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ABSTRACT

Globally, seabirds are in decline, so comprehensive eticetaeeded to understand risks

facing these speciels.e a ¢ h 6 $etr8ldareglobally identifieda s O Thra&adt ened o
my thesis addresses two factors which pose risk during the breeding season for the
population breeding at Gull Island, Newfoundland: predation and light attraction. Chapter

2 investigates activity associations between breeding gtetrals and nearby pretay

Herring Gulls togaugepredation riskHerring Gull activity was negatively associated with,

and was the most i mpor t-Retmetactpity, sutjgestihgahat sterfn, L e a
petrels modify their colony activity iresponse to their top gaator Chapter 3 examines

foraging tracks of parental storpetrels to assess risk from light attraction to offshore oil
platforms. This population of storpetrels was consistent in foraging trip duration,

distance, behaviour, athacation.They transitd past oil platforms during the day,

thereby minimising risk. Breeding season risks from predation and light attraction are
minimisedby existing constraints on behaviour, so future research should focus on other

risks to adults alagpwith the juvenile andnmature phases of the life cyceverall,|

demonstrate that a comprehensive examination of risks facing seabaaghout their

life cycleis vital for informing effective mitigation efforts.
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CHAPTER 1: THE LEACH'S STORM -PETREL POPULATI ON CRISIS AND
RISK

1.1 RISK ASSESSMENT

Risk assessment is an important tool for conservation bigléggwood 2000)
'Risk’ implies uncertainty innoutcome, so detailed anatgsof the risk/hazard (objects
or evens that couldharma species) anttheir potential effects on the species recgsr
assessmerfHarwood 2000)As outlined in Chapter 2 &isk Assessment: A Practical
Guide to Assessing Operational Rigki®llcroft and Lyon 2016)the process of risk

assessment requires the following steps:

1. ldentification
2. Analysis
3. Evaluation

4. Treatment

Risk/hazard identification involves pinpointing and describing specific hazards
(Hollcroft and Lyon 2016)In conservation biology, thisoncepis extended to examine
the probability ofrisk exposurgHarwood 2000)Risk analysisinvolves identifyng the
level of risk posed bgnidentified hazard, which can be scored qualitativédgsed on
subjective ratings, or quantitativelypased on numerical eviden@dollcroft and Lyon
2016) Risk evaluationinvolves comparig the results of risk analysis to predetermined
acceptable levels of rigidollcroft and Lyon 2016)Although the acceptable level of risk
is rarely known in conservation biology, there are strategies that can be used to inform

decisionmaking. Some examgs of tlese strategies include cdmtnefit analyses (which
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are especially important when the risk itself has ties to economics or industry),

assessment of relative risk, which compares the probability of damage to the population
between those exposed hetriskand those not exposed, and modelling, which can
objectively evaluate the associations between the hazard and the health of the species and
can even be used to predict future outcomes under different condBiarggnan and
Yemshanov 2013Risk treatment requires creating and implementing mitigation

strategies to reduce the observed level of risk below the determined acceptable level

(Hollcroft and Lyon 2016)

1.2 SPECIES|INFORMATION

1.2.1 Leach's StornPetrel

The Leach's StorsRetrel Hydrobates leucorholss a small Procellariform that
breeds largely on islands in the Northern Atlantic and Pacific O¢Banal.ife
International 2017)Theseburrowing seabirdbuild nests in soil or substrate when
possible, or uncommonly nest in rock crevagbedlet et al2020) Burrow architecture,
the shape and size of the interior of the underground nesting chamber, can vary

dramatically between burrow&rimmer 1980)

Leach's StoraPetrels, like all Procellariforms, exhibit high social and genetic
monogamy(Mauck et al 1995, Bried et al. 200;3which may be explained by their high
nest fidelity(Morse and Kress 1984l each's StorrfPetrels exhibit biparental care,
howeverpossiblydue tot h e f déargaihiteldnsestment in the eg@ihe single

annual egg makes upore than 20% of female body mas®ntevecchiet al.1983) the
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male tends to spend a higher proportion of time incubatnggmakes mongarentafood

deliveries(Mauck et al. 2011)

1.3 THE POPULATION CRISIS AND RISKS TO THE LEACH'S STORM -PETREL

Leadh's StormPetrels Hydrobates leucorhojsre the most abundanteeding
seabird in the Northwest Atlantic, with population estimates in the mil{idolet et al.
2020) Yet, surveysandmodelingindicatean alarming decline of 54% across Atlantic
colonies over thgast few decadg€COSEWIC 2020, Duda et al. 2d20Vilhelm et al.
2020) In 2016, they were classified as Globally Threatened and uplisted to "Vulnerable'
on the International Uniorof the Conservation of Nature (IUCN) RedList, and in 2020
they were assessed as Threatened by the Committee on the Status of Endangered Wildlife
in Canada (COSEWIQNewson et al. 2008, BirdLife International 2017, COSEWIC

2020, Duda et al. 20BQOWilhelm et al. 202Q)

Although reproductive success tend®&ohighin this specie$70-90%; A. Hedd
unpub.,Mauck et al. 2018Pollet et al. 2020 adult survival in Atlantic Canada (as
measured using survival models with captnarkrecapture data), where the majority of
the gl obal p o p ul -Retrelsdbeed, ¢ Much leveerctha expe@ead tor m
long-lived seabird¢Pollet et al. 2020)Longlived species tend to be iteroparous and
breed once or multiple timeiring their lifetime giving them numerous chances to be
reproductively successf(iHeppelletal. 299)On aver age, -Petrelahadeds St o
about six breeding years, but individuals can live tover 30 years old, so this number
can be much high€Pollet et al. 2020)Thus, a trade off between survival and

reproductive success is expected aftdnobservede.g.Kitaysky et al. 2010)In two
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Eastern Pacific colonies, annual survival is estimated to be 98%, cimgtragh

estimates for Western Atlantic colonies which tend to be less tharfRBt#et al. 2015,
Rennie et al. 2020, Pollet et a0ZD). Numerougisksfor these birds havieeen identified
including mercury and plastic pollution, climate change and low food availability, habitat
change antbss fatal light attraction, and predati@iontevecchi andMcFarlane

Tranquilla 2019, Dias edl. 2019, Pollet et al. 2020} his thesisanalyzs and evaluate

two of these knowmisksfor one large colony in Newfoundland so that better

understanding and conservat&tnategies can be developed

1.3.1 Change and Destruction of NestiHgbitat

L e a ¢ hringetr8l4 boeed irslanddense colonieBom May to Octobeeach
year. Thg exhibit clear habitat preferences, dadtors such as slope and fern coaey
associaté with the weight of chick¢Grimmer 1980) Although theyspendmost of their
lives at sea, changes in terrestrial habitat that modify the quality or availability of
preferred habitat typesaninfluence thé reproductive succesRecent studies have
foundassociations betwedrabitatchangesandchangesn colonysize( d 6 Ent r e mont ¢
al. 2020, Duda et al. 20302020b) Decline in total forest cover in large colonies, most
likely driven by climate chage and invasivepecies, has been associated with tergn
declines in Leach's Storfetrels on Kent Island, New Brunswickd 6 Ent r e mont et
2020) Contrastingly, on Baccalieu Island, Newfoundland and Labrador (the spsco
largest colony), forested habitat area haswhiittle change yet there has been a
disproportionately large decline in occupied burrow density in forest, and the storm

petrel s preferred habitat of feenehas i nc
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(Wilhelm et al. 202Q)Habitat changes aressociated with climate change, and habitat
and predation risk are inherently linked, as increased @aveobscure storipetrels
from pr ed(&tenbause ét alv200End because specialist predators may select

habitattypes that overlap with stormetrel habitafPierotti and Annett 1991)

1.3.2 Predation

Predation atolonies can lead to significant lossbreeding adults, which has a
large impact ompopulationstability. This predation can bégsificant, especially in the
circumstances of predator introductions, predator population increases, or loss/decrease of
otherpredatorfood source. On Bon Portage Island, Nova Scotia, Leach's Stéetnels
appeared in 79% Great Horned OBLpovirginianug pellets, accounting for annual
predation of 1% of the total populatigRollet and Shutler 2019, Hoeg et al. 20Riyer
otter (Lontra canadensjspredation of Forkailed {H. furcatug and Leach's StorfRetrels
has also been documented, vehannual predation of the latter was estimated &bhef
banded breeding aduliQuinlan 1983) Skuas $tercorariusspp) and gulls Larusspp.)
aresignificant predators of Leach's Stefetrels in the Eastern Atlantic. In St. Kilda, the
popuktion of Skuas has grownexpone i al | y since the 199006s an
L e a c h 0 Hetr8l4 (anrestimated 21 000 individuals consumed annually, most of
which were nofbreeders) has been linked to this dec{iMdes 2010) OnEllidaey
Island Iceland, a small population of Gulls (<200 individuals) consumed an estimated
t wo L e a c-Redreds p& tay,which is significant for this small col@rgy et al.
2019) At other breeding colonies, species introductions have increased adult mortality

and educed reproductive success via chick predatbKi{da Field Mice Apodemus
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sylvaticus hirtensisBicknell et al. 2009pr by driving chicks from their burrows (tramp
antsMonomorium pharaonia n d T r i s t-PetneldCreafotioma tristani;

McClelland and Jones 2008]jistorically, some species introductions (e.g. foxats,

cats, dogs, rabbits, sheep, goats, etc.

StormPetrel coloniegMcChesney and Tershy 1998ut eradiations ofthesespecies
have |l ed to the r ec StoroRetretpogulationgBuxioh ansl o me

Jones 2012, Croll et al. 2016)

Gulls (Larusspp) arethe dominant predators of Leach's StdPetrels during the

breeding season in many Wastdtlantic colonie{Stenhouse et al. 2000, Hoeg et al.

2021) The Northern Cod Moratorium in 1992 terminated the source of offal and discards

that historically provisioned gull populations in the Northwest AtlagBtenhouse and
Montevecchi 1999)and vhile gull populations have decreased significaRggular et

al. 2013) predation pressures on Leach's Stdratrels remains intense at some colonies
(Stenhouse and Montevdud 999, Bond 2016)Coloniesin the Witless Bay Ecological
Reserve in Newfondland, Canadprovidea staggering example: an estimated 110 000
individual storm-petrels werekilled by gullson Gull Island in 2012 (Bond unpubl. data),
and annual predation at Great Island has been estimated at around 9%opiih&on
(Pierotti 1982, Stenhouse et al. 200@)other colonies, however, predation does not
seem to be as significant a risk. Very fguwlls nest on Baccalieu Island, the species'
largest colonySklepkovych and Montevecchi 1989, Duda et al. 2020lhelm et al.

2020) which is experiencing the largest and most globally significant population

Lea
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decrease. Hence, gull predation does not agpdag a major driver of the decline at all

colonies.

1.3.3 Climate Change and Food Availability

Globally, climate chage has been associated with range stsifte reductions,
and die offs of key forage fishes and other aquatic fggyOttersen et al. 2006, Buren et
al. 2019, Feer et al. 2019)ncreasd water temperatures can result in changes in
behaviour, swimmig ability, and physiological processes such as metabolic rate and
growthof aquatic organismsll of which may lead to changes in survival and
reproductionHeath et al. 20127 metaanalysisof 224 fishery stockshowed that the
environmenhas a greatanfluence on recruitment than spawning biomatsthe majority
of stocks(Szuwalski et al. 2015)meaning that continued changes in ocean climate will
resultin continued change in fish recruitme@iimateinduced changes in the qualaynd
abundancef oceanic preyrave hadlramatic effects on seabird survivalmassive die
of f of Ca s Btychmo@msphus aléuticisindsCorimon Murre@Jria aalge) in
the northeast Pacific was attributedstarvation fronreduced availability anduality
(lipid content) of zooplankton following marine heatwavélones et al. 2018, Piatt et al.
2020) L e a ¢ h 6 $etr8l4 rely heavily on lantern fish (Myctophids) and, to a lesser
extent, capelinMallotus villosu$, amphipods and other crustaceéiiedd and
Montevecchi 2006, Hedd et al. 200%p decreasing availability of these key prey items is
cause for concern. In addition.h e f i el d met ab ol iPetrelsbeeeding o f

in Newfoundland are higher than those of conspecifics in the more southeslypiodeir
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range, so birdsrkeding at Newfoundland colonies may be particularly affected by

reduced prey availabilittMontevecchi et al. 1992)

Additionally, global climate has been negatively associated with reproductive
success of storypetrels at kent Island in the Bay of FundiMauck et al. 2018)so higher
global temperatures caused by climate change will likely result in reduced future
reproductive success and increased food stress. This could be critical as Marine Heat

Waves and extreme weath&rents are predicted to increg&8iver et al. 2019)

1.3.4 Pollutants

Globally, oceanic pollutantsoncentratavithin seabird tissues, and concentrations
are increasing in many cag@ aune 2007, Wilcox et al. 2015) L e a ¢ heelsSt or m
hawe relatively high tissue concentrations of mercury compared to other seabirds
(Provencher et al. 2014, Burgess et al.Z2®Dbllet et al. 2017)Surprisingly, the
observed blood mercury concentrations did not associate with reproductive success or
adult reurn rate for breeders on Bon Portage Island, Nova S€&xdi@adgPollet et al.
2017) There may, however, be significant differences between colonies in diet and
foraging locatiorwhich influences mercury exposure, and birds from Bon Portage have
lower mercury concentrations than birds frhlewfoundlandcolonies(Burgess et al.
2019, Frith et al. 2020 he effects of mercury and the threshold for negative impacts

needs further investigation.

Leach's StoraPetrelsnges plastic(Frithe t a | . 2020, do6Entr emo
and almost 50% of birds assayed have ingested plastic levels above the Ecological

Quality Objective the level of plastic ingestion that was determined to be hawdul
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Franeker et al. 2005, Bond@Lavers 2013)High accumulation of stomach plastic and

blood mercury levels have even been observed among stranded fledglings, suggesting that
chicks may accrue pollutants from their parents before fled¢ingy et al. 2021)While

the effectsof higip | ast i ¢ | e v el-Betrasrare poerly anderssoodShiglo r m
plastic levés have been associated with poor body conditidfleskfooted Shearwaters
(Puffinus carneipgqLavers et al. 2014Pacific Northern Fulmard=UImarus glacialis

rogersii) (Donnelly-Greenan et al. 2014and albatross fledglingSievert and Sileo

1993)

1.3.5 Fatal Light Attraction

Attraction to coastal, ship and offshore hydrocarbon platform tiigjfiting is a
major issue that requires study and mitigation. Birds can die frdisi@as with the
structure and incineration in gas fla(@sirke et al. 2012)If stranded live, they can be
oiled or injured by machinery or experience an elevated predation risk following exposure
and disorientation from offshore night lighti{igurke ¢ al. 2012) The Leachds St
Peg rel 6s foraging area oft e(eddetalr2018wyhee wi t h
there are ongoing episodic mortality evefWisese et al. 2001, Hedd and Montevecchi
2006, Burke et al. 2012, Ronconi et al. 2015viBatal. 2017) In addition, light
attraction can alter foraging and migration paths of marine birds, resulting in increased
energy expenditur@icLaren et al. 2018Northerly breeding Leach's StotPetrels have
higher energetic requirements during lolieg than birds nesting in more southerly
locations(Montevecchi et al. 1992%0 the potential increased energy expenditure

associated with anthropogenic light could be nstressful
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1.3.6 Primary Risks during the BreedjrSeason

The r i s ksStotmPetreleasenimirous and widespread. In this thesis, |
focus on risks during the breeding season as this is when the birds breed in burrows on
islands in large colonig®ollet et al. 2020and are therefore concentrated within a
specific area. Céain factors pose a greater risk during the breeding season due to

temporal and gewgphical scales of risk.

Climate change has arguably the most pervasive and complex effects on species
survival. Its effects are felt globally and over extended peraslsvell as abruptly in the
form of regime shift¢§Buren et al. 2014and marine heatwavéBiatt et al. 2020,
do Ent r e mon tOcean clinsate charig®i®als) integrated with and can synergize
other survival risks. Hence, the indepertdsffect of climate change are difficult to

assess, especially within a single breeding season.

Fish populations and food availability are changing globally over broad
geographic scalgg.g.Buren et al. 2019, Freer et al. 201Because Leach's@nm-
Petrels e transAtlantic migrants, with some individuals wintering as far from their
Northern breeding colonies as southern Af(leallet et al. 2014, 201¥edd et al.
unpubl), they will be exposed to and affected by these changes on a global scale.
Although Ican investigate the effects of food dahility during the breeding season on
these birds, this is generally more relevant for reproductive success than for adult survival
because, as predicted by {estory theory, londived organisms tend to reduce
reproductive success in favour of preseguvheir own life when faced with stdptimal

conditions(Chastel et al. 1995, Oro aRdrness 2002, Santos and Nakagawa 20t2)

10



CHAPTER1: OVERVIEW OF RISK SM. COLLINS M.Sc. THESIS

addition, adults which are food stressed at the colony may choose not to réirn to
colony, thus reducing the reproductive output of that colony as a whole. The effects of
long-term food stress on adult stwral and on reproductive success require further

investigation over a broad timescale.

Oceanic pollutants such as mercury andtita are prevalent global(fPollet et
al. 2017, Shoji et al. 202130 Leach's StorfRetrels are likely exposed to these risks
throughout the year. Mercury can also take time to bioaccumulate to levels that pose a
risk (Stenhouse et al. 2018 ollutantrisk is not concentrated within a single breeding

season and iseyond the scope of this study.

Gradual change in nestinglitat for Leach's StorrRetrels has been documented
in some Western Atlantic coloniésd 6 Ent r e mont e 1. 2020)..Decadal2 0 , Du
change in preferred habitat has been associated with population déctinésE nt r e mo n t
al. 2020) Overmillennialscales i ncr e a s e s -Retnel popalations base St or m
been shown to cause an increaspraferrednestinghabitat. Over short time scales
(within a breeding season or between one or two breeding seasons), it is unlikely that
obvious changes in habitat would occur unless there was a signdfisammbance event
(such as natural slasters). Events such as these are rardiffiallt to predict, so
assessing the lorgrm effects of this risk factor is more valuable than assessing effects

within a few breeding seasofseeDuda et al. 2024).

Although migrating petrels are likeexposed to predators on the ocean, they live
among dense colonies of their primary predators during the breeding season and are

obligated to return to their nest burrows, making them highly vulne(@b@house et al.

11
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2000, Pollet et al. 20207 he rik from predation is therefore considered to be most
concentrated within a breedi ngPetefcasistn f or
with their predators. This is also true for light attraction. Because oil platforms on the

Grand Banks intersect fayang pathqHedd et al. 2018)irds will likely behighly

exposedo light pollution from offshore oil platforms during the breeding se¢sSieqdld

et al. 2018)Exposure to oceanic light pollution during migration requires investigation

that is beyondhe scope of this thesis. Because of the relative consistency of the risks
posed iy predation and light pollution during the breeding season, my thesis focuses on

these risks in a colony with known exposure to both.

1.4 Srtubpy SITE

| studied the Leach's StorRetrel population on Gull Island7.26265;
52.77187 in the Witless Bay Ecologit&eserve, Newfoundland and Labrador, Canada
(Figure 1.1). The most recent population estimate for this coRiy7() is 179 743 pairs,
down from a 2001 estimaibf 351 866 pairéRobertson et al. 2006, Wilhel@D17) This
colony has been maored for more thatOyears for dietary trends, foraging and

migratory behaviour, survival, reproductive success, and more.

12
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Figurel.1l. Map of the Witless Bafzcological Reserve, NL, Canada.
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1.5 OBJECTIVES

The goal of this thesis is to examine the exposure of Leach's-Btnels to
marine and terrestrial risks during the breeding season. In Chapter 2, | (1) assess the level
of temporal overlap in the colony activity of Leach's Stétetrels and their main
predator, the Herring Gull, and (2) investigate the interactive associations between
predator activity and weather and habitat factors on the nocturnal terrestrial activity of
Leach's StoraPetrels to better understand constrainttheir acivity duringthe
breeding season. In Chapter 3, and with these constraints in mind, |1 (3) determine the
temporal and behavioural foraging track structure of parental gietrals and (4)
determine their temporal and spatial associations withofe oil platforms during the
breeding season. Finally, in Chapter 4 and throughout the thesis, | (5) evaluate the risk
imposed on adult Leach's Sto#Petrels by gull predation and oil platforms during the
breeding season, and how these pressures hdwmala change over time to (6) make
recommendations for future research and potential conservation strategies feriskis at

species.

14
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CHAPTER 2: TERRESTRIAL RISK AND COLONY ACTIVITY OF THE
LEACH'S STORM-PETREL

2.1 ABSTRACT

L e a ¢ h 6 $etr8l4 averexperiencing dramatic population declines, to which high

levels of predation during the breeding season may contribute at some colonies. These

tiny seabirds nest in burrows on island colonies where they ceathstheir predators.

They are nocturnal at the colony, being present in the burrow during the day and only
leaving or returning to the burrow at night. The nest burrows offer protdotidine

adults and chicks, though adults are vulnerable to predatien they depart and return

to the burrow. In the Witless Bay Ecological Reserve, Newfoundland and Labrador,
Canada, diurnal Herring Gull s <®etrds. t he domi
Although they are active at the colony at opposite times, gpetrels are vulnerable to

gull predation during crepuscular periods when both species may be active. Predation risk
may vary with weather, such as when environmental light and the easement (due

to factors such as high winds, etc.) of birds may affex colony activity and interactions

of the species. The present study gauges predation risk on Gull Island by measuring

colony activity overlap between stoipetrels and gulls. Vocaktavity, as measured

using sound recorders, was used as a proxyolong activity for both species to

minimize disturbance and to capture nocturnal activity throughout the breeding season.
Herring Gull vocal activity was associated with time of day aad de . Leachds Sto
Petrel vocal activity was associated with timalay, habitat, cloud cover, and Herring

Gull wvocal activity, the | atter being the
Petrels are constrained by their nocturnality at the colivey appear to structure their
nocturnal colony activity around thaf their top predator. This behavioural adaptation

may bolster adult survival during the breeding season.
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2.2 |INTRODUCTION

The L e ac-Rdral Hyfrobatesreucorhoss the smallestnost abundant
breeding seabird in the North Atlan{idontevecchi et al. 1992pespite their
abundance, a massive population crash has resulted in the loss of about 54% of the
Atlantic Canadian population in just 44 ye@B&dLife International 2017, Matevecchi
and McFarlane Tranquilla 2019, COSEWIC 2020, Duda et al. 2020c, Wilhelm et al.

20200 Consequently, the species has been

Union for Conservationof Natr e (I UCN) Red Li st and O60Threa

on the Status of Endangered Wildlife In Canada (COSEVB@E)ILife International

2017, COSEWIC 2020Recent paleoenvironmental research has revealed fluctuations in
stormpetrel populations over thast 1700 years, though unusually sharp modern
decreass may be attributed to anthropogenic and natural factors and limited gene flow
among colonies, emphasizing the need for a wider network of ecological rq&udes

et al. 202@, 202().

Several nofindependent factors are likely contributing to the papaoh decline,
including prey declines, marine habitat disruptions and declines in reproductive success
linked to climate chang@auck et al. 2018, Buren et al. 2019, Freer et al. 2@t@nges
in terrestriabreedinghabitat( d 6 E n t r ak 2080 Duda al. 2020a, 2020b), high
mercury and plastic bodyurdens (Bond and Lavers 2013, Provencher et al. 2014,
Burgess et al. 2017, Pollet et al. 2017), and fatal attraction to coastal and oceanic light
pollution (Wiese et al. 2001, Montevec@tl06, Burke eal. 2012, Ronconi et al. 2015,

Davis et al. 2017).
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Predation risk at the breeding colony may also be at play. While many of the
worl dés | argest col oni es, | ocated off the
relatively free from invasie speciestha pr ey o n -PetrasctheSescoldBieso r m
are also the site of the most globally significant population losses (Robertson et al. 2006,
Duda et al. 2020c, Wilhelm et al. 2020). It is therefore important to assesstural
predators arempacting poplations during the breeding season. In some Newfoundland
colonies, Herring Gulls are -Petredsduriogthenant p
breeding season (Stenhouse et al. 2000), and gull predation may be contributing to local
populaton declines (&nhouse and Montevecchi 1999, Wilhelm et al. 2020). In an
|l cel andic colony of approximately -160 gull
Petrelstotal were eaten per day, and they appeared in about 20% of gull pellets (Hey et al.
2019).0n Bon Portagésland, gulls were responsible for annual predation of up to 5% of
t hat col ony 0 fHoeg ettala2D21)pwo ptudiesaoh Greanlsland,
Newf oundl and and Labrador, Canada, esti mat
Petrels bygulls at nearly 50 000 individuals both 1976 and 1997, accounting for 9% of
the islandébés tot al popul ation (Pierott.i 19
estimate of 110 ORetoelswatatdkén bylgella entGalldsla®lf or m

Newfoundland and Labrador, Canada (Bampubl. data).

Given that predation can be significambderstanding the interactions between
predator and prey can bisefulfor conservation effortd. e a ¢ h 6 $etr8l¢ aver m
nocturnally active at the colony. Herring Gulls are diurnally active, and although they will

prey upon storapetrels who leave their burrows at daf\ieseloh et al. 2020jly close
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to the colony during the dgWatanuki 1986)or are trapped inshore during the day as
wrecks( d 0 Ent r e mo nthey must panaly pre¥ Onstbrjrpetrels at the colony
at night(Watanuki 1986, Bryant 1993, Weseloh et al. 20B0dhis study | investigate
the periods of overlap in nocturnal activity between tipesdator and preyas this is
when L e a cRetels ar&mostivuimerable to predation. | also investigatees
of the variation in timing and extent overlap tobetter understand factors that may

constrain stornapetrel behaviour anehfluencetheir vulnerability to gull predation.

Numerous environmental factargluence the activity of stormetrels and gulls.
Many studiedhave iderified the negative association betweenarillumination and
activity level of nocturnal seabirds (e.g. Watanuki 1986, Bryant 1993, Mougeot and
Bretagnolle 2000, Keitt et al. 2004, Riou and Hamer 2008). Gulls tend to be more
nocturnally aave on brghter nights (Burger and Staine 1993), so stpatrels may be at
higher risk of predation on nights with greater moon illumination (e.g. Watanuki 1986,
Bryant 1993). Weather factors, like fog, that influence the illumination levels of
moonlightalso inflience colony attendance outside the burrow and the time individuals
return to the colony (Bryant 1993). Fog affects coastal Herring Gull foraging (Hebert
1987), and dense cloud cover reduces nocturnal foraging activity by Laughing Gulls
(Leucophaas atricilla) and Ringbilled Gulls Larus delawarensjBurger and Staine
1993). Wind speed and direction hdeenassociated with storspetrel activity and
colony attendance (Furness and Baillie 1981, Gladwell et al. 20/i8)lspeed may also
influencet h e gctivityl, as bigher windsanfacilitate searching and hovering when

attacking prey (Gilchrist et al. 1998). Nesting location and habitat is also important
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Herring Gull foraging may be affected by nesting habitaadasts that nest cles to
stormpetrel burrow habitat tend to prey more on st@eirels than gulls that breed in

other habitats on the same island (Pierotti and Annett 1991). Habitat can also affect the
number of storrpetrels in an area, as stopatrek show preferencesrféorested and

dense fern areas, so burrow density and therefore colony attendance may differ
significantlyamonghabitat typegGrimmer 1980, Stehouse 1998)Additionally, storm
petrels may be more visible and in closer proximity to nesting fmexli open areas
(Stenhouse 1998although one study found no differences between forested and open

habitats inthie number of petrel carcasses fog&tenhouse and Montevecchi 1999)

Nocturnal, burrowing seabirds are difficult to moniémdaresensitive to
researcher disturbance (Blackmer et al. 2004, Carey 2009, Fiske et al. 2013), a
traditional census and monitoring techniques are invasive and destructive to habitat
(Ambagis 2004). In this study, | use acoustic monitorinige recording of’ocalizations
of target species for the purposes of quantifying population size, active periodgpetc.
assess the variation in activity overlapofstggre t r el s and g+Petlels. Leac
produce most of their calls when they are outside th@Ww(Gladwell et al. 2019, Pollet
et al. 2020where they are vulnerable to predation by Herring Gulls, so the frequency of
L e a ¢ h 0 Hetr8 tatisrcam be used to inform the number of potentially vulnerable
individuals in an area atgarticular time. krring Gulls produce mew and long calls,
their most common call types, when defending a feeding terioxyry and Smith 1968,
Weseloh et al. 2020)n addition, Herring Gulls vocalize frequently when they are

awake/alert, and opportunistic predationHsrring Gulls of other birds can be significant
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(Ingraham et al. 2020%0 any awake Herring Gull could be a potential danger. The
number of vocalizing Herring Gulls can therefore inform the level of predasknai

active LeRetrdisbs Storm

Both Lea ¢ h 6 s -P@&relandiHerring Gulls are good candidate species for
acoustic moni t oReirefs gf bothisexasacdll freqqueBly and produce
numerous distinctive and repetitive calls (Pollet et@2®@. Acoustic monitoring studies
havebeemsed t o monitor decl i ni-RegelspOobpruetaht i ons
2019), their burrow occupancy (Ambagis 2004), and hourly, nightly, and seasonal
variation in their activity (Buxton and Jones 2012,d9lell et al. 2019). Herring Gulls
also produge a variety of distinctive calls that can be identified in acoustic monitoring
studies(Weseloh et al. 2020%o0 this technique is useful for monitoring the activity

over |l ap of -Petelsand theprinfary @rretrial predator.

In the presenstudy, | usestormpetrelcall frequencyas a proxy for colony
attendance outside the burrow. | liserring Gullcall frequencyas a proxy for colony
attendance of awake gulls. For both species, | refer to this meastigsremlony
activity, which approximates the number of active individuals at the colony. When
combined, these data inform the level and timing of overlap in calotiyity between
stormpetrels and gulls, and therefore the level of predation risk tmgietrels. |
incorporate environmental and temporal factors into these analyses to help explain the
variation in the level o€olony activityoverlapby these species. | hypothesize that
L e a ¢ h 6 Hetr8l4 asttomeduce predatioskrat the colony by exiting the burrow or

returning to the island from the sea at specific times, and | predict that there will be a
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negative correlation betweereth c ol ony act i vi t y-Petretsaremll s of L e

Herring Gulls.

2.2.1 Chapter Objectives

1. Todescribe temporal patternslofe a ¢ h 6 Fetr8l¢olonyantivity in relation to
time of day, time of yeagnd environmentdhctors.

2. To describe the temporal pains of Herring Gull colony activityn relation to time of
day, time of year, anenvironnentalfactors.

3. To determine the timinglegree and variation inoverlapof colony activity of

L e a ¢ h 0 Hetr8l¢ amd Harring Gults betterassespredation risk
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2.3 METHODS
2.3.1 Field Methods
2.3.1.1 StudySite

This study was conducted on Gull Islandhe Newfoundland and Labrador
Witless Bay Ecological Reserve on (47.2626,.77187; Figure 2.1), which has been
studied extensively for more than 10 years (Wilhelm 2017). The island is mainly forested
with openareas around the perimeter, and my wads done in both habitat types.
Differences in habitat variables between the two plots are preserigine Sl in
Appendix B. The forested plot had generally high (>50%) canopy cover, and ground
cover was mostlyern or pine needles. A Herring Gull nesting colony was about 10
meters east of the forested plot. The second plot was much more open, with no canopy
cover over most of the plot. Ground cover was much more diverse in the opemhact,
fern and raspérry werecommon. Breeding Herring Gulls surrounded the open plot on all
sides, withmostnesting gulleast of the plotAlthough no gull nests were found within
the open plot, adults commonly flew directly over the ptatested on dead trees within
and immediately surrounding it. Much of Gull Islandagestd and this habitaends to
have the highestensi t y of o0 c c tPetieldudrong@rimmmdr £980)I 8id o r m
not directly assess occupiedrimw density because the microphone arrays (see below)
overlapped with plots that were beinged for other research that does not allow
intervention in the burrows. However, a similar number of occupied burrows were found
and regularly monitored in eachtbese plots using Passive Integrated Transponder (PIT)

tags.
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Forested Plot

Open Plot i
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Figure2.1. Locations of recording plots on Gull Island. Red dots represent the location of each microphone
in the microphone arrays. Yellowtched boxes show approximate locations of dense Herring Gull nesting
habitat. Forests appeas dark green; meadows and grassy slopes are lighter green around the island
perimeter.
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2.3.1.2 Vocal Recordings

| measured call frequency farested and penhabitat(Figure2.1) using
autonomous audio recorders (WAVE format, 24 kHz sampling ratbit Eénplitude
encoding; Wildlife Acoustics Song Meters, model SM3; Wildlife Acoustics, Concord,
MA) set to ecord each day (20:00 to 08:00 h) from 25 June until 10 August 2019.
Recording began before sunset and ended after sunrise on all days and produced six 2
hour stereo files for each recorder for each night. iBitiseperiodwh en Leachds St
Petrels lave the highest calling rates (Huntington et al. 1996). Two recorders were placed
in each habitatandeach recorder had two microphones, including one attached to the
recorder and one that extended outward on a calsle attached to thhecorder Thefour
microphones were arranged in a 40 x 40 m amdaychallowed me to expand the area
covered at each site. The recorders and microphones were secured to trees approximately
1.5 m above the ground. The omnidirectiom&crophonesapturel all calls produced
within the area bounded by the microphone array, and within time &@a surrounding

the array (Hennigar et al. 2019, Ethier and Wilson 2020, Fahmy and Wilson 2020).

Logistical constraints precludetianging the reorders' batteries regularly,
resulting in inconsistent gaps in the recordings. To examine plot differences, | only
analyzed days for which all four recording channels in both plots produced a recording
and when the recordings were not obeduny high winls or rain. | analyzed a sample of
8 days (27 June, July 1, 5, 8, 15, 17, 24, 28) that met these criteria and that maximized the
time interval between days. This sampling period covered the bulk of thegterinr el s 6

incubation period (For Guisland: midJune to ~ July 21; A. Hedd. unpub. data). Only a
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few pairs would have been leaving their burrows to forage for chicks on the last day of

the sample of recordings.

2.3.1.3 Weather Data
Weather data for 20®erecollected using a Kestrel 55008ather Meter

(Kestrel Meters, Boothwyn, PAWhichme asured 19 weather variahb

including temperature ( C, accuracy NO.5AC
reading, |l east signi f i madrdctiomi girtel art i 2@ ftto/
accuracy N 5A). Moon Il lumination (percent
the lunar cycle) and times of moonri se/ moo

(Thorsen 2020). CIl oud?20t9osvremWeathes)Soufce tLC Gu | | I

(2020).

2.3.2 Sound Analysis

| used vocalization recordings to measu
Petrels and Herring Gulls. All Herring Gull call types were considered in these analyses
(Table S1),butlonl y counted chat t-®etrelx HelrihgsGulifcalls L e ac
are produced either on the ground or while flyjdéeseloh et al. 2020and their calls
are much |l ouder and cover a br-Peadamlls freque
(Shah etl. 2015, Yip et al. 2017¥0 all calls types produced within range of the
microphones are likely to be detected. The most common call types produaealty
L e a ¢ h 0 Fetr8l4 averpunr and chatter calls; purr calls are produced almost
exclusively fom within the burrow, and although chatter calls may sometimes be

produced from the burrow, they are more often produced by individuals while flying or
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onthe ground (Pollet et al. 2020), making this call type easily detectable (Gladwell et al.
2019). Couts of chatter calls can therefore provide information on the number of-storm
petrels present at the colony in the assessed location. Descriptions dimhfuoicall call
types of LRetaets bhré autlinBd if@blen$2, and Herring Gull call types and

their functions are outlined ihable S1.

The recordings were analyzed using Audacity 2.3.3, which allows the user to both
listen to and visualize the spectrogram for recordings (Audacity Team Z0hR)h pass
filter of 1000 Hz and a noise gate-6D dB were applied to every channel of every
recording; the c aiPétrels(dabka btalt1B89)lamdddertnd GullsSt or m
(Shah et al. 2015) have a median frequency above 1000 Hz. The Ntesef Ga dB
was chosen based on the calculated Noise Floor (lowest decibel level in the recording)
and average decibel level of every thmsimute recording. To standardize the area over
which calls were detected, all calls detected on at least thrke fdur channels from the
recorders were includgéfahmy and Wilson2020) A fidetectedo call wa
could either see or hear on the recording.Bgere S2 for example spectrograms that

vi sual issSeormParaandcHerring Gull calls.

To investigate the association -of the o
Petrel colony activity with sunrise, and to better understand the variation in the onset and
termination of their colony activity with datée firstand ast 30 L-®etrelhds St o
calls were counted for each sample day. | chose 30 calls because, based on personal
observation of the recordings, this captured outliers that called especially early or late, as

well as the period when storpetels began calhg regularly (every few seconds). |
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viewed each 3ninute recording as-dhannel spectrograms in Audacfyudacity Team

2019) | began looking for calls at the start of the recording period (20:00:00) and stopped
when | 1 denti fi edm-Pelredcalfs.iTh@ termiBacalltveeeec hos St o
identified by starting at the end of the recording period (07:59:59), moving backwards

through the recording, and stopping witlea last 30 callsvere detectedAn assistant

(Mackenzie @ace) and | conductedldirst and last call analyses. | provided extensive

training to the assistant and checked all analyzed files to ensure calls were not missed or

misidentified.

| analyzed the first three minutes of each hour of each recording fortes
possible associatin s bet ween the call i nBetrdlsmamlquenci es
Herring Gulls, and to describe variation in calling frequencies throughout and between
ni ghts. | ¢ ount eRktrebchattar gall dnceeaeryHérsng Gedllo r m
within the threeminute recording sample that could be seen on the spectrogram or heard
in the playback in three of the four audio channelsome instanceshere were too
many gull calls occurring simultaneously throughout theethmaute recording to amt.
These instances were given a ceiling value of 350 calls for therthineg¢e window,
based on the maximum number of calls that | was able to count in clearer recokdings
assistant (Eleanor Kenyon) andounited calls, anddhecked all completed files to

ensure calls were not missed or misidentified.

2.3.3 Statistical Analyses
Model construction followed the steps for conducting regression analyses outlined

in Zuur and |l eno (2016) Bwoknegal.2OlANdR packag
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models were compared with Akaike Information Criterion tests (AIC). All assumptions

and model fits were tested using the ADHAR
over/underdispersion, zemflation, and temporal autocorrelan. The DHARMa

paclkage tests for over/underdispersion by testing the standard deviation of the observed

data against the standard deviation of the data simulated from the specified model. Zero
inflation is tested by comparing the observed number of zertbe predicted nuber of

zeros based on the specified modeConditional Inference Tree was created for the

model s of Herri ng-P&ulrlelancdo |Loenayc hadcst i Svtiotrym u s i r
(Hothorn et al. 2006(p further examine each prethic's influence on calling frequency.

Relative importance of predictors for all models was calculated for a covariance matrix of

all model variablef tubendgreéehai mpmmgéRmpabkd
2006). This method calculates how much vasiatan be explained by each predictor out

of the proportion of variance in the response variable that is explained by the full model

and is the recommended method for calting relative importance (Gromping 2006,

Zhang and Wang 2017). Because the sami@ys were not equidistant from one another,

the Julian day of the year (assigned as the date the sample started) was used to represent

the Datefor all models.

2.3.3.1 Modelsdeschi ng onset and t-Betrghcalisa l Leachoés S
| ran four models which investged the change in the timing of the onset and

terminati on -®dtrel casgahcohghait the seasormThe first two models,

one each for onset and terminal cadlssessethe change in the average time of the first

or last 30 detectestorm-petrelcalls (Nnights= 10, npiots= 2, N = 20). The response
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variable, average time, was represented as minutes after 20:00 for each night and was

modelledwith the explanatory variables Date and Plot. The second two models were the
same a the first but | used the corrected time of day, which was the minutes past sunset
or before sunrise, as the timing of calls to determine the association with date irhtpend
of the effect of sunrise or suns&hese modelsnproved the residual versus fit plots for

Datewithout changing the dispersion estimat@sare therefore better fitting models.

2.3.3.2 ModelsforHer i ng Gul | a nEetrdl @l Frdy@escy St or m

| useda modelling approach to examittee potatial influence of Herring Gull
activity, along with temporal and environmental factarsy L e a ¢ RP@etsel a8ivitp r m
Because Herring Gull activity maysa be influenced by temporal and environmental
factors, | also modelledariation in their activy to identify potential interactive effects
on stormpetrel activity.From the analyses of the onset and terminal calls of storm
petrels, | determined thakeLa c h 0 sPetfels warenmot active at the colony before
22:00 or after 5:00, so data points fr@er00, 21:00, 05:00, 06:00, and 07:00 were
removed from the dataset for these models to reducardéaton and control for effects
of sunlight on activityof both species. The unit of replication in this second set of models
was the number of countedlls within each threeninute recording for each hour of each
night in each plot (urs= 7, Mights= 8, Miots= 2, N = 112). A limitation of these analygse
is that I had no way to differentiate between calling individuals. It is likely that numerous
counted calls were produced by the same individual within and between nights. |
acknowledge that the measurement used here is not a true indication of the eilumbe

active individuals. Because these data were collected at regular time intervals, there is
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also a possibility for autocorrelation, however a test for autocorrelation revealed that it

was not present in these data.

The call fr eqgue nStomPeteld antl derrihgoGulls tequieed h 6 s
transformation of some predictors. This dataset contawmedircular variablesHour
andWind Directior) that needed transformation to be included in the models. While it is
possible to apply linear transformatgoto these variables, a linear transformation of
direction, such as degrees from North, doetsallow for differentiation between East and
West whereas the pair of transformed variables does. High positive valuesvdinebs(
Direction) represent North anaegative values of cog(ind Directior) represent South.
Positive values of si{ind Directian) represent West, and negative values oMgin(l
Direction) represent East. Although time could also be transformed to linear, the
relationship of calling frequeey with time is clearly nofinear for both species (Figure
2.2). Values of sirfour) above0.5 are times in the morning (04:0@7:00) and values
below-0.5 are in the evening (20:0@®1:00). codflour) is harder to interpret, however,
values less tha®.5 represent 05:0007:00.Hour andWind Directionwere

trigonometrically transformed infoairs of variables usingquation2.1 andEquation2.2.

. gt J0E 61, ., ¢“TOE O
l QST h U)SIT

Equation2.1. Trigonometric functions to transform the circular hour of the day variable into a pair of
predictors.

- S W QE@QI 'Q(I)ﬁ 'Qwééél,c“ I QE@QI QOO Q¢ ¢
oCQT ‘ oCQT

C

Equation2.2. Trigonometric functions to transform the circular Wind Direction variableargair of
predictors.
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Because weather variables can interact to influerdieidual activity and sound
transmission, | examined the entire complex of measured weather variables and chose
those for inclusion in our model based on variance inflationfa€tdFs). Between
weather variables, there is a risk of multicollinearyd analysis of VIFs test for this. |
conducted a VIF test using the fAcorvifo fu
with the highest VIF score was eliminated and thesuifere recalculated until all VIFs
were less than three. An exception wasdibs(Hour)variable, which was correlated with
HERG(Herring Gull call frequency) and resulted in moderate variance inflation (<10).
This variable was not removed because circudaiables must be included as a sine and
cosine pair (Pewsey et al. 201Rpn-convergence of the model prompted me to create a
correlation plot of the remaining predicto
2009), which revealed a relatively stgton c or r el at i on Hé¢agwindandd . 57) b
Wind Direction,soHeadwindwas also eliminated, leaving the following variables:
HERG Wind Speecsin(Wind Direction)cos(Wind Direction)Cloud CoverMoon

lllumination, sin(Hour), cos(Hour) Plot, andDate

The association of Herring Gull call frequency wattvironmental and temporal
factors was assessed using a negatiwve bino
Petrel call frequency with Herring Gull call frequency and environmental and temporal
factors was assessed using a zeflated, negative biomial model with additional
specifications to account for overdispersion and-adtation. Tests of the assumptions

for both modelsHomogeneity of variance, normality of residuals, overdispergmo-
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inflation, temporal autocorrelation) showed no at@ns. Equations 2.3 and 2.4 show the

final model for Herring GuPetltelcal&dquenc).r equenc
"00'YQ) QQMO B MWMER & Bd &
‘ 0'00YO and U HGIOOYO ' p Q
AEQ | TpaQED QU DEDQEM@MQ QD OTRE &
AT DQE@A QOOTRDE G £ DO Qv £ €O a0 & 'QE OO Q¢ ¢
T @QDETE 01 xAT @ESGTT YD G € DPWOWO Q

Equation2.3. The final statistical model of Herring Gull call frequency varying with all selected predictors,
where HERGis theit h observation of Herring Gull call freque
regression inteepts,and= 1, é, 112.

0 OO0 Q QM MTIER & "Bt &
* O0O™MD W and U GD O™ YO * p Q
GE'Q | 1pJ00Y'G QL QUMD EDQE@MQ Qo ORE ¢
AT OQEMMQ QuoTRBEa £ DOU Qe £ £€OF a6 & Q¢ OO QE ¢
I XOOEDE 01T YAT O 01 1w aébpODOQ
« | I JOO'Y'O
aé¢Q | I JO0Y'g OJ0DEDE oi
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Equation24The f i nal st at i st i c-Betrel calbfequéncywdrying with @l kefestedSt or m
predictors, where LESB theit h o b s er vat i oPetrelfcall freguemchdZis th&Sdventr m
finenructur alhezearnader cle pits e dd xr eagrree st shisthecpebabiliglafac e p t s
NSZ k is the variance,andc 1, é, 11 2.
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2.4 RESULTS

2.4.1 Nocturnal Vocal Activity

SM. COLLINS M.Sc. THESIS

L e a ¢ h 6 $etr8l4 were most vocally active between 02:00 and 03:00 h when

Herring Gulls vere the least vocally active (00:@nd 03:00 hFigure2.2, Figure2.3).
Therewas no change in storpetrel colony activity associated with dat@ble2.1), but,

as anticipated with the increase in night lengittn\dulian Date, thepegancalling earlier

and finish calling later in the night as the season progreBspat¢2.4,

Table S3). Herring Gull colony activity peaked in the middle of the study periadble

2.1).

Table2.1. Means and standard deviations, calculated by averaging the calls from the hourly samples on

each night,

of t he

f r e gue nEeyrel adig on Bul sland,N\tlesSBal, |
Newfoundland, Canadduring eight nights of the 2019 breeding season.

Date LESP mean HERG mean LESP sd HERG sd
June 26 27 87.143 69.929 70.512 63.966
June 30 July 1 | 73.571 56.857 65.601 53.591
July 41 5 86.857 67.148 65.937 86.322
July 71 8 85.929 72.857 78.262  73.591
July 147 15 87.286 82.357 55.670 58.665
July 167 17 78.071 63.071 62.929  36.607
July 23i 24 69.500 37.071 41.547  35.319
July 277 28 116.714 56.071 62.870 58.267

and

The first 30 storrrpetrel cals were heard, on average, between 22:04 and 22:26, and the

last 30 calls were heard, on average, between 03:59 and 04: HgisexeS3 in

Appendix B). Neither the timing of onset nor terminal calls varied between plots (

Table S3). Onset calls started earlier, and terminal calls finished later as tloe seas

progressed, but these patterns were considerably weakened when considering the time
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since sunset or time before sunrise that the calls b&ggur¢2.4). There washowever,
a significant negative relationship between the average time of terminal calls before

sunrise and date (

Table S3). The duration of night increased throughthg season, and stotpetrels were
active at the colony for longer later in the season. Because the timing of sunrise and
sunset is so important for the o-rPstels, and t

we only consider nocturnal activity of lostormpetrels and dis in all other analyses.

300

200+

100+

Number of Calls in 3 minutes

20:00 21:00 22:00 23:00 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00
Time of Day

Figure2.2. Line plot of the average (PetRErpdcice)andly fr equer
Herring Gull (blue triangles) calls during the 2019dalimg season on Gukland, Witless Bay Ecological

Reserve, NL. Vertical dashed lines represent the average sunset and sunrise times and grey vertical bars
represent the average ti ming eetrelicdiethraughsuetitmasomd t er mi
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A Plot G001: June 27, 2019 B Plot GO02: June 27, 2019

Mumber of Calls
Mumber of Calls

Time Time

Plot GO01: July 28, 2019 D Plot GO02: July 25, 2019

(2]

Mumber of Calls
Mumber of Calls

Figure2.3. Line graphs showing the rel at i ePetelsfblpe) bet ween
and Herring Gulls (orange). Grey bars represent the times of the first and last 30 eathfday in each

plot. Dotted lines represent the times of sunrise and sunseki@ae S3in Supplementary Material for

the full set of line graphs for each day and plot in the sample.
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SM. COLLINS M.Sc. THESIS

=
m

=
L

Time of Intal Calls {mins from 20:00)
Time of Initial Calls {mins ater sunset)

Date

Date

2]

Time of Terminal Calls (mins from 20:00)
&

Time of Terminal Calls (mins before sunrise) O
) @ "

Date

Figure2z4.Chrange i n the timing of

throughout the breeding season. The strength of the relationship between date and time of day is reduced

Date

a) the -RPettedcalls and c¢)

when accounting for the timing of b) the first 30 calls after suand d) the last 30 calls before sunrise.

242 Factors Associ at -Pdairel @olonhytActilitg ac h 6 s

The trigonometric transformations of hour of the day(@un= 5.668, Zos(Hour)=

3.299, both p < 0.001)

(Table2.2). As is evident in Figure 2.2, call frequency was greatest in the middle hours of

w eStoemPstielgall freflquerccya n t

the night . -Pétrelacalleddnsore B the opem plot than in the forested plot

(Qorest= 70.291 callg'3 minutes Gypen= 101.054calls/3 minutesz = 5.962, p < 0.001),

and their call frequency was negatively associated with Herring Gull call frequeney (z =
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2.720, p = 0.007). Herring Gull activity was the most important predacfor L eac h o s
StormPetrel activity, followedy the sine and cosine of Hodrable2.3). Although there
was a significant, negative asso-Patrgedti on be
activity, cloud cover was one of the leamportant predictorsiiable2.2, Table2.3). The

condi tional i nference tr ee-Pstielecall Gglentigsat t he
occurred in the open plot after midnight when Herring Gull calleagy was less than

60 calls Figure2.5) . Pl ots of t he c al-Petefsassogiatezl withy o f

each untransformed variable can be sedfignre $4 in Appendix B.

The data were significagtzeroi nf | at ed ( z ePetreldallsdetdbdddé s St o
in the 3minute acoustic survey) and overdispersed. The probability of detecting zero
L e a ¢ h 0 Hetr8 tatisrima-8ninute acoustic survey increased with increasing
Herring Gull call frequencw ar i anc e o f -Pairel aall freGuencySaaso r m

significantly predicted by the number of Herring Gull calls, and by sin(Hdable2.2).
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Table2.2. Results of the zermflatedn e gat i v e

SM. COLLINS M.Sc. THESIS

bi nomi al

mo d e |

fPetrel t

call frequency with Herring Gull call frequency, time, date, location, and various weather factors.
Significant predictors in the models arebiold text.

Standard

Model Type | Predictor Estimate Error zvalue pvalue
(Intercept) 3.060 1.618 1.891 0.059
HERG -0.004 0.002 -2.720 0.007
Wind Speed 0.077 0.072 1.067 0.286
sin(Wind Direction) 0.017 0.466 0.370 0.711
Conditional cos(Wind Direction) 0.039 0.071  0.550 0.582
model: Cloud Cove -0.002 0.001 -2.150 0.032
Moon Illlumination -0.001 0.001 -1.060 0.289
sin(Hour) 1.538 0.271 5.668 <0.001
cos(Hour) 1.933 0.586 3.299 <0.001
Open Plot 0.318 0.0563 5962 <0.001
Date -0.002 0.006 -0.356 0.722
Zeroinflation | (Intercept) -7.881 2.728 -2.889 0.004
model: HERG 0.04 0.018  2.665 0.008
Dispersion (Intercept) 1.666 0.436 3.825 <0.001
model: HERG 0.027 0.007 3.993 <0.001
sin(Hour) -1.640 0.587 -2.793 0.005

Table2.3. Relative Importac e of each predictor in the model

StormPetrel, measured as the amount of variation that can be explained by each predictor out of the

proportian of variance in the response variable that is explained by lthraddel.

Predictor

Relative Importance

Herring Gull Activity
Plot

Wind Speed

Cloud Cover

Moon Illumination
sin(Hour)
cos(Hour)
cos(Wind Direction)
sin(Wind Direction)
Date

0.364
0.065
0.005
0.002
0.002
0.223
0.093
0.001
0.007
0.004
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HERG
p < 0.001

>60

Node 3 (n = 25) Node 5 (n = 24) Node 6 (n = 23) Node 7 (n = 40)

200 — 200 — 200 4 200 —
150 4 — 150 1 =g 150 4 == 150 o4
100 1 [ 100 4 5 100 100 4 %
50 4 T 5 4 - 50 — 50 — —
0 0 - 0 - 0 -
Figure2.5. Conditional I nf er e nRewel Miodet €onditional Infeferece Treesaaceh 6 s St

created using recursive binary partitioning, which creates groups within the population or sample based on
important predictors in a model. The order of noftegartitioning is indicated in squares above each

circle, and above each boxplot. The variable on which each node is based is contained within the circles,
where HERG is the frequency of Herring Gull cglés three minutes, sinhr is the sine of houthef night,

and Plot.num is the ID of the plot where 1 represents the forested plot and >1 represents the open plot. The
numbers contained within each line connecting each node indicate the value of tbiiptieai separates

nodes.

2.4.3 Factors Associated witHerring Gull Colony Activity
Herring Gull call frequency wasthentos i mpor t ant predictor o
Petrel activity Therefore] wanted to investigatsources of variation in Herring Gull
activity to inform potential ineractions between factattsatinfluencestormpetrel
activity. Herring Gull call frequency was negatively associated with time (called most
frequently in the evening and in the mornings@our = -11.136, 2os(Houn= -12.469, loth
p< 0.001)Plots of Herring Gull call frequey against each untransformed variable can
be seen irrigure S5in Appendix B.The test of relative importance of each predictor in

the model showed théhe circula time variables were the most important predictors of
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Herring Gull activity (Table 2). Herring Gulls called less frequently at night than during
sunlit hours (Figure 2.2). Conditional on the time of day, Herring Gulls tended to call

more wten the moon as more full Figure2.6).

Table2.4. The negative binomial model results for the variation of Herring Gull call frequency with time,
date, location, and various weatli@ctors. Sigrficant predictors in the models arekinld text.

Standard

Model Predictor Estimate Error zvalue pvalue
(Intercept) 12.869 1.293 9.951 <0.001

Wind Speed 0.045 0.084 0.534 0.594

sin(Wind Direction) 0.133 0.084 1.575 0.115
cos(WindDirection) 0.041 0.138 0.295 0.768

Conditional | Cloud Cover -0.002 0.001 -1.614 0.107
model Moon lllumination 0.002 0.001 1.100 0.271
Date -0.017 0.006 -2.741 0.006

sin(Hour) -1.644 0.148 -11.136 <0.001

cos(Hour) -6.346 0.509 -12.469 <0.001

Open Plot 0.077 0.102 0.756 0.450

Table2.5. Relative Importance of each predictor in the model for nocturnal colony activity of the Herring
Gull, measured as the amount of variation that caexp&ined by each predictor outtbe proportion of
variance in the response variable that is explained by the full model.

Predictor Relative Importance
Plot 0.001
Wind Speed 0.009
Cloud Cover 0.004
Moon Illumination  0.003
sin(Hour) 0.143
cos(Hour) 0.428
cos(Wind Direction) 0.005
sin(Wind Direction) 0.029
Date 0.018
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<0.866 >0.866

Moon.Phase
p = 0.002

/s 56 >5<
Node 2 (n = 48) Node 4 (n = 48) Node 5 (n = 16)

250 T 250 250
200 ! 200 200
150 — : 150 — 150 — o
100 — 100 — 8 100 — !

50 — . 50 4 ==y 50 { ==

0 — 0 0 —_

Figure2.6. Conditional Inference Tree for the Herring Gull model. Conditional Inference Trees are created
using recursive binary partitioning, which creates gromipisin the population or sample based on

important predictors in a model. The order of nodes foitfmaning is indicated in squares above each

circle, and above each boxplot. The variable on which each node is based in contained within the circles,
whete, coshr is the cosine of hour of the night and Moon.Phase is the percentage of the moon visible. The
numbers contained within each line connecting each node indicate the value of the predictor that separates
nodes.
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2.5 DISCUSSION

In this study, | investigatethe patterns and overlap in nocturnal colony activity of
L e ac h 0 9etr8l4d and tmeirtoppredatg Her r i ng Gu-Pdtrelswereeac hos
exclusively nocturnal at the colony during the study periodKgpae S3 in Apperdix B
for precise timing of onset andteinal calls each nightyhich is unsurprising, as they
are known to be nocturnal at the colony and infrequently call from their burrows during
the day, when they do not leave or return to their bur{®wHiet et al 2020) Herring
Gulls were active at all times but reduced their colony activity levels at ighire2.2).
Nocturnally, Herring Gull activity was highest right after sunset and right before sunrise.
This could mean both thatare gulls were attending the colony and more gulls were
alert, as coloy attendance of Herring Gulls at Walney Island, England peaks around
sunrise and sunset, and the fewest proportion of gulls were sleeping at these times
(Galusha Jr and Amlaner Jr 197B) my study, Herring Gull activity was lowest between
midnight and 03:00Herring Gulls are usually diurnal, although they are commonly
nocturnally activdGarthe and Huppop 1996, Weseloh et al. 202Bat being said, they
likely cannot see as well irackness as they can in wétlconditions the retinas of
Herring Gulls have not yet been studied, but otloeturnally active gull speciesdrus
michahellis Larus delawarensid,arus modestyshave enough rods to enable some night
vision (Emond et b 2006, Vidalet al. 2018) However, unlike nocturnal animals that can
see well in the dark, these gull species have more cones than rods, suggesting that they
are better adapted to seeing in daylight than in poorly lit conditions (Emond et al. 2006,
Vidal et al. 2@8). Further study on the nocturnal vision of Herring Gulls is required to

better understand their nocturnal hunting behaviour.
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Within the breeding season, | observed changes in the duration and timing of active
periods. Nocturnal Herring Gulbtony activty peaked in the middle of the study period
(Table2.1) . L e a c-Rdiral coBry aativity levels did not change with datable

2.1, Table2.2), however, they begarocalizing earlier and stopped vocalizing later as the

season progressedigure2.4,

Table S3), consistent with the timing of sunrise and sunSejure2.4).

Themid-season peaik Herring Gullcolony activitymay relate to their breeding
state. Parental gulls communicate with their chicks through vocalizations, and chicks
recognize their parents' specific vocalizations soon after hatching (Knudsen and Evans
1986) Peak Herringsull hatching dates on Gull Island occur in the second week of June
(Haycock and Threlfall 1975, Weseloh et al. 2020), so most Herring Gull chicks would
have hatched before the start of this study. Herring Gull chicks are semiprecocial and
generally remaimear the nest for a week after hatching (Weseloh et al. 2020). Parental
gulls need to communicate with their chicks more often when they are not near the nest,
explaining the increase in calls throughout the season. In addition, wandecdksg may
enterthe breeding territory of another pair of parental Herring Gulls, eliciting loud alarm
calls from the territorial adults (Weseloh et al. 2020). Herring Gulls are naturally
cannibalistic, with some adults actively searching out live chioklsotghers attagéng and
eating chicks who wander into their territory (Parsons 1971). The occurrence of parental
alarm calls is likely to increase as the chicks age and begin to wander. At least one parent

will continuously watch over the chicks until thaye about 30alys old, at which point
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parental vigilance decreases significarftyeseloh eal. 2020) This pattern of parental

care matches the pattern of activity | observed in this study.

My key finding was that Herring Gull colony activity was the most importaediptor of

L e a ¢ h 0 $etr8l cobonyractivityTable2.3) . L e a c-Rdiral colBrty aativity

was lower when Herring Gull colony activity was highgure2.2, Figure S6). Both

L e a ¢ h 0 Fetr8l il Herring Gull colony activity were inversely associated with
time of day (Figure 2.2), and time was an important predictor of colony activity for both

species (

Table2.5, Table2.3). While | cannot say with any certainty that changes in
Herring Gull wvocal activity ca-Pereldocat he obs
activity, | can conclude that there is a strong inverse association beétweenm. Leac h 6 s
StormPetrels may, thefore, respond both to time of day and Herring Gull vocal activity.

These results concur with a recent study on Kent Island, New Brunswick, which found
that the call rPatttels and HefringlGalla veeinvessely@ssaociated,

though the reltionship varied with nesting habitat (Gladwell et al. 2019).

A potential methodological problem that might contribute to the strong correlation
between storapetrel and gull activity is the researcher's ability to detect calls. Herring
Gullcallsaremuch ouder and cover a broader- frequen
Petrel call{Taoka et al. 1989, Shah et al. 2Q1)it is likely that some stormpetrel
calls were missed during particularly busy Herring Gull periods. However, there were

timeswhenbothkBlr ri ng Gul | s -Betrelswkre ling tbgethed, arml then
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calls of both species were discernable to iad¢cresearcher, albeit not as precisely as

when only one species was calliiggure S2).

In addition to variabn with date and time, habitat was associated wikbngo
activity. -RetwebsbadgreateiScolany activity in the open hapitbdl
calls/3 minutes) than in the forested habitat (~79 calls/3 minwtbgyeaderring Gull
colony activity dd not differ between habitat3éble2.4, Figure S5). Differences in
occupied burrow density and habitat suitability between the two [Himsré S1) might
account for this difference in activity (Stenhouse and Montevecchi 2000, Gladwell et al.
2019), or the difference could be due to the differences in attenuation of sound in forested
versus open environments (Yip et al. 2017a). My acoastays overlap with pks used
for a PIT tag study that requires minimum disturbance, so | did not directly assess
occupied burrow density in either plot, however, a similar number of burrows were
located and continually monitored with PIT tags in theséspbko occupied bumo
density within my acoustic arrays is likely similar. While | did not find plot differences in
Herring Gull vocal activity, they were located in high densities in approximately equal
distances from each microphone array (Figure &itl)their calls covea broader
frequency spectrum and t e-Ralreltalls, whiehwilouder t
result in | ess attenuation ( YiPptrelemmayflyl . 201
through the open plot when returning to theirrbws elsewhere, sbé higher rate of
vocalizations may be from birds flying overhead. This explanation is supported by a

recent, similar study that utilized acoustic monitoring and GPS tracks of Manx
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ShearwatersRuffinus puffinusto show that many daldetected in certaiplots were

from individuals flying over the plot (Arneill et al. 2020).

Variation in weather seemed to be the least important predictor of nocturnal
colony activity in both species. No weather variables were significantly assowidtted
Herring Gull actvity in the model Table2.4), but between 23:00 and 01:00, gulls tended
to call more when the moon was more filigure2.6). Still, Moon Phase was an
unimportant predictor of Herring Gull activityéble2.5). Cloud cover had significant
negative relationship with storpetrel activity, however, it was also deemed one of the
least important predictor3 éble2.2, Table2.3). Thelack of strong association with
moon phase is unexpected because many studies have found associations between moon
illumination and the activity of nocturnal seabirds (Watanukicl ®yant 1993, Burger
and Staine 1993, Mougeot and Bretagnolle 2000, Kedt. 2004, Riou and Hamer
2008). Cloud cover was higher when the moon was fuller during our studyigsee S
7 in Supplementary Material), which may have mediated the effects of moon illumination
as cloud cover attenuates mbght. A study of gull foraging activity by Burger and
Staine (1993) treated cloud cover as a proxy for availablieoemvental light and found
reduced foraging activity with higher cloud cover in two gull species. Thehagce
associations in moon phaaed cloud cover may explain our observed lack of association
between moon illumination and activity, so the effe¢tnoon illumination should not be
ruled out for future studies. This also emphasizes that the amount of environmental light
rather than sictly the phase of the moon, may be what is most important for mediating

nocturnal colony activity levels of storperels and gulls.
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2.6 CONCLUSIONS: IMPLICATIONS FOR RISK ASSESSMENT ANDCONSERVATION

L e a ¢ h 0 $etr8l4 averexperiencing rapid global dedif@ilhelm et al. 2020),
and it is vitally important to assess potential contributing risks. Predation has, hligtorica
had di sastrous | oc aPetrebfeédmgcolenien(Rierditiedd@82,h 6 s St
McChesney and Tershy 1998, Stenhouse et aD,2@0es 2010, Hoeg et al. 2021), and
changes in food availability for predators of stepairels is likely increasgpredation
pressure at colonies in which these species coexist (Stenhouse and Montevecchi 1999,
Oro et al. 2005). Tgaugerisk of predation tstormpetrelsduring the breeding season, |
examined the patterns and level of overlapiol ony acti vity -bet ween
Petrels and their primary predator, the Herring Gull. These two species had inverse
activity patternsand the overlap of colony activity was generally low, as stoetrels
began calling after a reduction of activif/Herring Gulls Figure2.2). While temporal
and weather variables showed some associations with colony aftinitgth species, my
key finding is that Herring Gullaony activity was the most important predictor of
L e a ¢ h 6 Fetr8l cobonyractivity. | cannot conclude from this study whether it is
Herring Gull vocal activity, the hour of the day, the amountaxfturnal light, or a
combination of these factors thatluencet he nocturnal col ony act.i
StormPetrels. However, because stepetrels are killed by Herring Gulls and not by
nocturnal light, the biological signal can be expected to aesthe physical signaind
stormpetrels will respondnmarily to their predatorsAs evidenced in this study,
L e a ¢ h 0 Fetr8ld likety predicate their activity patterns on time of day but alter
activity levels according to their dominantpredar 6 s acti vi ty. Future

and studies astormpetrel colony activity in colonies where gulls are not preseald
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examine potential causative effects of Her

StormPetrel colony activity.

Although | show here that colony activity overlagelatively low, it is still
i mportant to gauge actual predation -l evel s
Petrels by Herring Gulls is steady (Stenhouse and Meotéw 1999, Oro et al. 2005,
Hey et al. 2019), but Baatieu Island, the site of the most dramatic global population
decline (Wilhelm et al. 2020), is relatively free from nesting gulls (Cairns et al. 1986).
Stormpetrels breeding in different colonies may face significantly different risks, so
predation could be causing declines in some colonies but not disérsates of
predation rates ahorecoloniesare needed to better understandithpact of predation
on stormpetrds globally An updated estimate of pr-edati on
Petrels in Witless Bay woulalsobevaluable as the latest estimate was conducted
Gull Islandin 2012 (Bond unploi. data) and is more than double the estimateGreat

Islandfrom 1976 and 199{Pierotti 1982, Stenhouse et al. 2000)

Climate change induced environmental stochasticity makes the future effects of
predation uncgain, but existing trends suggest that the risk fromatred may increase.
The closure of the northern cod fishery in the early 1990s terminated massive amounts of
artificial food provided by fishery discards and offal, with a resultant decline in the
populations of Herring Gulls and other scavenging seafiRdgular et al. 2013).
Surviving gulls, however, intensified the predation pressure on smaller nesting seabirds
(stormpetrels, puffins, and kittiwakes; Russell and Montevecchi 1996, Regehr and

Montevecchi 1997, Stenhouse and Montevecchi 1999). The centerash of the
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capelin stock, the main forage prey of breeding seabirds in Newfoundland, has likely
exacerbated these circumstances (Buren et al. 2014, 2019). Ocean climate perturbations
are projeted to increase (Oliver et al. 2019), and indirect playsffects on toglown
(predation) and bottorap (prey availability) processes will influence the population

dynamics and modi fy t he -Petrelskilshawwtotope. whi c h

Ishowi n t hi s st udy-Pdtrblsate entirely reginél at the ¢colony,m
and gull predation may influence their activity patterns at the colony. This nocturnality
extends beyond colony activity. These birds are also nocturnally active (albeit not
exdusively) at foraging areas (see Chapter 3) due to theelithcal migration patterns of
their primary food sourcBVatanuki 1985, Hedd et al. 200@nd are one of the most
nocturnally active tub@ose species during winter migration (Bonbhebrun et & 2021).
Nocturnal activity patters may affect theirp@sure to other risks. In my next chapter, |
i nvestigate exposur eletelfto&nthropogenically litbile ac h 6 s
platforms, and how the timing and behaviour near these platformshenedore the risk

imposed by them, may be influencedtbgir nocturnality at the colony and at sea.
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