader chicks (Robinson & Becker 1986). WortteyiSnowy Owls prey mostly
on small mammals, although feeding on birds isat@l uncommon (eg del Hoyo et
al 1999, Hakala et al 2006). There have beenfevystudies of the diet of non
breeding Snowy Owls in Scotland. Systematic ctibacof pellets is difficult in this
situation, as migrant owls may not stay for loray cange over very large areas, and
numbers of individuals present are not always ¢éaggsess (Scottish Bird Reports
1970-2001). Ageing and sexing single owls in ik&lfis not always straightforward,
except in the case of adult males (Forrester 20@r). On St Kilda, 12 Snowy Owls
have been recorded in 9 of the 45 years from 18&@D06 (Harris & Murray 1978,
Murray 2002, Murray pers comm 2007). In 2007, ¢heere exceptional numbers of
Snowy Owls on St Kilda, involving several differentlividuals. This study was
carried out on Hirta, St Kilda, between late May aarly August 2007, and aimed to
make an accurate record of the number of indivelpadsent, to observe their
behaviour and use of habitat, and to record thetr d

METHODS

The study was conducted on Hirta, the largest dsiarthe St Kilda archipelago
(57°49N, 08°38W), an area of 628.5h with elevation to 426m. lths primarily
vegetated sea cliffs and maritime heath and gnadstiotted by ruins of many
hundreds of cleits — stone shelters historicalgdusy St Kildans for drying and
storing seabirds. Data were collected betweed@pand 6 August 2007. The

number of individual Snowy Owls on Hirta was aseddsy direct observations,
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detailed field notes of plumage, and digital phoapdps of all birds encountered, also
used to help judge birds’ sex and age. Partiattention was paid to the exact

positions and extent of black spots and barrindgpéplumage.

Positions of roosting birds were noted daily, asnaiication of where best to
search for indigestible prey remains (regurgitategellets) and of habitat use by
roosting Snowy Owls. Observations of other Snowy @ehaviour, such as
interactions with each other and with other spesiese made incidentally and

recorded by detailed field notes and, where possigital photography.

Diet was assessed from pellets, collected fronatkas on Hirta where owls
were seen to roost. Roosts were systematicallgkeluefor pellets every 6-8 days,
even in periods when no owls were known to be pmiteze Hirta. Pellets ranged in
condition from warm, wet and slimy (very fresh)diy, bleached and cracked (at
least a few days old). Distinction of Snowy Owllges from those of Great Skua
Stercorarius skuand Great Black-backed Gularus marinusvas very easy, based
on pellet size, Snowy Owl pellets were more thaicdvthe size of pellets dropped by
skuas and gulls, cylindrical compared to the otalp® of those of skuas and gulls
and the texture of feather and fur remains tenddzetmore finely ground and
compacted in Snowy Owl pellets. Skulls were abfem many pellets, and so
regurgitated remains were mostly identified fromoanbination of tarso-metatarsi,
pelvises, jaws, vertebrae, claws, feathers, furskimlremains. Age classes of bird
prey were determined, where possible, by compa$tine size, shape and skin
colour of relatively undigested and complex remasugh as complete leg and foot
arrangements from differently aged Atlantic Puffiratercula arctica Presence in a
pellet of one or more identifiable remains of adiwdual animal was considered
representative of one occurrence as prey, idengoadins of 2 individuals of the
same species representative of 2 occurrencegvete,if other major skeletal
elements were missing. The proportion of total/pexpressed as percentage mass of
all individuals recorded from pellets for each pspgcies, was calculated using mean
adult and unfledged juvenile weights published loy®(1956) and Cramp et al
(1985).
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RESULTS

By comparison of field observations, notes and pép@tphs, a total of 5 different
Snowy Owls were identified on Hirta between 24 Nawl 5 August 2007 (Table
7.1). The study lasted 77 days and owls were sed8 days. Two birds were
present together from 4 to 19 June (an adult nmadeadult female) and 10 July to 1
August (2 sub adult males), but on other dates sinlgie birds were seen. Display or
nesting behaviours (eg Murie 1929, Sutton & Parmé&@56, Watson 1956, Tulloch
1968) were not observed on any occasion. Birds’agl sex were judged by
reference to information on plumage characters fpoavious studies and
photographic identification resources (eg Josepi®&0, Cramp et al 1985, British
Birds Interactive 2007). In most cases we werdident in determining males from
females. Age was more difficult to assess frommage. Two birds did not show
adult plumages but younger plumages not easilgaable to an exact age class (eg
first year, second year, etc.), so were categofmdunladult’. Age and sex is
parenthesised for Individual 1 (Table 7.1) becauskowed plumage characters
almost entirely typical of a first year male yet absolutely distinct from characters

shown by some females.

Snowy Owls were most frequently seen roosting owithin, stone
structures: either natural crevices among cragdanttlers (e.g. Figure 7.1) or
perched within the ruins of cleits. Only occasibnavere Snowy Owls seen roosting
away from these very sheltered habitats, when gerolut on relatively open
grassland in shallow dips or hollows in the grouRhost sites were relatively few,
some were heavily used, and they were localisedtlynaway from the coast (Figure
7.2). By far the majority were high up on the g@spf hills, in good vantage
positions. Only once was a bird seen roostingabiase of a hillside, within one of
the cleits in Village Bay. On the occasions whe®ndwy Owls were seen on Hirta
simultaneously, roost sites were sometimes relgtslese together, down to a
minimum estimate of 10 metres. No aggressiveroitdeal behaviour was observed
between individuals and they seemed highly toleodetich other. Interactions
between Snowy Owls and other bird species were isé@guently and rarely
involved owls that were roosting. Snowy Owls weceasionally seen in flight
during daylight and were then often mobbed by G&kaias, RavenSorvus corax
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and Hooded Crow€orvus cornix Great Skuas far outnumbered corvids on Hirta, and
Snowy Owls were mobbed relatively heavily by skisasnetimes involving over 20
individuals (never more than 10 Crows or 2 Ravehgpsing any one owl.

Surprisingly, actual contact between birds durirapbing was very rare. Mobbing of

a roosting Snowy Owl was seen on only one occamimohinvolved a Great Skua pair
mobbing a male owl (Individual 4) perched in a tigkly exposed position in open

grassland, presumably within the skuas’ nestingtoey.

A total of 24 pellets were found and all contaimeghains of at least one
identifiable prey species (Table 7.2). Remainsfroore than one prey species were
found in 4 pellets, 3 containing a mixture of adAtliantic Puffin and St Kilda Field
MouseApodemus sylvaticus hirtensemains and one a mixture of adult Atlantic
Puffin and juvenile Great Skua remains. Prey sgeftiund most frequently in pellets
were St Kilda Field Mouse (32 individuals from 1dllpts) and adult Atlantic Puffin
(12 individuals from 12 pellets). Least frequemr&zremains from one juvenile
Atlantic Puffin and from one juvenile Great Skualthough mice predominated in
the diet in terms of numbers, the much larger sfzauffins means that the Snowy
Owls obtained a far greater proportion of preyteims of total mass of individuals

consumed, from puffins than from mice (Table 7.2).
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Figure 7.1. Adult male Snowy Owl (Individual 3, Table
1) at a typical roost site on Hirta: sheltered by boulders
and high on the ridge of a hill. Feet and talons were
occasionally seen used in defence against Great

Skuas.
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Figure 7.2. Distribution of Snowy Owl roost sites
observed on the islands of Hirta and Dun, St Kilda,
between 24 May and 6 August 2007. Size of circles
indicates the number of times roost sites were seen in
use.
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DISCUSSION

The number of individual Snowy Owls recorded durting study was surprisingly
high, relative to previous records on Hirta sineé2. These, and the duration of
sightings on Hirta, were indicative of a relativéligh turn over and movement of
Snowy Owls to and from St Kilda between late Mag aarly August in 2007.
Outside of the period of this study, there wererds of Snowy Owls on St Kilda in
2007 in April, early May, late August and Septembldowever, those records were
not detailed or systematic in recording the idésdtfon of individuals, duration of
stay, behaviour, or diet, so are extremely diffitalrelate to this study. They do,
however, emphasise the exceptionally frequent oenae and movement of Snowy
Owils on St Kilda in 2007. Identification of inddual owls was only possible in this
study from daily observations, detailed field notesd digital photographs of all birds
encountered. Without these, it is possible thatlmers may have occasionally been
underestimated in the past. When identifying irdiials, careful consideration was
given to effects of plumage bleaching, wear andltmespecially as the study
progressed into July and August, when these presdssve greatest effect
(Josephson 1980, Cramp et al 1985). Even so, glemetails of Snowy Owls
encountered in this study, particularly the exaijon, shape and size of dark spots
and bars, appeared highly specific to individudlkis supports observations of
individual variation from other studies and Scdttiecords of Snowy Owls (Tulloch
1968, Josephson 1980, Forrester et al 2007).plissible that comparison of detailed
photographs of Snowy Owls’ plumage could be usdt vaution to identify
individuals and their movements within the UK. Jould be particularly useful in
areas with relatively frequent records of Snowy §vdr example to identify inter
island movements and numbers of Snowy Owls withenWestern Isles. Despite
identification of individual Snowy Owls in this sty from plumage, we still found it
difficult to age and, to a lesser extent, sex bodplumage criteria. Sexual
dimorphism was especially difficult to judge in theld. However, size differences
between the sexes and plumage differences betvgeeclasses are not always
discrete (Earhart & Johnson 1970, Josephson 1980).

Roost sites sheltered by natural and artificiahststructures were apparently

favoured above roost sites on more open grounds niy have been due to more
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sheltered sites affording protection from very haghther conditions which are
frequent on St Kilda and from skuas and corvidsciwimob the owls. Large areas of
the open grassland and maritime heath on Hirtaerepied by breeding Great Skuas
(>180 pairs) and owls may have been deterred freinguhese areas by the highly
aggressive behaviour of skuas defending their mgsérritories. Snowy Owls seen
being mobbed in flight and, on one occasion, engitound by skuas, did not seem
very reactive to the treatment, and mostly avoudigd bombing from skuas simply
by briefly ducking down out of the way. Howeveo, owl was ever seen in a position
very close to skua eggs or chicks. Defensive hehaby adult skuas is usually most
intense when the clutch and chicks are under ggetiteeat (Furness 1987). Perhaps
owls are more reactive to this degree of mobbingnsity, and are then deterred
effectively. Only very rarely was actual contabserved between a Snowy Owl and
skuas mobbing it, and only when owls were in flighin these occasions the owls’
reaction was spectacular. After the moment ofacniand typically when the next
mobbing dive was made, the owl would flip over, neoarily fly upside down and
bare or swipe its talons up at the attacker. Thisally caused mobbing to cease
immediately. The only other major response sedretmade by Snowy Owls in
response to mobbing behaviour was loud wing clappirflight. This, however, was
apparently very rare and only seen on 3 occasi@vels were occasionally flushed
accidentally by humans from particularly secludedst positions. In this case, they
usually moved to a new roost position close by,mditlfly far and never to a different
island in the archipelago. The owls were silerftight and never heard making any
vocalisations. Roosting Snowy Owls were genenadly visible, despite their
sheltered locations, but it is conceivable thatsomdcasionally roosted undetected on
Hirta and therefore the duration that individuakr&present may be underestimated.
The likelihood of such inaccuracy is probably ldwwever, given that after the first
day that any individual owl was not seen on Hiittayas never sighted again during
the study period. Snowy Owls were never seen @y, Jaun or Boreray, but
observer coverage was incidental and limited bgsecestrictions and suitable

vantage points from Hirta.

Other than sheep and humans, the St Kilda Fielddéagithe only terrestrial
mammal present on Hirta, and it was not surprisiadg the species formed a high

proportion (69.6%) of the total individuals fourd$nowy Owl pellets. The mouse is
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an endemic subspecies to the archipelago but gslaton size is not well known.
Snowy Owls have been shown to favour mammalian fr@yailable (eg Murie 1929,
Gross 1944, Robinson & Becker 1986) so the fadtatalt puffins formed the
majority of prey by mass may indicate that densftynice on Hirta was inadequate to
allow owls to feed entirely on a mammalian didtsHould be noted, however, that
the sample size of pellets was small although sgmtative of several owls. The
small number of pellets found at roost sites algggssts that prey remains may have
been regurgitated away from these areas, possillyeohunting grounds where they
were likely to lie undiscovered. Frequency of b@dyts of prey found in pellets was
variable between prey species. Skeletal remainsicd were representative of the
entire body (including skulls and jaws), while skal remains of puffins were much
less representative, typically comprising completeand foot arrangements, ribs,
spine and occasional other body parts, but neveaires of the head. This supports
other studies that suggested prey handling by Srowig differs according to prey
species (eg Wiggins 1953, Williams & Frank 1978).this case, mice were
apparently swallowed whole but puffins were swabdadvin pieces less than, or equal
to, body size minus the head. One of the greateptises of the study was a metal
BTO ring found on a puffin tarsus in a Snowy Owligie This puffin had been
ringed as a newly fledged juvenile on Hirta in 19&urprisingly, Snowy Owl pellets
did not contain remains from any of the other 1&csgs of seabird that breed on
Hirta, apart from a single Great Skua chick. Pyelgction by Snowy Owls of burrow
nesting and nocturnal seabirds, such as alcidstamoh-petrels, has been recorded in
North America (Williams & Frank 1979). Puffin caoles on St Kilda are in close
proximity to very large colonies of Leach’s Petr@seanodroma leucorhga
European Storm-petreldydrobates pelagicuand Manx ShearwatePuffinus

puffinus so perhaps remains from other species would bege found in Snowy

Owl pellets, had the sample size been larger sgtudy. Foraging behaviour of
Snowy Owls was never directly observed. Owls vgeren roosting at all times of the
day and it seems likely that prey was caught maatlyight. Predation of puffins,
however, may have occurred more towards dusk awd,dahen puffins are more
active at their colonies than they are during tightp when most are underground or
out at sea (Harris 1984). We found no evidencemmwy Owls attempting to catch
nocturnal seabirds, such as storm petrels andwheas. Predation of nocturnal

seabirds by Great Skuas is generally a very unusigairrence, but is relatively
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common on St Kilda where skuas feed extensivelyaath’s petrels (Votier et al.
2005). The owl pellet containing skua remains f@asd before most juvenile skuas
on Hirta had fledged. Finding remains from a julee@reat Skua in a Snowy Owl
pellet was therefore surprising, as when young skuwea under threat from predators
the parents are generally adept at defence. # thegquestion of whether this
juvenile skua was eaten because it had been ldé&fended at night by parents away
hunting storm petrels. Species of prey foundnowy Owl pellets in this study are
only seasonally abundant on Hirta, as in wintemttagority of seabirds are absent and
mouse numbers are much reduced (Quine 2000, Mitehal 2004). Previous
records of Snowy Owls on St Kilda include one frb#28 November 1962 (Harris
& Murray 1978, Murray 2002), which presumably woublave had to survive mainly
on mice, as few seabirds would be present on ttepsiago in November. From
pellet analysis in future, it would be interestingknow what exactly is eaten by

Snowy Owls present on the islands in winter.
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Summary of main findings

Great Skuas at St Kilda exert a sustained and derable predation pressure on
Leach’s Storm-petrels. Estimated annual numbetsath’s Storm-petrels eaten by
skuas were variable but averaged approximatelyORlijdividuals per year, and
never less than 11,600. With this level of preafatt is surprising that the two most
recent population surveys of Leach’s Storm-pebeteding at St Kilda (made on

Dun in 2003 and 2006) did not show any significdetline (Newson et al. 2008). It
is extremely likely that ‘wandering’ non-breedingdch’s Storm-petrels from other
colonies play an important role in reducing presfaimpacts on the resident breeding

birds (see below).

The St Kilda Great Skua population was found talédining slightly, in
contrast to the exponential growth recorded betwl&®® and 2000. Nocturnal
foraging on storm-petrels and shearwaters was ywrdad and common throughout
the population; a unique situation within Scotlafttey specialisation by skua pairs
on nocturnally active seabirds, diurnally activalseds or fish was relatively rare and
inconsistent, although limited fitness advantagesevassociated with dietary
specialisation over a non-specialist, generalest dMost pairs, including dietary
specialists, fed on a diversity of prey, includagariety of species of seabird, fish
and shellfish, and prey switching between yearsextemely common. Dietary
flexibility is likely an advantage for skuas atkStda, where intra-specific
competition is apparently intense and prey popaatiseem prone to fluctuate
(Mitchell et al. 2004, Money 2007 & 2008, Newsorakt2008, JINCC unpublished
data 2009). Very few skua pairs (<7) were foundgecialise on Leach’s Storm-
petrels in any one year of the study, and none wieserved to do so consistently in

every year.

Night time observations of the behaviour of LeacBtorm-petrels and Great
Skuas, as well as evidence from recaptured Le&tbisn-petrels which had been
ringed and measured at St Kilda, suggested thatidchudls eaten by skuas were
mostly non-breeders. Skuas were observed suctigdsiuting Leach’s Storm-
petrels in a range of light conditions, includingreme darkness, primarily by pursuit

on foot of grounded storm-petrels but also, ocaely, by chasing individuals in
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flight. Vocal activity and colony attendance byack’s Storm-petrels were finely
attuned to changes in natural light conditions{daghest when nights were darkest),
and this likely reduces predation risk on landpsiedator swamping. However,
specific recognition of Great Skuas and specials®thter-predator adaptations were
found to be totally lacking. Leach’s Storm-petnetsre apparently entirely naive to
the threat posed by Great Skuas, and individuath@urface of the breeding

colonies were captured easily by skuas, appareuitthyvery little effort.

Mortality of Leach’s Storm-petrels due to attraatto artificial lights was
found to be very uncommon at St Kilda and elsewiretbe UK, although in most
years a small number of juvenile petrels are fo{atgle) grounded on land in the
autumn close to lights. Deliberate light reductieasures mitigated the attraction of
storm-petrels to artificial lights at St Kilda. ttever, such measures did not always
reduce numbers of young Manx Shearwaters foundhgieai More so than storm-
petrels, shearwaters seem to be attracted bycatifow-frequency sounds, as well as
lights. Examination of Leach’s Storm-petrels tivatre found grounded near lights,
that were mist-netted, and that were temporaritgad from burrows during the
study period, showed that distinctive differenceistebetween the plumage of adults
and juveniles; also, that the plumage of adultsghly variable and certain features
can resemble those of other species of storm-pe@ek of the biggest surprises of
the study was to find a predator on St Kilda thiééd skuas. Unusually high
numbers of Snowy Owls were encountered at the @etdgo in all years, but
particularly in 2007, and were found to predatefiRsf the endemic St Kilda Field
Mouse, and Great Skuas.

The potential importance of non-breeding Leach’s Strm-petrels at St Kilda

Estimates of annual numbers of Leach’s Storm-petaten by Great Skuas at St
Kilda were consistently high, and would have aa@unst, severe impact on the
breeding population if additional, non-breedinglbiwvere not available. No
significant change in the breeding population wasas from the most recent two
population surveys (on Dun in 2003 and 2006); theutation appeared relatively

stable and it seems extremely likely that durireyltheeding season there is a

178



General Discussion

substantial ‘input’ of non-breeding birds to thetapelago, some of which are eaten

by skuas.

Non-breeding Leach’s Storm-petrels wander betwedmes during the
breeding season (Wernham et al. 2002, Brooke 20B8#4)en the species’ almost
entirely pelagic lifestyle, as well as storm-petiefjing recoveries showing trans-
ocean movements, it is extremely likely that dutting breeding season non-breeding
Leach’s Storm-petrels originating from colonies gram the UK temporarily visit
St Kilda. Theoretically, such ‘visitors’ could niwer over a million different birds
per year if, for example, non-breeders originafiogn the huge Leach’s Storm-petrel
colonies on Newfoundland and Iceland wander fandahe North Atlantic prior to
breeding. This does not seem an unlikely scengiven that Leach’s Storm-petrel is
a highly aerial species to which the sea is noidramas a protracted pre-breeding
period (average five years), and we know that iidials can travel huge distances
across oceans in relatively little time. For exémpeach’s Storm-petrels ringed in
Newfoundland have been found in the Bay of Bis¢éyntingdon et al. 1996).
Additionally, in the 1960’s, as part of a homingpexment, seven individuals were
taken from burrows on Kent Island, New Brunswid&win by plane to England and
released from Selsey Bill, Sussex (Billings 1968he fastest two birds got back to
their burrows 13.7 days later, having flown 4800kenoss the Atlantic Ocean at an

average speed of 350km per day!

| propose that tens of thousands of non-breedearh’s Storm-petrels
temporarily visit St Kilda every year but do notganate from the archipelago. It is
probably these birds that are eaten in greatesitiquay skuas and not the resident
breeders, since breeding petrels apparently figctly to their burrow, whereas
prospecting immatures spend much time flying anzhirsing over and on the surface
of the colony. Non-breeding Leach’s Storm-petfigldged from colonies far from St
Kilda, but which may visit the archipelago, arertfere potentially very important to
the sustained existence of the St Kilda breedimufation. ‘Vagrant’ non-breeders
may in effect protect the resident breeders froedation. Non-breeders fledged
from colonies other than St Kilda may also helganshe St Kilda breeding colony

by selecting to nest at the site and themselvem@dd the breeding population.
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To date, no evidence has been found to suggdshi&t Kilda Leach’s
Storm-petrel colony is isolated from other coloniethe Atlantic (nor from most
others in the Pacific) or that mixing of non-breeglindividuals between colonies
does not occur. Absolute differences in the gesethorphology, vocalisations,
parasites or life history of individuals have sorat been found between birds
sampled at different colonies in the Atlantic (Pst@ & Snyder 1999, Brooke 2004,
Robb et al. 2008, R. Palma pers. com. 2009). Gselxe evidence from ringing
recoveries has shown that individuals often visitenthan one breeding colony
during the breeding season and are entirely cadidtavelling long distances across
the sea between colonies. The human tendencynteptualise islands as insular
ecosystems isolated by the sea does not seem gmpapfe with regard to the
ecology of a highly pelagic and far-flying seabsuth as Leach’s Storm-petrel.

Currently, the University of Plymouth is carryingt@a research project to
determine the genetic identity of breeding and boeeding Leach’s Storm-petrels at
colonies in Iceland, Newfoundland and the UK, inlahg St Kilda, and the degree of
mixing of individuals between colonies. It is hdpéat this will shed much light on
the extent to which non-breeding individuals barea@onies away from the UK may

annually occur at St Kilda, and whether many séttlereed at the archipelago.

Kk kkk k%

The behaviour of non-breeding Leach’s Storm-petelsreeding colonies is
not well known, other than that individuals visitferent colonies before breeding
and apparently spend much time on the surfaceloh@s at night, inspecting
burrows and emitting sexual vocalisations. Howgies likely that non-breeders
‘try out’ courtship, pairing, burrow occupancy, hbsilding and egg-laying in one or
more years prior to successful breeding. Eviddocthis, for example comes from
studies of the breeding ecology of storm-petrelSt&ilda, Shetland and the Azores,
where natural burrows and artificial nest boxesehaften been found containing
nesting material or an adult storm-petrel, but theregg was laid or sometimes an
egg was laid but soon abandoned (Bolton 1996, Batal. 2004, Money 2007 &
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2008, Money et al. 2008, JINCC unpublished data ROR7s not known precisely
how often non-breeding Leach’s Storm-petrels ocdupoyows during the daytime or
lay and abandon eggs at active breeding colonigs yw=ar. However, studies of the
phenology of Leach’s Storm-petrels at St Kilda, sddring the daytime in 2007 and
2008 using an endoscope, revealed that no egganbm126% (2007) and 14%
(2008) of burrows in which birds were seen durimg breeding season (Money 2007
& 2008, Money et al. 2008). Furthermore, in uB486 of occupied burrows, either
no egg was laid or an egg was laid but very so@amaétned (Money 2007 & 2008,
Money et al. 2008). It is possible that deserbbburrows and eggs may have
occurred due to observer disturbance; howeverstess unlikely given that
burrows were only ever accessed using an endosadyweh) was particularly thin and
delicate, was never pushed actually into an occupést chamber (adults, eggs and
chicks were typically viewed from a point well awilagm the chamber, within the
access tunnel), and which did not seem to eligitsagns of stress in the birds that
were viewed. During these studies, all active tus were initially identified by a
Leach’s Storm-petrel responding vocally from witkine burrow to tape playback of
the species’ chatter call (Money et al. 2008). Tewilts suggest that non-breeding
Leach’s Storm-petrels occupy burrows during dayt{né do not lay eggs), respond
to tape playback, and typically form a relativeighhproportion of the total
‘apparently occupied’ burrows at a breeding col@ayg. up to 26%). Active burrows
where no eggs were laid were occupied by indivisié@l only a few days in total (1
to 4), typically during the early part of the braeglseason in June (Money 2007 &
2008, Money et al. 2008). It is tempting to spateikhat birds which occupied
burrows in this fashion perhaps went on to do #mesat other colonies later in the

season, possibly very far away from St Kilda.

Burrow occupancy and response to tape play-badkne by non-breeding
Leach’s Storm-petrels has potentially importantssmuences on the interpretation of
Leach’s Storm-petrel population survey resultspPation surveys of Leach’s
Storm-petrels in the UK, since 1999 have been@duwut in June by tape playback
methods (Mitchell et al. 2004, Murray et al. 208@wson et al. 2008). Playback
surveys involve counting the number of active bwsdn a given area (those from
which Leach’s Storm-petrels vocally respond to pkk of chatter calls), and

application of a calibration factor equal to thegartion of birds, from the total
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number present, that respond to tape playback poré day (see Ratcliffe et al.
1998 and Mitchell et al. 2004). The timing of seys in June is to coincide with the
peak incubation period of Leach’s Storm-petrels @nus peak burrow occupancy by
breeding birds, and results are generally integgres being representative of
population sizes of breeders. However, given éiselts from the phenology studies
at St Kilda in 2007 and 2008, it has to be congide¢hat Leach’s Storm-petrel
population size estimates derived from tape playinaethods likely include a
relatively large, yet variable, proportion of noreeding birds.

Potentially, the accuracy and interpretation oetpfayback population
surveys is very severely affected by non-breediegch’s Storm-petrels, owing to the
high and variable annual numbers of these indivgltieat apparently occupy nest
sites, their variable responsiveness to tape ptkylibe typically short duration of
their burrow occupancy, and the fact that whenimatburrow at the colony being
surveyed, these individuals could be ‘testing’ burs at colonies elsewhere (possibly
on other islands being surveyed for Leach’s Stoetnegbs in the same year!). Further
research into different ways to monitor and sutveeding Leach’s Storm-petrels
and to improve the accuracy of tape playback sumethods would be extremely
worthwhile. Currently, it seems storm-petrel t@beeyback surveys may be prone to
considerable inaccuracy due to non-breeders, lauthis method is relatively quick,

non-invasive, practical, and the best we have got.

Conservation issues

In the chapters of this study | have tried to awmthmenting on conservation issues
and possible management interventions to any gréaht because, ultimately, these
are decided by environmental policy leaders and tamners. There is considerable
evidence that Great Skuas at St Kilda eat tensaefdands of Leach’s Storm-petrels
every year, and have likely been doing so sindeaat 1996. The majority of
Leach’s Storm-petrels consumed by skuas are apparern breeding birds, but are
non-breeders that visit St Kilda every breedingeaait seems likely in very large
numbers from colonies elsewhere, such as thoseland and Newfoundland.

Therefore, St Kilda could be considered a sinkfsitehousands of wandering non-
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breeding Leach’s Storm-petrels from the UK colopmsbably from other colonies

in the North Atlantic, and possibly from some coésneven further afield.

It is extremely difficult to know what impacts skpeedation may have on the
Leach’s Storm-petrel breeding colony at St Kildde latest two Leach’s Storm-
petrel population surveys, carried out on Dun i@26and 2006, did not show a
significant change in the population. Howevers ihot easy to interpret the results of
population surveys at the archipelago, given thdtave been carried out using tape
playback methods and there is great potentialdbege) for results from this
technique to be inaccurate. Additionally, there hexger been a complete annual
survey of the Leach’s Storm-petrel colony at StKithat included all islands, and
most data regarding ‘the population at St Kilda &rom tape playback surveys
carried out on one island only: Dun. A complefeetalayback survey was attempted
at the archipelago as part of the INCC ‘Seabird2@®nitoring project, but some
islands were surveyed in 1999 and others in 200Kl et al. 2004). Leach’s
Storm-petrel surveys at St Kilda were outside efghope of this study; they require
considerable manpower and are financially verylgoso it is understandable that
few have been made and that these have tended mafude all islands. However,
for interpretation of the impacts that skuas magnay not have on the St Kilda
Leach’s Storm-petrel breeding population, admissibiine potential inaccuracies of
tape playback surveys, further research to imptbgeaccuracy of breeding storm-
petrel monitoring methods, and at least two conepdetnual surveys of the St Kilda
Leach’s Storm-petrel colony, including all islandsg very necessary. In terms of
defining the conservation status of Leach’s Stogtrgd as a breeding species at St
Kilda, the first step surely must be to measuresthe of the breeding colony as
accurately as possible, including all islands mm$hme year, and to determine a future

monitoring program.

Given the most recent information we have regardlisach’s Storm-petrel
population trends at St Kilda, showing that theooglon Dun is apparently no longer
rapidly declining, removal of skuas feeding on stguetrels at the archipelago does
not seem appropriate on conservation groundsnasessity to ensure the survival of
Leach’s Storm-petrels. From a global perspectueh conservation management of

the skua population at St Kilda for the benefitefch’s Storm-petrels has always
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been extremely questionable, given that the totaldypopulation of Great Skuas is
estimated to be over five hundred tinsesallerthan that of Leach’s Storm-petrels (c
16,000 pairs and c. 9,000,000 pairs (minimum),eespely; Mitchell et al. 2004).
Also, in practical terms, this study has shown tfwarthe purposes of an experimental
skua cull it would be extremely difficult to idefytithe pairs that fed most on Leach’s

Storm-petrels, because all pairs exhibited a tenydemswitch prey between years.

Conservation interventions to selectively cull ldieg Great Skuas at St Kilda
do not seem particularly appropriate or feasiblg thuequired, interventions to
increase the breeding numbers of Leach’s Stornelsetould perhaps be achieved
relatively easily by habitat management. At Stiijlthe density of active Leach’s
Storm-petrel burrows is highest on Dun, where thgetation is not grazed and the
birds form nesting chambers deep within the safhse layer of matted grass stems.
The vegetation structure on Dun is quite unlikevamgre else at the archipelago,
where there is no thick grass sward because tadislare heavily grazed by sheep.
Here, Leach’s Storm-petrel nesting chambers ocelyrio natural rock crevices and
deep within solid earth, at relatively low densi#n experimental exclusion of sheep
from sectors of the land that is currently grazedid potentially create areas with a
grass sward more suitable for Leach’s Storm-peteoeteest in at higher density, and
could increase total breeding numbers.

Conclusions

Predation of Leach’s Storm-petrels by Great Ska&t ilda is a very common
phenomenon but as a UK conservation issue is pellbap severe than previously
thought. Currently, the population of Great SkagSt Kilda is not increasing and,
according to the latest information, the Leach@r®tpetrel colony on Dun is no
longer rapidly decreasing. Future monitoring @& populations is highly desirable.
There is a particular need for the size of the h&aStorm-petrel breeding colony at
St Kilda to be measured entirely in one year, ahdc@urately as possible, as there
are shortfalls in the completeness and accurapyesious surveys. Adult and
juvenile Leach’s Storm-petrels are highly sensitivéight and further use of artificial
light reduction measures in the village on Hirtaha autumn would help prevent

storm-petrel attractions and groundings. At predezach’s Storm-petrels at St Kilda
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apparently have no specialised counter-predat@tatians to Great Skuas. Only
time will tell how critical this may be, and whetha not Leach’s Storm-petrels will
develop defence adaptations specific to skuasib&ale, selective removal of skuas
does not seem an appropriate strategy for LeacbisnSoetrel conservation. An
increase in breeding numbers of Leach’s Storm-[setteSt Kilda could perhaps be
achieved by excluding sheep from sections of tlads currently grazed; allowing
thick grass swards to develop in which Leach’si8tpetrels apparently nest at
relatively high density.
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ABSTRACT

To investigate the ecological significance of peedity, researchers generally
measure behavioural traits in captivity. Whethdras@our in captivity is analogous to
behaviour in the wild however, is seldom tested.dd@pared individual behaviour
between captivity and the wild in blue titSy@nistes caerulelisOver two winters,
blue tits (N = 125) were briefly brought into cajity to measure exploratory
tendency and neophobia using variants of standansbpality assays. Each was then
released, fitted with a Passive Integrated Trandpotag. Using an electronic
monitoring system, individuals’ use of feeders Wan recorded as they foraged in
the wild. We used variation in the discovery of newders to score 91 birds for
exploratory tendency in the wild. At eight permainkeeding stations, 78 birds were
assayed for neophobia in the wild. Behaviouralatarn in the captive personality
trials was independent of permanent (e.g. sexnandpermanent (e.g. condition or
weather) sources of between-individual variationagture. Individual exploratory
tendency and neophobia were consistent and repeatataptivity, and analogous
traits repeatable in the wild, thus all constitupedsonality traits in the blue tit.
Exploratory tendency and neophobia were not caaelaith each other, either in the
captive or wild context. Therefore they are indegeent traits in blue tits, in contrast
to many species. Finally, exploratory tendency m@abhobia measured in captivity
positively predicted the analogous traits measurede wild. Reflecting differences
in the use of feeding opportunities, personalitgaptivity therefore revealed relevant

differences in foraging behaviour between individua
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INTRODUCTION

Confronted with the same environmental or behawalstimuli, even within a
homogenous captive environment, individuals ofdhmme species often differ
markedly in their behaviour (Verbeek et al. 1996s{3g 2001). Notable axes of
variation are aggression (aggressive-passive; Hgiutid 1976), activity (active-
inactive; Sih et al 1992), sociality (sociable-aatial; Cote & Clobert 2007),
exploratory tendency (fast-slow explorer; Verbetkle1994) and risk-
responsiveness (risk-prone-risk-averse, neophadpimlic or bold-shy; Clark &
Ehlinger 1987; Wilson et al. 1993; Van Oers eR804).Where differences in
behaviour between individuals are stable acrossiger of situations or contexts, we
refer to this variation as “personality” (Goslin@@). Heritability in personality traits
(Dingemanse et al. 2002; Drent et al. 2003; Vars@erl. 2004) and differences in
fithess or survival between personality types (éras al. 2001; Dingemanse et al.
2004; Bell 2005) suggest that personality may ct#eologically significant

variation between individuals.

Few studies measure personality in the wild (batGeleman & Wilson 1998;
Réale et al. 2000; Réale & Festa-Bianchet 2003faBet al. 2008; Hollander et al.
2008). To investigate the ecological significantpersonality, researchers generally
measure behaviour in captivity and compare theiligton or fithess of individuals
in the wild thereafter(Dingemanse et al. 2004; Bell 2005). Studying behavn
captivity has numerous advantages, notably allow@sgarchers to control the
conditions under which all individuals are test€aipbell et al. 2009). However,
classifying personality in captivity may be misleagifor two reasons. First,
behaviour changes as wild individuals adapt toctygive environment (Butler et al.
2006). Where there are systematic differencesamndte of acclimation between
personality types therefore, testing in captivitgynexaggerate or even generate
behavioural differences between personality types.example, risk-averse or “shy”
individuals take longer to recover from handlingcapture stress and also to eat in a
novel environment than risk-prone or “bold” indivals (Wilson et al. 1993Van
Oers et al. 2004, 2005). As food is usually withararior to personality trials and
often returned within trials to stimulate behavia@sidual stress, hunger or condition

may then motivate shy but not bold individuals greater extent in captivity than in
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the wild. Therefore, it is important to test thatlvioural differences between

personality types extend beyond the captive enwiemnt.

Second, classifying behaviour in captivity maynhisleading because
behaviour is often highly context specific. Isabatifrom the appropriate context may
suppress or subvert personality traits in captiiyr example, studies carried out in
captivity, in artificially constructed dominancdemnactions, find no linear relationship
between rank and exploratory tendency in greafRigsus majo), and an overall a
negative correlation between these traits (Verletelt. 1999). However in the wild,
this relationship is only negative between noniiatial juvenile males, and in
contests between territorial males on neutral gilptast-explorers dominate slow
explorers (Dingemanse & de Goede 2004). Indeethimiheir own territory, males
were dominant regardless of personality, so theratesof a territorial context in
captivity may limit our ability to predict the eaaical significance of captive
personality traits. Another important contextudfedence may be social isolation in
captivity, as numerous studies suggest individoaddify their risk-taking behaviour
in relation to the presence and identity of congmsc(Van Oers et al. 2005; Boogert
et al. 2006; Stowe et al. 2006; Apfelbeck & Rad¥38 Pike et al. 2008). The
relationship between different behavioural traiesymlso be context dependent. Bell
and Sih (2007), for example find that aggressiahrésk-taking in a predator-naive
population of sticklebacks correlate only after @qre to a predator, suggesting that
the absence of the predator-prey context affeqgisveapersonality trait estimates.
Without comparing behaviour in captivity to behawian the wild therefore, it is
impossible to assess whether or indeed which paligptraits directly contribute to

fitness differences observed between personalitysty

We investigated individual variation in explorataéendency and neophobia
(risk-responsiveness toward novel objects) in aufaion of blue tits Cyanistes
caeruleu$. To measure this variation, we used variantsvof¢lassic behavioural
assays in captivity and developed versions of thasese in the wild: Verbeek et
al.’s (1994) exploration test and Greenberg’s (98¢l object test. Verbeek et al.’s
(1994) exploration test assigns exploratory tengdrycemovement in a novel captive
environment. Whilst it is difficult to quantify mewmentper sein the wild, we may

compare the movement of individuals by their preseat certain targets. Dingemanse
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et al. (2003), for example, have used the disthieteeen the origin and endpoint of
post-natal dispersal as a measure of differencdspersal behaviour in the great tit.
Here, we used presence or absence at new feetisgistroduced within a network
of established feeding stations, as a measurepbd@tory tendency during foraging.
Greenberg’s (1983) novel object test assigns “nebjafi, the aversion to the
unfamiliar, by the latency to return to a knownowee, for example a food bowl or
nest site, in the presence of a novel objesee also Van Oers et al., 2004, 2005). The
novel object appears to generate a motivationdlicobetween desires to obtain the
resource and to avoid any unknown risks associatidthe novel object (Daisley et
al. 2005). This test is often used in the wild, véheovel objects are introduced to
familiar feeding sites, but usually for unmarkediinduals (Webster & Lefebvre
2000, 2001; Echeverria et al. 2006). Using variahthese established tests,
exploratory tendency and neophobia in species aamriety of taxa are often, but
not universally, correlated (Clark & Ehlinger 198¥jlson et al. 1993; but see
Mettke-Hofmann et al. 2002; Coleman & Wilson 1998\ aims were threefold:
first, to determine whether variation between imdlirals in these trials was
repeatable, and hence whether exploratory tendemtyeophobia constitute
personality traits in the blue tit. Second, ad tarrelations may differ between
contexts, to assess whether neophobia and expiptatalency are themselves
correlated in either captivity or the wild. Andrth to compare exploratory tendency
and neophobia measured in captivity with the ar@alsgraits measured in the wild

for the same, marked individuals.

METHODS

Studies were conducted between 2007 and 2009 idaaknated woodland on the
east bank of Loch Lomond, UK (56°08’'N 4°37°'W). Irc®©ber 2007, we first
established eight feeding stations at approximd&e@m intervals. These feeding
stations were removed at the end of Feburary 26@8einstalled in the same
positions between October 2008 and February 2@82@h feeding station consisted
of two tubular Defender™ feeders (35cm height, diameter) hung above one
another from a bracket on an oak trunk, at appratefg 2m and 3m above ground

level respectively. The feeders were stocked walnpit granules, and covered with a
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tube of grey laminated paper to disguise cues abeuamount of food available.
There was one small feeding hole, so only onedordd feed at a time. We attached
a wooden rectangular perch (8cm x 5¢cm) under thiis, lonto which we laid flat a
rectangular metal hoop antenna (8cm x 5cm; TROVANG@Ited Kingdom).

Between November and February, we captured birtlsegsapproached the feeding
stations, using mist-nets. We mist-netted threedgiat each feeding station in the
2007-8 season, and twice in the 2008-9 seasonranieetween dawn and noon, to
ensure equal disturbance at each site. One huadetiventy-five blue tits were
trapped over this time (4-17 per site in 2007-802er site in 2008-9), and taken into
captivity for personality trait testing. On firsafture, each bird was fitted with a
unique Passively Integrated Transponder (“PIT” t#lgh mm x 2.1 mm, <0.1g,
Trovan Unique™) attached to a plastic leg ring withldite™ glue (as Macleod et

al. 2005). The PIT tag weighs less than 1% of thiybmass of a blue tit hence is
unlikely to affect individual behaviour. On entegithe electromagnetic field
generated within the antenna loop, the PIT tagymesl an amplitude modulated code
signal. Using an electronic monitoring system (oW LID665) we were able to
identify individual birds as they used the feedé&@n which we derived our wild
measures of personality traits. In 2007-8, wildlerqtion trials were carried out
between T February 2008 and 28 ebruary 2008 and wild neophobia trials between
19" December 2007 and 9&ebruary 2008. In 2008-9, both trials ran betwiben

11" January 2009 and P&ebruary. A total of 91 birds were detected atlézs in

the wild: 61 in 2007-8 and 30 in 2008-9.

Personality Trials in Captivity

Birds arrived in captivity generally between 10& 12:00, within 15 minutes
journey time from their capture site. They weredeiiindoors, at a temperature of
17°C+1°C and, to conduct all tests within the capperiod whilst standardising
captive conditions across birds, a longer thanrahfi?:12 hour light:dark regime.
Each bird was housed individually in a 150cm x 56c&0cm cage. Peanut granules,
Haiths’ Prosecto™ insectivorous mix and water wemerided ad libitum, along with
around terTenebrio molitorand twoGalleria mellonellalarvae per day. All birds
were observed eating within 10 minutes of arrimataptivity. They were then left

undisturbed for a minimum of 2 hours. An explorattdgal was run after this period,
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followed by a further hour without disturbance. ldkobia trials ran between 13:00
and 17:00 on day 1 and were repeated between @8Q1:00 on day 2. Following
trials on day 2 in 2007-8, birds were blood sampgled then released at the site of
capture at least one hour before sunset. In 20808& blood sampling they were
kept undisturbed in captivity for a further nigahd released after a second

exploration trial on the morning of day 3.

Exploratory tendency in captivity

The exploration trial was conducted within what Valbecome the home cage of the
focal bird. Each cage contained six perches, tireach half, that were covered with
plastic plant vines to increase habitat complexitye cage bottom was lined with
white paper. On arrival into captivity, the bird svatroduced to one side of the cage
only, selected at random, the other blocked ofdbypaque metal divider. We
anticipated that the two hours in the cage pridesting would create a “familiar”
and, behind the divider, a “novel” environment. 88say exploratory tendency and
not neophobia, the arrangement of plastic plandspe@nches was the same in each
cage half, so that the novel environment was norBl in that it was unexplored.
Prior to the trial, the food bowl and any spilt fowere removed from the cage to
motivate birds toward foraging activity. After ttymminutes, the water bowl was also
removed. After a further thirty minutes, the obsememoved the cage divider,
stepped behind a screen, and observed the fodaihbough a small hole for 10
minutes. Unlike other exploration trials (e.g. Veek et al. 1994), individuals had the
option of remaining within the familiar environmehiYe allowed this option to help
distinguish activity due to exploration from activdue to escape behaviours in the
novel environment, as the birds had only been jpti#y for a short period prior to
testing (Mettke-Hofmann et al. 2009). A movemenswafined as a hop or flight
between two perches and/or the floor, the cageavdtie front and rear of the cage.
The number of movements in each side of the cage@erded, with the endpoint of
each movement defining the side of the cage: navimiliar. After the test, food

and water were returned and the bird was alloweel diccess to the entire cage.

In 2008-9, birds underwent a second exploratiai,tan day 3. On arrival into

captivity, birds were randomly allotted to a caiged either with white paper (as in
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2007-8) or brown paper. The arrangement and siper@hes and artificial plant
material were similar between these cage typegjiffetent leaf shapes were used in
the brown versus white-lined cages. Our aim wagedate two similar but distinct
environments and, controlling for cage order amd llentity, there was no difference
in activity (LME 43 =-0.14, p = 0.89) or exploration{t= 0.49, p = 0.63) between
brown versus white-lined cage types. Trials wemedceted as 2007-8 for days 1 and
2. After collecting a blood sample on day 2 (whed$in 2007-8 were released), we
then moved each bird to one half of a new home,aafgbe other cage type. They
were left undisturbed until the following morninghen exploration trials began one

hour after the lights were switched on.

We accounted for differences in overall activitydebetween birds by
deducting the number of movements in the familrsirenment from the number in
the novel environment. This residual activity ie tovel environment from the first
exploration trial was our measure of exploratondency. We used the number of
movements in the trial rather than latency to nster the novel environment (as used
in Verbeek et al. 1994) because here 56 birds eshtben exited immediately as the
divider was removed, and this appeared to refle@szape or startle response toward
the removal of the divider rather than exploraiiirH. pers. obs.). To investigate
whether activity in general or activity specifigaih the novel environment then
correlated with captive neophobia or with explaratin the wild, we conducted
separate analyses using the total number of mousnrethe first exploration trial as
a measure of activity during the captive exploratival. Four birds were excluded
from the first exploration trial due to accidend@dturbance immediately prior to
testing, and three (including one of the abovenftbe second exploration trial.
Exploratory tendency (Shapiro—Wilks test;34& 0.94, p < 0.0001) and activity
during the exploration trial (Yo = 0.95, p < 0.0001) were leptokurtic and it was no
possible to normalise their distributions.

Neophobia in captivity

The neophobia trial had two phases: a novel olplease and a disturbance control
phase. Each bird took part in one trial on dayd amother (with a different novel

object) on day 2. Food and water were removedhiotytminutes prior to each phase.

194



Appendix | Bird personality in captivity & in the ldi

In the novel object phase, the observer then retuthe food bowl! with one of two
novel objects placed inside. The objects were arlaos pink plastic frog and a half
of a purple rubber ball, of similar size (approxtelg 4cm diameter and 4cm height).
The latency to approach the familiar food bowl wesorded. The object was then

removed and the water returned.

Independent of differences in response toward &Imayect, individuals may
also differ in their motivation to feed, or the@sponse to disturbance by the observer
returning the food bowl to the cage (Van Oers e2@05). To control for this, we also
measured latency to feed by the same procedumsitidut a novel object, returning
the familiar food bowl only. This disturbance caritphase was performed either one
hour before or one hour after each novel objecs@h@he order of novel object and
disturbance control phases was randomized on eachOmhe bird was excluded from
one trial in the disturbance control phase dued®saiption during the trial. Of 79
birds, one bird did not approach within 10 minutesither phase, and was excluded
from analyses. A further 3 birds did not approachrd) the novel object phase, 1
bird during the disturbance control phase, 9 hindsnly one trial of the novel object
phase and 3 in only one trial of the disturbanadrob phase. Birds which
participated in both replicates performed consibidretween day 1 and day 2 in
disturbance control (LME with order of trials assmdom effect: F117=3.27, p =<
0.0001) and novel object phases (= 2.3, p = < 0.0001) so a mean was calculated
per phase per individual. Birds that approacheddbd bowl in only one trial of a

phase were given the latency of that trial rathanta mean.

Neophobia was defined as the latency to feed iptbgence of a novel object.
In the wild neophobia trials (see below), birds eveot disturbed as the novel object
was introduced — i.e. pure neophobia was measitiretefore, to discount the affect
of disturbance from neophobia in captivity, we dddd mean latency in the control
disturbance phase from mean latency in the nojecbphase. As such, the 4 birds
that did not approach in either trial of one phasee also excluded from the
analyses. Mean risk responsiveness was lepto&@tiapiro—Wilks test: W = 0.89,
p = <0.0001) and it was not possible to normalkse distribution.
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Between-individual sources of variation

To accurately measure repeatability of behaviowaijptivity, and hence define
personality traits, we must first eliminate or cohfor covariance between behaviour
and permanent (e.g. sex) or non-permanent (e.glitcam differences between

individuals that may also generate consistent idda differences in behaviour.

Permanent variables (that would not change witHield season) were wing
length, age and sex. Wing length was used as aumeeakoverall body size; wing
length was not measured in one bird. Age (juveadelt) was determined from
plumage traits (Jenni & Winkler 1994); there werg@eniles and 58 adults. Sex
was determined using a molecular technique fronoadosample taken at the end of
day 2 in captivity (Arnold et al. 2007); there w&2females and 86 males, and 7
birds were not sexed. Whilst dominance in Paridsghly context specific
(Dingemanse & de Goede 2004), in general smallgerjile and female Parids are
subordinate at feeders. As such, they may be niaky ko take risks during foraging,
and hence be faster to explore or less neophoéicldrger birds, adults or males

respectively.

Non-permanent variables were a combination of mampdtric and
environmental variables collated at capture. Momaétric measures reflecting an
individual's current state were body mass and dardi Condition was calculated as
the residual of body mass at capture regressedrsastlength (Griffiths et al. 1999);
a condition measure was not obtained in one H#nvironmental variables that
would affect opportunity for foraging immediateliqr to entering captivity and
hence starvation risk were day length, rainfall (namd minimum and maximum
temperature for the day of, and day prior to, captWeather data were collated from
Met office records for Glasgow Bishopton. Togethikese variables should reflect or
affect an individual's perceived starvation riskemtry at capture, and hence may

have short term affects on individual behavioucaptivity.
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Personality Trials in the Wild

Exploratory tendency in the wild

In the wild exploration trial, birds were scored fehether or not they discovered new
feeders installed within the study site. In eachiok consecutive replicates in 2007-
8, and 16 consecutive replicates in 2008-9, a m&ddr was installed an average of
160 meters (range: 110m-260m) from one of the eagtablished feeding stations. To
avoid influencing concurrent neophobia trials, &swocated such that the two closest
feeding stations were out-with experimental marapahs. The feeder was positioned
1.5m from the nearest mature oak on a 1.5m high. ddie location was otherwise
selected at random, but in 2008-9 chosen suctettdt permanent feeding station
was closest to the new feeder on two occasionsgltine season, about a month
apart; an arrangement used in the calculationpeatbility of wild exploratory
tendency (see statistical methods). It was instdiefore sunrise, left undisturbed for
three days, and then removed after sunset. WeRI3ethg records from established
feeding stations to deduce which individuals weemntifiable (i.e. had not lost their
PIT tags) in the wild during a replicate. As birdere added to the study as the season
progressed, replication was uneven between indasdi-or each replicate in which a
bird participated, it was scored O or 1 for disaawg the new feeder, using PIT tag
records. Ninety-one birds were detected in the ad included in on average 10
replicates of this trial (range 2-16). Explorattepdency was then defined by the
number of new feeders an individual did discovéatree to the number it could have

discovered (i.e. the number of replicates in whigarticipated).

Difference in site coverage by individuals may haffected the probability that
they discovered new feeders, so at the end ofe¢ltedeason, we used PIT tag records
to deduce which permanent feeders each bird hatl Gseaverage, birds used 1.8 of
the eight permanent feeding stations (range 1-@yactount for differences in the
distance birds would have to travel to discoveheamw feeder, we then calculated
the distance between the nearest of these permfeselers and the position of the
new feeder in each replicate for each bird. Thesmbles were included in the

analyses of wild exploratory tendency (see statistnethods).
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Neophobia in the wild

In the wild neophobia trial, birds were scoredtfoe latency to return to an
established feeding station following introductimira “novel object”: a colourful
feeder cover, substituted for the familiar greyexovnstalled at least three months
prior to the study the eight “familiar” feeding stas, each with two tubular feeders
with grey covers, were analogous to the familiaxdf®ow! in the captive trials. In
2007-8, for three days prior to an experimental imaation, we used PIT tag records
to establish which individuals used and hence viaareliar with the grey feeders at a
given site. On the fourth day, between 12:00 an8Q.@ut on one occasion at
18:30), one of the grey covers was substitute@ fooloured cover (blue, green, red or
yellow). This cover was left on for 3 or 4 daysrihtbe grey cover was returned. In
2008-9, the coloured cover was left on for 1 d#astmg between 12:00 and 15:00, so
in both years PIT tag data was censored at 24 ladtgrspresentation of the coloured
feeder cover. In each year, this process was regédaiir times at each site a
minimum of 10 days apart, twice modifying the upfesder and twice the lower
feeder. The four colours were presented in a diffeorder and combination of
positions (upper or lower) at each site. Usinglasst of data from 2007-8, we
compared the number of PIT tag records in the fiostr after introduction of the

novel cover to the mean of the same hour in theetbrevious control days, and
found a significant reduction in use of the nowader relative to the control (Mann-
WhitneyU test:U,4 = -2.34, p = 0.03). Therefore, at the populat®rel, the novel

feeder cover elicited a neophobic response.

After introduction of a novel cover, for each bivee used PIT tag records to
count the number of visits to the control feeddpieethe first visit to the novel
feeder. The PIT tag readers recorded the timedaviass first detected on the feeder
and then whether it was still present at 2 secamtdsvals until not detected. As such,
a visit was defined as a record separated fromiquis\or subsequent records by more
than 3 seconds. Birds that used the novel coloigedkr first, i.e. immediately on
returning to the feeding station, were given a ¢afirzero. Birds which encountered
the same colour at more than one site were inclodédin their first experience of

that colour.
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A limitation of our method is that we do not knowether a long latency to use
the novel feeder reflected aversion to the feedsimply absence from a site.
Therefore we calculated the average foraging ength using PIT tag records from
experimental periods in 2007-8 as follows: the rapdinterval between an
individual’'s feeding station visits was two minutesth an upper inter-quartile limit
of 14 minutes. A feeding bout was then defined psraod of feeding station use
bounded by periods of 14 or more minutes with mores of that bird. Using this
definition, across birds the median feeding bongtk at a feeding station was 42
minutes. Birds that took longer than our averagelifey bout of 42 minutes to use a
novel feeder after first returning to a feedingistawere assumed to have left the site
and were excluded from that replicate. Compardartis taking under 42 minutes,
these excluded birds were not particularly neoph@dn neophilic) in captivity
(Mann-WhitneyU test:Ug7 = 330, p = 0.22). Under this criterion, we obtalinald
neophobia scores from seventy-eight birds, 53 20@7-8 and 25 from 2008-9, with
an average of 2 replicates per bird (range: 1 Sdyenty-five of these 78 birds had a
captive neophobia score.

Ethical Note

All work was carried out in accordance with ASAB/8B guidelines for the
treatment of animals in research. Work was undenbe of the UK Home Office and
subject to ethical review by WALTHAM® Centre for tutrition and the

University of Glasgow. Captive studies were congaednd feeders removed 2
months before the first record of nest buildinghia area. Whilst we routinely
weighed the birds prior to release to ensure tlaelyriot lost more than 10% body
mass in captivity, there was on average a body gaiss(2.97% + 7.3%). Following
release at the site of capture, 108 out of thelli2ts were later recorded using the
feeders or re-trapped in the area. Permissiondialifig birds in captivity and for
using PIT Tags was obtained from Scottish Natueitilge and the British Trust for

Ornithology respectively.
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Statistical Methods

Analyses were carried out using R 2.9.1 (R develagmore team, 2009). There
were no differences in behavioural data betweensygadata was pooled across

years.

Defining personality traits in captivity

We first determined whether permanent (sex, ageaangl length) or non-permanent
(body mass or condition, and weather and day lgrmgtween-individual variation at
capture explained a significant proportion of vaoia in behaviour in each captive
personality trial replicate. Captive personaliits were not normally distributed so
we used nonparametric Mann-Whitney U-tests or Kiémdak sum correlations. We
applied a Bonferonni correction for multiple compans, with a p-value of less than

0.004 for significance.

Consistency across days was analysed using a nmgeé|, with trial order as a
random effect. We then calculated repeatabilitgagitive personality measures using
the mean squares from an analysis of variance,théthepeated measures of
neophobia or exploratory tendency as the dependeiable and individual identity
as the independent variable, following Lessells@ag (1987). Repeatability is the
proportion of variation in a trait that is explathey differences between individuals,

thus larger values reflect greater within individoansistency.

Defining personality traits in the wild

Personality traits were measured repeatedly inwilte(up to 16 replicates of the
exploration trial and up to 4 replicates of the pigabia trial per individual). In all
analyses using wild data therefore, we accountetefieated measures by using
Generalized Linear Mixed Models (GLMMSs), with a dvipersonality trait as the
dependent variable and individual identity as alosn factor. Wild exploratory
tendency was binary (discovered versus not diseaNeand wild neophobia a count
(visits to the control feeder), thus GLMMs usedheita binomial or Poisson error

structure respectively. In this and all subseqaealyses of wild personality traits, we
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also included two variables with each wild perstpatait to control for experimental
variation between replicates. First, in the exgioratrial, feeder discovery may
depend on the distance between an individual'sasé@ermanent feeding station and
a given new feeder. Similarly, feeder discovery roaaffected by the number of
permanent feeding stations an individual usedtfigr coverage of the study site).
Therefore, distance and the number of sites usee weluded as covariates in all
analyses of wild exploratory tendency. Secondhérteophobia trial, the latency to
approach a novel feeder may depend on colour ghhbiases. Therefore feeder
colour and feeder position (upper or lower) werduded as fixed main effects and an

interaction (colour x position) in all analyseswifd neophobia.

Analyses of repeatability used only birds thatipgréated in more than one
replicate of a trial. Repeatability of wild persdityatraits was calculated using the
variance component estimates for individual idgrftibhm these GLMMs, following
Lessels & Boag (1987; see also Quinn & Cresswedlb20The significance of
repeatability estimates was determined using ditiged ratio (LRT) chi-square test
between the GLMM including and a GLMM excluding ividual identity.

In the exploration trial, variation in feeder diseoy was low, with only 47 of
91 birds discovering any new feeders. As such, hegleatability would be
misleading, resulting from all individuals scorimgstly “0”s rather than consistent
individual variation (i.e. between birds with mgstlL”s and birds with mostly “0”s).
Feeder discovery (and hence behavioural variati@s) highest amongst individuals
using the closest permanent feeding station to¢wefeeder within a given replicate.
In 2008-9, we conducted two replicates of the evgtion trial within the vicinity of
each permanent feeding station, around a month ¢geer methods: exploratory
tendency in the wild). To analyse repeatabilityé¢here, we limited the data for each
2008-9 replicate to only birds that were usingrirarest permanent feeding station
and that took part in both replicates at that peenafeeding station (i.e. were PIT-
tagged and not currently in captivity). Permaneeting station identity was then
included in the GLMM as a fixed effect and repeaitgicalculated using the
variance component from individual identity nestathin permanent feeding station

as a random factor.
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Correlations between traits

For analyses on captive traits, we performed a Eiknank sum correlation. For
analysis of wild traits, we constructed a GLMM witiid neophobia as the dependent
variable. To generate a single measure of wildaapbry tendency per bird for the
independent variable, which accounted for unecealaation between individuals,
we created a two-vector variable with the numbdeetlers an individual discovered
over the number of replicates in which it took estthe binomial denominator. To
generate a single measure of distance between méwemanent feeding stations
per individual, we took the mean distance acroghkaaes. Along with feeder colour
and position, the number of sites an individualdused this mean distance were
included in the GLMM, as covariates. To test tlgmngicance of wild exploratory
tendency as an explanation for variation in wildpteobia, we performing an LRT
chi-square test between the GLMM including and aM®&L.excluding wild

exploratory tendency.

Correlations between captive- and wild personalityraits

GLMMs were similar to those used when calculatiegeatability of wild traits (see
above). We tested whether captive personality nreasxplained a significant
proportion of variation in wild behaviour by additige analogous captive personality
measure to these GLMMs as an independent variabteperforming a LRT chi-
square test between the GLMM including and a GLMidleding that independent

variable.

RESULTS

Definition of the Captive Exploration Trait

We observed considerable behavioural variation gntarals during the 10 minute
trials. The number of movements ranged from ze®0® (novel side: median = 132,
IQR = 123; familiar side: median = 113, IQR = 118)the second trial, birds were
significantly more active (paired Mann-Whitneytest:U,3 151, p < 0.0001).
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However, exploratory tendency (activity in the nlomevironment minus activity in
the familiar environment) did not differ betweerals (paired Mann-Whitney test:
Ua3 501, P = 0.95).

Exploration scores did not differ between sexeagms, (all p > 0.42), therefore
data were pooled to analyse other sources of batimekevidual variation. With the
Bonferroni correction threshold p-value of 0.00dpther morphometric and
environmental variables were non-significant. Thane consistency and repeatability
of these traits were calculated on actual scorestrGlling for trial order, exploratory
tendency (LME: It 431.7, p = 0.04) and activity in the exploratiorakiiF, 43= 3.39,

p = 0.0001) were consistent across replicates.dafary tendency across day 1 and
day 3 (k, 431.71, p = 0.04, r = 0.27) and activity during txpleration trials were
significantly repeatable (F432.56, p = 0.001, r = 0.42).

Definition of the Captive Neophobia Trait

We observed considerable individual variation dgyitime 10 minute trials. Latencies
to return to the food bowl in the novel object phéawedian = 23s, IQR = 95.8s) or
disturbance phase (median = 9s, IQR = 32s) vaedaden 1 and 590 seconds. Mean
latency in the novel object phase was significagtiBater than in disturbance phase,
indicating that the presence of the novel objedtliffed behaviour (paired Mann-
WhitneyU test:U;19= 5023, p = 0.0006).

Neophobia scores did not differ between sexeses &gl p > 0.11), therefore
data were pooled to analyse other sources of batimekvidual variation. As with
the exploration score, all other morphometric orimmental variables were non-
significant (all p > 0.1). Therefore consistency aepeatability of this trait was
calculated on actual scores. Controlling for taeder, the neophobia score (novel
object phase latency minus disturbance phase gteatculated for each day was
consistent across days (LME;, kns= 1.77, p = 0.002). Neophobia across day 1 and
day 2 was significantly repeatable (ANOVA; 31.77, p = 0.002, r = 0.28).
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Definition of wild personality traits

In the wild exploration trial, individual discovenf feeders across two replicates
within the vicinity of a given permanent feedingt&in was near significantly
repeatable (i.e. individuals generally found batimeither feeder; GLMM: LR
5.29, p = 0.07, N = 23 birds, r = 0.16). In thednileophobia trial, individual latency
to approach the novel feeder was significantly aggisle (GLMM: LRTy* = 126.83,
p < 0.0001, N =43 birds, r = 0.55).

Correlations between Traits within Contexts

In captivity, neophobia did not correlate with exaitory tendency (Kendall rank
correlation: tau =-0.62, N = 115, p = 0.54; sag En) or activity in the captive
exploration trial (Kendall rank correlation: tau®74, N = 115, p = 0.46). Similarly,
in the wild, the proportion of feeders discovenedhe exploration trial did not predict
an individual’s neophobia (GLMM: LR¥? = 0.66, N = 78 birds, p = 0.72; see Fig.
1b).

Correlations between Captive and Wild Measures

Wild exploratory tendency had a significant postrelationship with captive
exploratory tendency (GLMM: LR = 3.889, N = 91 birds, p = 0.04; see Fig. 2a).
There was no relationship between activity durimgcaptive exploration trial and
wild exploratory tendency (GLMM: LRI2 =0.002, N = 91 birds, p = 0.97; see Fig.
2Db) thus the relationship between captive and téds relates specifically to activity
in the novel environment, i.e. exploratory tendendjld neophobia had a significant
positive relationship with captive neophobia (GLMMRT 5* = 48.28, N = 75, p <
0.0001; see Fig. 2c).
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Figure la & 1b The absence of relationships between exploratemgency and
neophobia. a) Absence of relationship between waptixploratory tendency and
captive neophobia (N = 115 birds). b) Absence datienship between wild
exploratory tendency and wild neophobia; individuetdpresented between 1 and 4
times; where multiple data points occur on the sawmiat this is indicated by the
point size (N = 78 birds).
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neophobia; individuals represented between 1 andes (N = 75 birds).
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DISCUSSION

In this study, we showed that personality trait@suged in captivity were a reflection
of behavioural differences between individuals ¢amg in the wild. First, variation
between blue tits in exploratory tendency and nebghwere repeatable in captivity,
and analogous traits repeatable in the wild. Seccayotive measures of exploratory
tendency and neophobia were not correlated witidividuals, and this was also true
of the analogous wild traits. Finally, captive maas of exploratory tendency and
neophobia then predicted the analogous wild measirihese traits. Birds that were
relatively exploratory in captivity were also mdikeely to find new feeders in the
wild and vice versa. Similarly, an individual’s n@@bia measured in captivity
correlated positively with its latency to approaxdvel colour feeders in the wild. As
our wild measures of personality relate to diffeenin the use of feeding
opportunities, the traits we have measured in ciypthppear to represent

ecologically relevant differences between individua

Whilst many studies use behaviour in captivityxplain differences in fithess
observed between individuals in the wild, few diecompare behaviour between
captivity and the wild, as we have done. Refertmmgaptive studies on great tits for
example, Dingemanse et al. (2004) suggest lowensurnf slow than fast exploring
females in food poor winters relate to differenicepropensity to capitalise upon
patchily distributed food. In captive studies, fagploring great tits are quicker to
form foraging routines, more aggressive, and mi&edyl to use social cues than slow
explorers: all attributes that support monopol@anf clumped resources (Verbeek et
al. 1994, 1996; Marchetti & Drent 2000). From ceptstudies, it appears likely that
exploratory tendency also reflects differences ketwindividuals in information-
gathering: when returned to formally novel envir@ams, search behaviour is often
then directed toward locations or cues that wese@ated with food during the
preceding novel environment trials (Mettke-Hofma@@winner 2004). Our findings
complement these captive observations as heregratpty tendency in captivity
appeared connected to the ability or propensigetk out new feeding sites in the
wild. In particular, the absence of correlationviitn activity during the exploration

trial and feeder discovery in the wild suggests ihaas attention to the novel
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environment specifically, where new information nieeygathered, rather than

activity per sethat affected feeder discovery.

We also demonstrated that neophobia measured fivitapeflected differences
in neophobia in the wild. Neophobia in free-livingds is associated with reactions to
other novel foraging situations, for example digt@wnservatism toward new food
types or propensity to innovate to obtain food moael foraging task (Webster &
Lefebvre 2001; Thomas et al. 2003). As such, tledogecal significance of our trait
may be as a measure of propensity to approacherzthearn about new feeding
opportunities. However, if exposure to the novgeobelicits a physiological stress
response, i.e. a release of the stress hormoneasierone, it may also be a measure
of response to stressors in general. Whether rayjetts elicit a physiological stress
response however is so far tested only in Japaqnesk(Coturnix japonicd, which
do show an elevation in corticosterone (DaisleyZpand starlingsSturnus
vulgaris), which do not (compared to a disturbance con&kpfelbeck & Raess
2008). That great tits (Groothuis & Carere 2005) tre blue tits in our study exhibit
a behavioural aversion toward novel objects sugglstobject may cause a stress
response. Indeed, in great tits, individual cogteoone responses derived from a
handling trial predict behavioural responses ineh@bject trials, suggesting similar
physiological mechanisms may underlie the resptmbsandling and novel objects
(Groothuis & Carere 2005). However, stereotypitass behaviours are not
necessarily evidence of physiological stress, fangle blue tits disturbed at the nest
prior to trapping exhibit aggressive behaviour atedm call, yet show no greater
corticosterone response than birds trapped unafsitdier et al. 2006). Therefore,
we should be cautious of assuming neophobia isasune of response to stressors in
general. To assess the ecological significancaeioheophobia trait, future work
should be addressed at investigating both whekigendvel object trial elicits a
physiological stress response, and also compagonghobia with measures of risk-

responsiveness toward different potential stressors

That we did not find a correlation between explonatendency and neophobia
in our population of blue tits, either in captividy in the wild, was surprising.
Exploratory tendency and neophobia or risk-takiregositively correlated in species

from a variety of taxa, and in the closely relageéat tit this appears to be under
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genetic control (Van Oers et al. 2005). In thesscEs, neophobia and exploratory
tendency may be two measures of a single approamtance trait, with risk-prone,
fast exploring or “proactive” individuals at oneteme and risk-averse, slow
exploring “reactive” individuals at the other. Ither words, Verbeek et al.’s (1994)
novel environment trial and Greenberg’s (1983) hotbgect trial may be regarded as
approach-avoidance in a novel and a familiar emvitent respectively (Clark &
Ehlinger 1987; Wilson et al. 1993; Johnson & SiB20 Though our captive methods
differ slightly from those employed by Verbeek et(2994), the lack of proactive-
reactive personality trait is unlikely to be arefaitt of methodology, as we have
tested a small sample of great tits using our patand found the correlation
anticipated (K.A. Herborn & K.E. Arnold, unpublighdata). Whilst the contrast to
great tits is surprising, divergences in trait etations between closely related species
(e.g. Mettke-Hofmann et al. 2002; Mettke-HofmaniG&inner 2004) and even
populations of the same species (Bell & Sih 20GngPmanse et al. 2007) can be
explained by different selection pressures. Consetlly) we suggest the traits we
have assayed in the blue tit are distinct, and é&éime ecological significance of each

trait should be considered independently.

Differences between individuals, such as body dardbr weather at capture,
did not explain a significant proportion of the iaion in captive behaviour. This
contradicted out prediction that variables incregstarvation risk, such as short day
length and poor weather (and hence reduced rescegifg opportunity) would
lessen neophobia or increase propensity to expidies short term. In the wild,
Parids modify behaviour rapidly in response to eminental conditions, for example
attuning foraging behaviour and hence body fahi#nges in starvation and predation
risk (Macleod et al. 1995). That behaviour in thptove personality trials was
consistent between the first and subsequent dagepitivity suggests the birds may
equally adjust their perception of starvation magidly to the conditions and
availability of food in the captive environment.& hbsence of state effects is
consistent with previous work on wild great titso{ldnder et al. 2008), and
encouraging for studies seeking to compare pergphatween individuals drawn

from different times or environments.
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In conclusion, personality measures drawn in céagtrevealed differences
between individuals in their natural foraging bebav. In directly comparing
individuals between captivity and the wild, thiady on blue tits joins few similan
situ versusex situstudies of personality (birds: Hollander et al. 20sh: Wilson &
McLaughlin 2007; Coleman & Wilson 1998; Brown et2005; molluscs: Briffa et
al. 2008). As such, it is an important validatidnmesearch based purely on captive
measures of personality. Moreover, it lends weighhe growing evidence that wild
animals have personality traits that are expreseadistently across contexts.
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