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Abstract:

Tracking technology has profoundly changed the study of spatial dynamics in marine
vertebrates, enabling a largeale focalanimal approach. This thesis shows that tracking
data can be used, not only to characterize the annual migration cycle, but also to address
ecological theory. | used geolocation tags (1g;1088% body mass) to investigate

migration in a groupf closely related seabirds. | found little evidence of negative effects
of tags on Parakeet Auklet&dthia psittacul® but tagged Whiskered Aukleta.(
pygmaeashowed decreased chick growth, and reduced adult return rate. | combined
trackingdatawitme st moni toring to test Ashmol eds
are regulated by decreases in local food availability during the breeding season. If food
was limiting, individuals should leave soon after breeding is completed. | found no
evidence tsupport resource depletion in planktivorous auklets. Whiskered Auklets
remained near the colony all year, and lag times for Parakeet and Clestadtétellg

auklets were up to 30 days. Interspecific differences were more consistent with
differences immigration strategy than food availability. | also synthesized several aspects
of migratory theory into a migratory continuum on which | placed my three species
(usinga priori knowledge about distribution, and behaviour) to develop and test
predictions abut migration distance, consistency, and winter habitat. Tracking data
supported my classification of Whiskered (residents), Parakeet (intermediate migrants)
and Crested auklets (long distance directed migrants). Crested Auklets had longer
migration distanes than Parakeet Auklets, and greater consistency in most measures of

winter habitat use. Whiskered Auklet residence is likely enabled by their less seasonal



food supply, and night roosting to reduce
makesthem more dependent on patchy aggregations of prey, which was reflected in their
concentration in highly productive areas. Parakeet Auklets spent most of the year in the
deep Aleutian Basin, where their flexible diet may allow them to subsist on gelatinous
zooplankton and associated amphipods. Tracking data from comparative systems like this
one have great potential for addressing ecological theory, while contributing to our
understanding of different ways in which seabirds have adapted to the marine

environment.
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CHAPTER 1: INTRODUCTION AND OVERVIEW



Migration has evolved in many taxa, usually as a strategy to survive in environments with
a high degree of seasonality inoasces Boyle & Conway 2007Dingle & Drake 2007
Shaw & Couzin 20131t is an important component in the life history of these species,
but has been difficult to study directly, relying on haphazard/opportunistic sightings,
surveys at potential winterirgrounds and stopover sites, and counts from first time
captures at banding stations to determine the movement patterns of populations. This
Eulerian approach (surveying the characteristics at a fixed point in space) results in
6snaps hot s 6andtempbral ggdolutem laut limited coverage, while providing
limited or no inform&éon about migration dynamics ofdividual organisms. Over the

last 30 years, the development of increasingly lightweight and inexpensive tracking
technology has allowedprecedented direct investigation of migration (Wakefetléll.
2009, McKinnoret al.2013) in a Lagrangian frame of reference (following individuals

or groups of individuals through a moving fluid; Schneider 1991). This individual
focused approach (Land@eLewis 1989) allows us to describe the full annual cycle of
migration in organisms of known age/sex/origin, although we sacrifice a certain amount
of spatial accuracy due to limitations of the technology (Phidiips. 2004, Wakefieldet

al. 2009). Depite the proliferation of tracking studies in recent years, most remain
descriptive in nature (Bauet al.2009, McKinnoret al.2013), seeking to map key
wintering areas and stopover habitat. However, tracking data also have the potential to
establish galitative (Dingle & Drake 2007) and quantitative (Alerstam & Hedenstém

1998) theories of migration on a firm empirical basis, a goal that has been limited by



availability of Eulerian data along the migration route (Bairlein 2003, Betuadr 2009,

McKinnon et al.2013).

Seasonal movementan takanany forms, which malge usefullythought of as
falling along acontinuumof migratory behaviourd)ingle & Drake 2007, Cagnacet al.
20117). At one end of thenigratory continuunis the traditional view of ngiration, with
all individuals travellingong distancefrom the breeding habitat tme or more distinct
areas characterized by high winter productivityg(,,Wenget al. 2008, Hedckt al. 2012,
Lemkeet al.2013. At the other end is yeaiound residece in the breeding area.§.,,
Ashmole 1962, Diamond 1975, McKnigéit al.2011) Dispersive migration is an
intermediate strategyyith individuals spreading out from the breeding site in many
directions, or simply moving to different habitat in the gaheicinity of the breeding
site .9, Harriset al.2010, Hatclet al.2010, Hedcet al.2011). Migrations can also be
classified as obligate (individuals must
migrate based on local conditions), althotiggse are also more likely to be extremes on
a continuum than a true dichotonBefthold 1975, Terrill 1990Newton 2012). Obligate
migrations (usually longlistance, directed migrations) are characterized by consistency
in timing and destinatioamong imividuals(Newton 2012. Departure from the breeding
ground is preemptive, occurring before local conditions deteriorate, while food is still
plentiful enough to build sufficient fuel stores for the jourr@gr(hold 1975 Terrill
1990, Newton 2012). Oblage migrations typically have a strong genetic component,
with timing determined by an endogenous circannual rhythm, which can be adjusted

based on external cugsich as photoperigpdhat forecast future declines in local



resourcesBerthold 1975Alerstan 1978, Terrill 1990. Facultative migrations (usually
shortdistance and/or dispersive) are more variable, and are under less rigid genetic
control (Newton 2012). Departure is triggered directly by changes in local conditions
(e.g.,,food availability, tenperature, weatheetc; Terrill 1990,Newton 2012), with each
bird responding according aminternal threshold based on their individual condition,

energetic requirementsic. (Chapmaret al.2011, Newton 2012

Attempts at a quantitative framewondrfthe study of migration have largely
focused on birds, combining optimization analysis (Maynard Smith 1978, Stephens &
Krebs 1986), with predictions based on flight mechanics (Pennycuick 1975, 1978).
Optimal migration theory (Alerstam & Hedenstrom 1998denstrém 2008, Alerstam
2011) assumes that selection is operating on the individual to minimize time spent
travelling, net energy expenditure, or mortality risk (Alerstam 2006, Gudmundsatn
1991, Schmaljohanet al.2009). These models have beeadi® evaluate many
different aspects of migratory behaviour, including migration routes, timing of departure
and arrival, and phenotypic fléiity (Alerstam 20012011, Newton 2006, Shaw &
Couzin 2013). Much work has focused on the energetics of foakkiuring the
migration journey and how this affects stopover @sg.{Lindstrom 1991,
Gudmundssoet al.1991). Energyselected migrants are expected to make frequent
stops, carrying a lower fuel load to minimize the enargst of carrying extra weght
(Alerstam & Lindstrom 1990). Timseelected migrants, on the other hand, should make
longer trips and fewer stopovers, paying a higher energy cost to minimize the overall

duration of the migration (Alerstam & Lindstrém 1990). Optimal migration theambea



useful to evaluate the relative importance of different selective forces, as a means to
generate testable hypotheses for empirical studies of migration, and to forecast the effects
on migration of climate change and habitat |d¥®lfer et al 199Bater et al.2009.
However, many factors can lead to actual or apparenbgtimality in migration

behaviour, including compromise between different optimization factors to maximize
overall fitness $outhwood 1977, Dingle 2006, Newton 2p0ahd phylogenati

constraints on anatomy and behaviour. To date, the application of tracking data to test
predictions of optimal migration theory has been mostly focused on investigation of the
role of wind in the determination of migration routegy(,,Akesson & Hedersdm 2000,
Thorupet al.2003, Gonzale&oliset al.2009), although some recent studies have taken
a broader approach, looking at migration routes, timing, and stopovez.gse (

Schmaljohanret al.2012).

Kdlzsch & Blasius (2008) proposed a framewdr&sed on statistical mechanics
(advectiondiffusion models; Okubo 1980), to describe avian migration dynamics. This
Lagrangian approach, under the name of individh@sled modeling, has a history of
application in biological oceanography, most notabhhwiassively drifting organisms
(Lande & Lewis 1989). Kolzsch & Blasius (2008) found that migrating storks use rapid,
directed, ballistic motion at short time scales, and slower, more diffusive motion at
seasonal time scales. With this approach, the ragreséroot mean squared
displacement (km) on time (days) is used to quantify the degree of diffusive motion
(km/day). We can extend this idea, and use it to help categorize migrations based on the

type and extent of movements in annual migration tracksodic ballistic or



directionally biased supsliffusive movement, interspersed with relatively stationary
interludes at wintering areas or stopover sites (Kolszch & Blasius 2008), corresponds to
the classical view of londistance, directed migration, vd diffusive/subdiffusive

movement away from the breeding site corresponds to a more dispersive type of
migration. Residents would be expected to show minor diffusion away from the breeding
site (foraging movements), with a daily reset to the pointigfro(if returning to a fixed

winter territory or roosting sije

In addition to the direct study ofigration, tracking data also hatlee potential to
address related ecological questions, such as population reguléstudy of
population regulatin began with theoretical/speculative work by David Lack (1954,
1966, 1968), focusingn evidence available at the time from studiesigfratingbirds.
He concluded that most populations are stablgjing to fluctuatevithin very restricted
limits, andthat this stability could only be produced by densiépendent factors (Lack
1954).When, in the annual cycle, this regulation occurs is less clear.Hypdthesized
that bird populations were most likely limited by food availability in winédthoughthis
was based mainlgn data from songbirds wintering at high densities in a limited area
(intense competition), or on indirect evidence from the partitioning of winter habitat
and/or diet in closely related species (Lack 1954, 1968). Ashmole (1963)
el abor at ed ,docusihgartkeGase o seabkds. He argued that seabird
demographys drivenby their colonial breeding strategy. During the breeding season
theyare constrained to forage within a certdistanceof the colony by the need teturn

to incubate agor provision their offspringOnce released from these constraints, they



are free to seek better foraging elsewhere, or to remain near their feedings grounds full
time (Ashmole 1963, Macklegt al.2010. Therefore, Ashmole (197 postulated that

any densitydependent effects regulating seabird populations must be operating at the
colony, mediated by denskgilependent changes in food availabjlggpecially in tropical
habitats that doat experience the seasonal increasgsoducivity seen at higher

latitudes. Specifically, Ashmol@d963)proposed that the concentratiohindividuals

with high nutritional needs (increased due to need to produce eggs, provision offspring,
etc) in a limited area will lead to a decrease inldua availability of food( i As hmo | e 0 s
Ha |l o oetal. BOB7) ¢ither due to depletion of resources in the vicinity of the
colonies, or interferenceompetition from large numbers fafraging birdsresulting in
decreased accessibility of préyshmole 1963Furness & Birkhead 1988irt et al.

1987. However, to my knowledge, only one study has directly demonstrated food
depletion (of sedentary benthic fish) around a seabird colonygiBatt1987). A number

of studies have compared large and small colpaied found results consistent with
densitydependent population regulation at the colang.(,Furness & Birkhead 1984,
Huntet al. 1986, Lewiset al.2001), but it is not clear whether such effects are due to
resource depletion, interference competitior some other factor. Modelling studies

have showrhatthefood demands of piscivorous seabirds can amount to a substantial
fraction of the standing stock of prey around a col@ng.(,Wiens & Scott 1975, Furness

& Cooper 1982). However, these publions do not take into account advective

resupply of prey into the region, which has been shown to be at least as large as rates of

removal due to energetic demands by a colony (Bourne 1983, Scheteadl€i992).



Advective resupply is likely an importafactor in most systems, especially for
planktivorous specig$Springeret al. 1989, Springeet al. 1996, Piatt & Springer 2003)
Tracking data can add to our understanding of population regulation, by allowing for
more direct measurement of individuatdging effort during the breeding seasemy(;,
Elliott et al. 2009, Gastort al.2013, Oppekt al.2015) and posbreeding behaviour

once birds are released from the constraint of foraging near the colony.

Migration in seabirds has evolved to maximiize yeasround survival of
individuals in a seasonal marine environment, where resources are spatially and
temporally heterogeneous, but predictably distributed (Southwood 1977, Weimerskirch
2007). Seasonality of resource needs is magnified by thentddipical feeding habitat
at sea is unsuitable for reproduction, producing a seasonal need to aggregate at breeding
colonies, usually in coastal areas or on remote oceanic islands with few predators
(Ashmole 1971). Once breeding is completed, seabitdsdther marine predators)
converge on oceanic Ohotspotsd, where a co
changes in bottom topography serve to concentrate nutrients and enhance both primary
productivity and aggregations of prey near the surface (medeén Schneider 1991).
Seasonal effects are pronounced in the Bering Sea, where ice cover is unpredictable in
winter, except for southern regions such as the Aleutian Islévidser seabird
abundances are especially highAleutian passes, aradong theshelfbreak,where
strong currents and localized upwelling provide reliable concentrations of accessible
zooplankton (Schneider et al 1987, Springeal. 1996,Hunt 1997 Laddet al. 2005,

Suryanet al.2006) Diving seabirds are more likely to be degent on these productive



hotspots (Wahét al. 1989) than surface feeders, because they expend more energy in
transit between foraging locations, and during foraging itself (Aieteal. 1984). This is
likely due to morphological adaptations for divinggecially in wingpropelled divers),
which result in less efficient flight (Pennycuick 1987, Thaeteal.2010Q Elliott et al.

2013 and therefore higher energy requirements. Soaring surface feeders spend less
energy on flight and can afford to roam wigdeeding on less spatially predictable prey

(Schneideet al. 1986, Satet al.2007).

Historically, the study of seabirds at sea has been largely limited to the use of
ship-based surveys (Eulerian approach). These surveys collect valuable dataiateyut w
distributions at the species level, but provide no information about the eotamgin of
sighted birds, or the migration dynamics of individual birds. $laiped surveys also tend
to have large gaps in spatiemporal coverage due to the expeofsship time and a
reduction of survey effort in winter. Over the last 30 years, the use of tracking devices
(tags)has grown rapidly, allowinthe tracking oknown individuals over time
(Lagrangian approach) and stuafitheir habitat use and migratorghmavior
(Vandenabeelet al.2011). In particular, the ongoing development of lgleight and
inexpensive archival geolocation tags (DeLen@l. 1992, Wakefielcet al. 2009, Wilson
and Vandenabeele 2012) is allowing deployment on smaller specieshaglextsample
sizes for more robust analyses. However, extra weight and/or drag of tracking tags may
make it more difficult for birds to forage and make it more energetically expensive to

travel (Barroret al.2010, Vandenabeett al.2012). Therefore, is important to



evaluate potential effects of tags in any tracking study to allow us to weigh the value of

the resulting data, and assist with their interpretation.

Aethiaauklets breeding in the Aleutian Islands of Alaska provide an excellent
system fora comparative study of migration. They are small, pudiving seabirds with
high metabolic demands (Johnson & West 1975), creating strong selection pressure to
locate and exploit the most abundant and reliable sources of prey. They breed at shared
colonies in some parts of their range (including oudgtsites on Buldir and Gareloi
islands), and while their breedisgason biology has been wslldied €.g.,,Knudtson
& Byrd 1982, Hipfner & Byrd 1993, Huntest al. 2002), very little is known abouteir
migration dynamics, or other aspects of their ecology for the majority of the year. The
three congeners studied here differ markedly in aspects of their behaviour and
morphology, which suggest several productive avenues of convaaaaialysis.
Whiskeed Aukletsare nocturnafin the Aleutian and Commandestands), and feed in
tide rips within 16 km of shore (Byrd & Gibson 1980). They breed at many small
colonies throughout the Aleutians (Byetlal.2005), and remain near the islands year
round (Byrd& Williams 1993 NPPSD 2015). Crested Aukldiseed at much higher
densities and forage in large flocks offshore (Bédard 1969, Gaston & Jones 1998 Byrd
al. 2005), where they feed on a specialized diet dominated by euphausiids and calanoid
copepods (Huret al. 1998, Guyet al.2009, Boncet al.2011b). Parake&tukletsbreed
at lower densities (Byrdt al.2005), and are less gregarious, flying out from colonies to

forage singly or in small groups (Gaston & Jones 1998). They also have a more generalist
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diet, including mollusks, gelatinous zooplankton, euphausiids, copepods, and larval fish

(Day & Byrd 1989, Harrison 1990, Huat al. 1998).

The aim of this thsis is to take advantage of recent developments in lightweight
tracking technology (geolocatidaags; DeLonget al. 1992, Wakefieldet al. 2009, Wilson
& Vandenabeele 2012) to investigate the full annual cycle of migration, using a group of
closely related seabirdééthiaauklets) as a model system. | experimentally evaluate
potential negative effés of the tracking tags on my study species (Chapt8clzacter &
Jones 201Yin order to validate the interpretation of the resulting tracking data. | then use
tracking data to provide the first complete picture of the annual distribution of Whiskered
(Chapter 4) and Parakeet auklets (Chapter 5), and compare these data with that collected
for Crested Auklets by K. F. Robbingnpublished dajao test predictions derived from
theories of population regulation in migrant species (Chapter 2), and migtgtiamics

when no longer constrained to breeding sites (Chapter 5).

In Chapter 2 | highlight what | believe to be a general weakness in the field of
tracking researchWhen designing studies to answer biological/ecological questions,
scientists must keep mind that their actions can change the characteristics or behaviors
being measured.¢., observer effects; Sykes 1978, Wilson and Vandenabeele 2012).
There are also ethical considerations, and any negative effggpain, stress, or
mortality) on stidy subjects should be considered relative to the value of the data
obtained (Vandenabeedt al.2011, Animal Behaviour 2012). Many tracking studies
include only a cursory investigation of tag effects, if any (reewy Vandenabeelet

al. 2011), makingt difficult to evaluate the biological relevance of their results. A
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general guideline, developed for albatross
3% body mass to avoid negative effects (Philépal.2003). This guideline has since

been bradly applied to many other taxa. However, auklets (and alcids in general) may be

less tolerant of extra weight and/or drag than other species because their wings are

adapted for underwater pursdiving and so flight is energetically expensive

(PennycuickL987, Obrechet al. 1988, Vandenabeett al.2012). Studies of smadiicids

have shown negative eff ect ®tal004,tWhiddsetO 3% b
al. 2007, Elliottet al.2010), and previous work on Crested Auklets (one of the most

highly migratory members of the genus) showed strong effects of a tag vgeidiin

body mass on several aspects of reproduction and behavior (Robinson & Jones 2014).
Because tracking data form the basis of all subsequent chapters, it is important to first

assess the potential negative effects of tagging in these species, andttivan that

information when interpreting all results. | conducted a controlled experiment to

investigate the effect of tags on adult return rate, reproductive success, and chick growth

in Whiskered and Parakeet auklets compared to untaggedldands (Crested Auklet

data argresented in detail elsewhere: Robinson & Jones 2014, KF Robbins unpublished
data). | also reviewed the literature to evaluate whether the commonly accepted guideline
(that tags should not exceed 3% body mass) should continudtoduity applied across

seabird taxa.

In Chapter 3 | use tracking data in a novel way to test predictions relating to food
depl etion around seabir deta D87p and disscus{tiieAs h mo |

possibility of food depletion as a drivermigration in planktivorous species. Ashmole
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(1963) postulated that any densitgpendent effects regulating seabird populations
operate at the colony, and most likely involve the availability of food (Ashmole 1971).
Specifically, Ashmole (1963) proposedtithe concentration of breeding individuals

with high nutritional needs in a limited area will lead to a fedony reduction in the
availability of food. If so, the resulting increase in foraging effort required could serve as
a proximate cue triggeringostbreeding migration in some species. To my knowledge,
only one study has shown direct evidence of reduced prey densities (of sedentary benthic
fish) near seabird colonies (Bat al. 1987). Others have attempted to address the
guestion in piscivorouseabirds, using indirect methods such as measurements of chick
growth or foraging effort, or calculations of energy demaeds ,Wiens & Scott 1975,
Huntet al. 1986, Elliotet al.2009). However, calculations of energy demand do not take
into accounthe influence of advective resupply or migratory passage of prey. Advective
resupply has been shown to be comparable to rates of consumption based on food
demand by a colony (Bourne 1983, Schneetaal. 1992), and is likely to be an

important factor, esmally for planktonic prey. The lateral distribution of zooplankton,
unlike most fish species, is determined mainly by passive transport, and concentration by
features of the local oceanography (currents, fronts, upwediingMackaset al. 1985,
Schneder 1991). Bering Sea currents provide a constant input of new prey to replace
those consumed (Springetral. 1996, Piatt & Springer 2003), making significant food
depletion unlikely Bourne 1983, Schneidet al.1992).1f food is an important limiting
factor at the colonyhether due to food depletioony interference competition),

individuals of all specieshouldleave as soon as possible once released from the need to
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return to the colony to incubate/provision their offsprifig.investigate how thee

species oAethiaauklets differ in their response to being released from this constraint, |
combined monitoring of individual reproductive timing with tracking data obtained from
geolocation tags deployed on those same individuals (to determine tlué departue

from the colony). | used thesiata to determine the amount of synchrony in migration

within species, and the amount of lag between breeding cessation and onset of migration.
Species with the highest metabolic demamnds, (Whiskered Aukletsshould be under

the most pressure to seek out better food sources away from the colony, and species with
a greater potential to impact their food supplg.(Crested Auklets breeding at higher
densities with a moreestricteddiet) should benefit moray leaving than generalist

feeders breeding at lower densities.(Parakeet Auklets).also predict that, given their

more directed, longlistance migrationRobinson2015 K.F. Robbins unpublished djta
Crested Aiklet departure patterns will showgeeater degree of synchrony and

consistency in timingconsistent with obligate migratipthanwill the more dispersive

Parakeet Auklets.

In Chapter 4 | use data from geolocation tags to confirm the degree to which
Whiskered Auklets remain resident at toony yeasround. This species has been
named a species of conservation concern, and is considered especially vulnerable to oil
spills, invasive mammalian predators, and other threats due to its restricted distribution
and its yearound presence in Alean passes (Troy & Bradstreet 1991, Troy 1991,
Williams et al.2003, NPRB 2005). There have been anecdotal reports for many years of

adults and juveniles returning to the islands periodically in wieter,Stejneger 1885,
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Murie 1936, Byrd & Gibson 198@ubakin & Konyukhov 2001), and shipased surveys
show that Whiskered Auklet winter distribution at sea is largely restricted to areas within
a few kilometres of the Aleutian Islands (Byrd & Williams 1993, NPPSD 2015).
However, winter survey coverage isiited (NPPSD 2015), and provides no information
as to the colonywf-origin of sighted birds. Tracking technology has only recently
progressed to the point where devices can be deployed on a bird of this size, allowing
measurement of the ndoreeding movemnts and behaviours of known individuals
(Wilson & Vandenabeele 2012).investigated the wintering strategy of Whiskered
Auklets breeding at Buldir Island, using a combination of tracking data (to map winter
distribution), behavioural data (sea water iemgion sensors on tags to detect potential
roosting on land), and audio recordings at the colony (to confirmrgead presence

near breeding sites).

In Chapter 5 | synthesize migratory theory into a continuum concept, and use the
placement of three congeric species on that continuum to develop and test predictions
concerning migratory distance and velocity, and consistency of destination, distance
travelled, and habitat use. | also provide the first description of migration and winter
distribution of Paakeet Auklets. | build on results from previous chapters to propose the
placement of thre@ethiaauklet species on a continuum of migratory behaviour (Fig. 5
1) from longdistance, directed (LDD) migration (Crested Auklets) to intermediate
migration (Paakeet Auklets) to residence (Whiskered Auklets), basea miori
knowledge about their ecology, behaviour and morphology. Seasonal movement patterns

of animals range in extent from lowigstance migration between distinct regions, to year
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round residencgeavith more shortdistance, dispersive migrations in between. There is
also a continuum of migration type, from obligate migration (individuals must migrate),
to facultative migration (extent of migration depends on local conditions) to obligate
residenceObligate migrations have a strong genetic component, and are typically LDD
migrations, characterized by consistency in timing and destination. Facultative migrations
are generally shodistance and/or dispersive, more variable in timing and destination,
and are under less rigid genetic control. On a quantitative level, migrationscdreal
classified on a continuutmased on distance travelled over time, from ballistic (highly
directional, covering long distances across a barrier) to siiffesive (directionally

biased movement), to swuffusive (more random dispersal). | synthesized these aspects
of migratory theory into an integrated migratory continuum from LDD migration, to
intermediate migration, to residence. Based on the above placementct Qredied
Auklets (LDD migrants) willtravel greater distancewith greater consistency in
destination, distance travelled, and habitat used than Parakeet Auklets (Terrill 1990,
Newton 2012). Interspecific differences are also predicted based on tisveifballistic
continuum (Fig. 8C). | expect Whiskered Auklets (residents) to show only limited
diffusive movement away from the colony (due to daily foraging movements and/or tag
error), Parakeet Auklets to make mostly diffusivetdiffusive movementgslow travel

while foraging), and Crested Auklets to show segiEusive movement, as a
consequence of periodically strong directional movements toward seasonally predictable
foraging hotspots. Due to their more specific diet and larger flock sizess, peddict that

Crested Auklets will be more dependent on hotspots with high prey availadigty (
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shelf/shelibreak region, northern regions where long days lead to high primary
productivity during the icdree season) and show characteristics of-Selected

migration (rapid travel between a small number of suitable stopover locations) to
maximize use of this habitat before it is covered by ice. This strategy should be apparent
in behavioural data as longer bouts of flight with fewer stopovers dimangutumn

migration (Alerstam & Lindstrom 1990, Alerstam & Hedenstrom 1998), represented by
greater weekly flight velocities and longer bouts of dry readings on tag sensors. Parakeet
Auklets, which feed on a wider range of prey with more stable annuadlabces, should

be less reliant on foraging hotspots (Bédard 1969, Eualt 1993), and less likely to be

time-selected.
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data for comparison provided by Katherine F. Robbins, whopaldeipated in extensive
brainstorming during data processing and analizasid C. Schneider proposed the

topic for this chapter, and assisted with data analysis and editorial advice during

manuscript preparation.
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CHAPTER 2: EFFECTS OF GEOLOCATION TRACKING DEVICES ON
BEHAVIOUR, REPRODUCTIVE SUCCESS AND RETURN RATE OF AETHIA
AUKLETS: AN EVALUATION OF TAG MASS GUIDELINES
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Abstract

The use of tracking devices (tags) to investigate seabird movements and habitat use has
grown rapidly over théast 30 yearsHowever often tracking data areftenreported

without assessment of the effects of tajgachment of extra mass and bulk risks

altering behavior, and effects likely vary depending on the size, anatomy, and foraging
strategy of differenspecies. A guideline that tags should not exceed 3% body mass is
widely accepted by seabird researchers, but this guideline was developed for albatrosses
and petrels. A review of tracking studies showed that alcids are more likely to be affected
by tags tlan other groupaVe found someevidence of a negative effect of tags on

Parakeet Auklet (Aethia psittaculamean mass 266g, tag €18.% of body mass)
reproductive success, but not return m@tehick growth.Tagged Whiskered Auklet#\(
pygmaeamean nass 1129, tag 1.8% of body mass) showed minor decreases in chick
growth, and a 74% lower adult return rate during 2245, despite no significant

difference from control returns in 202®14. Our study demonstrated negative effects in
alcids of tags welbelow the 3% guideline, confirming that limits for one group should

not be uncritically applietb all seabirds. Mss of tags deployed should be kept to a
minimum, but other factor®(g., wing-loading, flight energetics, foraging strategy) may

be equaly important.To ensure the biological relevance of collected dagestvongly
recommendhatinclusion of tag effect experimentge considered essential in the design

and approval of tracking studies
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Introduction

When designing studies to answer bioladfiecological questions, scientists must keep in
mind that their actions can change the characteristics or behaviors being maasured (
observer effects; Sykes 1978, Wilson and Vandenabeele 2012). There are also ethical
considerationsand any negativeffect @.g.,pain, stress, or mortality) on study subjects
should be considered relative to the value of the data obtained (Vanderslze&l611,

Animal Behaviour 2012). This issue has become increasingly relevant in seabird research
as the use of tcking tags for studies of habitat use and migratory behavior has grown
rapidly in the last 30 years (Vandenabestlal.2011). In particular, the development of
light-weight and inexpensive archival geolocation tags (Delsadrad. 1992, Wakefieldet

al. 2009, Wilson and Vandenabeele 2012) is allowing deployment on smaller species and
at higher sample sizes for more robust analyses. However, extra weight and/or drag of
tracking devices (hereafter referred to as
forage and energetically expensive to travel (Baatoal. 2010, Vandenabeet al.

2012).

Many tracking studies include only a cursory investigation of tag effects, if any
(review by Vandenabeetd al.2011), making it difficult to evaluate the bagjical
relevance of their results. Based on a review of effects on various species of albatrosses
and petrels across 20 studies, Philgpal. (2003) proposed a maximum guideline of
~3% body mass faags,but it is unclear how well their recommendati@pply to other
groups of seabirds that rely more on diving for peg.( Auks/Alcidae and Diving

Petrels/Pelecanoididae). For diving seabirds {fmopelled, or wingpropelled with fet
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extended for use as a rudgemy effect may be magnified by neased drag in the much
denser sea water (relative to air) in which the birds forage. Streamlined wings adapted for
propulsion underwater also lead to greater woegling and more energetically

expensive fligpt (Pennycuick 1975,987), which could make tise species more

susceptible to effects from added mass (Elebttl.2014). Nevertheless, Philligs ald s
(2003) review is commonly cited as a justification for tagging a wide range of species,
often without any attempt to validate this guidelinetfe species in questioa.§.,

McKnight et al.2013, Hennicket al. 2015, Weimerskirclet al.2015). Alternatively,

many studies cite a lack of detrimental effects in previous research on their focal species
or closely related taxa, but do not take intoaunt temporal or geographic differences in
local conditions that can have significant impact on the effects of tags, through changes
in individual condition or parental investment (Pugesek & Diem 1990, Hegjgay

2015). A recent metanalysis of tagféects in shorebird geolocation studies showed
negative effects of devices above 1.5% body mass, and high variation among breeding

sites within species, suggesting that local factors may be important (\&etdc2016).

Aethiaauklets are a group of srhé80-3009), planktivorous seabirds that breed in
large numbers in the Bering Sea and Sea of Okhotsk. Their high breeding site fidelity
(Zubakin and Zubakina 199Ryleet al.2001) makes these species excellent candidates
for the use of archival tags, lattugh they may be less tolerant of extra weight and/or drag
than other species because their wings are adapted for underwatergiunsgiand so

flight is energetically expensive (Pennycuick 1987, Obretht. 1988, Vandenabeekt

al. 2012). Studies f smal |l al cids have shown negative
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(Ackermanet al.2004, Whidderet al.2007, Elliottet al.2010), and previous work on
Crested AukletsA. cristatellg one of the most highly migratory members of the genus)
showed strongffects of a tag weighing 1% of body mass on several aspects of
reproduction and behavior (Robinson and Jones 2014). In this study we investigated the
effect of similar tags on the smallenpre residenthiskered AukletA. pygmaen and

the larger, modately migratory Parakeet AukleA(psittaculd. The objectives of this

study were (1) to measure the effects of tags on adult return rate and condition,
reproductive success and chick growth rates, and (2) to evaluate the commonly accepted
3% guideline fo tag mass in alcid® light of our data and a review of the literatuife

there was a significant impact of tag attachnmnaukletswe predicted reduced return

rates of adults, reduced adult mass, reduced fledging success, and/or slower chick growth.

Methods

Literature Review

We reviewed 82 seabird tagging publications (including 65 tracking studies, and 17 that
focused specifically on tag effects; see Apperddixfor list of publications) for

information about the size of device used relative tsitbe of the study species, how tag
effects were measured/acknowledged, and, if measured, whether negative effects were
found. This review included a broad range of device types and attachment techniques,
and was intended to be a representative (but mopoehensive) sample of this kind of

research.
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Study site

This study was conducted 202015, primarily at Buldir (521 1 6 N5 6 4 in B¢

Aleutian Islands (part of the Alaska Maritime National Wildlife Refuge), where both

species are relatively acsgble due to the lack of native or introduced mammalian

predators. Breeding crevices and burrows used were concentrated within and adjacent to

US Fish & Wildlife Service longerm monitoring plots (see Knudtson and Byrd 1982,

Byrd and Day 1986, Hipfner drByrd 1993). We also tagged Parakeet Auklets at Gareloi

Island (52476 N4748478W). These breeding sites were

the data are included for adult condition and return rate only.

Treatments

All breeding sites found were hapaedly assigned to treatments (see below), depending
on visibility/accessibility of the bird within the crevice and estimated likelihood of
recapture€.g.,crevices with good visibility but possible escape routes were used for

visual monitoring only).

Adult Tagged groupWe tagged one or both members of the pair, returning every

four to five days (when chicks were unattended) to measure chick growth and

monitor nest fate (see below for detailBhis treatment wasirther differentiated

for some anlgses baed on the type of tag (t 2g) and whether one or both

members of the pair were tagged.

High-disturbance Contrajroup: We removed and measured the adult, attached
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an identification band only and recorded chick growth and nest fate, &s in th

Adult Tagged treatment.

Medium-disturbance Contrajroup: An additional control for chick growth

analysis in Parakeet Auklets only. We waited until the chicks were

unattended and removed them for growth measurements; the adult was

never handled.

Low-disturbanceControl goup: Visual monitoring of breeding site onho

capture of adults or chicks.

Device attachment

We attached 19 2g geolocation tags (LAT2900, 16 x 9 x 7mm, Lotek Wireless) on
Parakeet Auklets (total attachment 3g, 1.1% body mass) &&&a) in 2012. In 2013 we
attached 23 1g tadIntigeo C65, 14 x 8 x 6 mm, Migrate Technology)Vhiskered

Auklets (total attachment 2g, 1.8% body mass, mean body mass 112q), 20thg tags
Parakeet Auklets (0.8% body mass), and an additional 19 2tptBgsakeet Auklets.

The 2g tags were unreliable (7/11 initially recovered provided no usable data), so in 2014
we usedlg tags exclusively, deploying 69 on Parakeet Auklets and 25 on Whiskered
Auklets (see Tablg-1 for detailed summary of sample sizés)e tagged adults as soon

as possible after chicks hatched, because auklets are more prone to nest abandonment
during the egg stage (Pi&ttal. 1990, Ackermaret al.2004) and lbeeding failure can

increase the rate of divorce and/or crexgeetching thefollowing year (Pyleet al.
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2001), reducing the likelihood of recaptu@neadult is usually present in the crevie
all timesfor a few days after hatclhllowing more reliable capture for tagginghenwe
missed that window, we returned to the crewat night, when one or more adults are

often still present throughout the breeding season (P&S. obs.).

Birds were removed from the crevice and each given a numbered aluminum band
crimped laterally to prevent slippage over the foot. Tagged adutestiven given a
custommade Darvic coleband above the aluminum band upon which we attached
LAT2900 tags by threading the band and a cable tie through metal loops on the tag.
Intigeo C65 tags were attached to a Darvic band with a two part marine eptixgy fu
secured with a cable tie. For Parakeet Auklets, after a pilot study in 2012 showed that
they were resilient to disturbance and able to tolerate the larger 2g tags, we began tagging
both members of the breeding pair when possible to increase theesaneplDue to
Whi skered Aukletsd smaller size, and a | ac
we taggedonly one member of each pair to reduce the likelihood of significant effects on

the chicks.

To evaluate the effects of the tags on adulidétion, both tagged and control
adults were weighed at the time of capture, and again at retrieval the following year. We
also collected breast feathers for genetic sex determination (Fridolfsson and Ellegren
1999). If a tag was not retrieved one yeaerafteployment, we continued checking that
crevice in future years until the tag was recovered or the study ended. All crevices where
birds had been previously captured were checked and individuals classified as either

returned (the banded/tagged individuas recaptured or observed), or not returned (the
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crevice was vacant, or confirmed to be occupied by new individuals). The fate of some
birds was unclear because the status of one or more members of the pair could not be
confirmed and we classified theselividuals as not returned for the purposes of this

analysis (including unclear returns as a separate category did not change the results). Our
6return rated refers only to the rate of
di d n o tmayhave simpty switched breeding sites and/or matgmssible effect

of the stress caused by carrying a geolocation tag (Jones and Montgomerie 1991, Fraser
et al.2004). However, every effort was made to search nearby crevices, and since most
accessil® crevices within our study areas are monitored, we believe we have maximized

our chances of tag recovery.

Fledging success

To track the success of each nesting pair, we conducted regular crevice monitoring in the
year of tag deployment, following US Fighwildlife Service protocols (Williamet al.

2000). This allowed us to compare our data to their large sample of monitored nests at
Bul di r as andiasdtduirtbiaonncael6 o6cloonwt r ol . Briefl vy,
inspecting crevices with a flashligbvery 45 days, recording the presence of adult, egg,

or chick, and determining the success or failure of each pair based on the age of the chick
when last seen (Williamst al.2000). For tagged and disturbed control sites figh
disturbance and ndeum-disturbance controls), we also removed the chick during regular
crevice checks and measured mass and flattened wing chord. Chicks were measured at
approximately the same time of day, and masses were excluded if the chick had been

recently fed (visuajl evident due to distended throat pouch). We calculated chick growth
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rates (simple slope) for mass and wing during the linear growth phase (Parakeet Auklets:
4-22 days for wing, 1481 days for mass; Hipfner and Byrd 1993; Whiskered Auklets: 7
26 days for wng, 2-22 days for mass; Huntet al.2002) for comparison among

treatments.

Statistical analysis

All analyses were run in R v.3.1.1 (R Core Team 2014). Due to differences in the way the
two species were tagged (different years, islaindatment detai)s we analyzed each

species separately. Some data points were exchugedri from certain analyse&(g.,

two crevices destroyed in an earthquake were excluded from tests of return rates, and late
hatching nests were excluded from tests of fledgingesscit their fate could not be

determined). We used a generalized linear model (reporting deviahaadP-values

from thed distributionn McCullagh and Nelder 198%or binomial response variables

(return rate and fledging success), with treatment, and year as fixed factors, and
interactions between treatment and year. We also included island as a fixed factor for
return raé of Parakeet Auklets, to account for possible differences between the Buldir

and Gareloi colonies. Because sex was known only for manipulated nests, it was included
as a factor in all return rate models, but in the case of fledging success we tested for t
effect of sex (specifically the interaction between treatment and sex) separately using
only individuals of knowrsex, and excluded nests where badtlltswere tagged. We
excluded 2014 Parakeet Auklet breeding sites from fledging success analysseleeau

left Buldir before the fate of the majority of successful nests could be determined. For
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adult condition, we fit a general linear model on the difference between mass at
deployment and mass at retrieval, with treatment, year, island (Parakeet Auakj¢ts

and sex as fixed factors, and the difference in ordinal date between tagging and retrieval
as a covariate to control for seasonal decline in mass (Wiab2016). For chick

growth, we fit a general linear model with treatment (tagged -thistirbancemedium
disturbance), year and sex as fixed factors, and the interaction of both year and sex with
treatment. For Parakeet Auklets, the tagged adult category encompasses multiple
treatments: nesting pairs had either a 1g tag, a 2g tag, or botrensewhkhe pair were
tagged. These three categories were coded separately within the treatment factor for all
initial analyses, with additional plannadpriori comparisons (Sokal and Rohlf 2012) of:

(1) all tagged adultgs.low-disturbance controls (flgghg success only}2) tagged

adults with 1gvs.2g tags (fledging success, chick grow(), breeding crevices with
onevs.both adults tagged (fledging success, chick growth)(4ndll disturbed adults

(adult tagged and higtlisturbance controNs.mediumdisturbance controls (chick

growth only). We also used a generalized linear model (binomial) to compare return rates
of Parakeet Auklets bearing 2g tags with data from a study Crested Auklets using the
same tags (Robinson and Jones 2014). We sepanori significance level oP < 0.05

for all tests and considered effects where 0.0B < 0.1 to be of marginal significance

and worth considering as a potential concern.
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Results

Literature review

Among tracking studiegeviewed(n=65), 52% made atdast minimal measurements of
effects,11% made anecdotal statements that birds did not seem affected Bptagjsed
previous research on their speci&%, cited the 3% guideline (Phillipet al.2003) as
evidence that measuring effects was not necesaad23% made no mention of effects.
Of studieghat measured effects (n=51), 41% reported some negative impact. The
likelihood of detecting effects for tags53 body mass was no higher than tags-8¢d
or <1% body mass (Tabk2). We also found no telency for small (<400g) species to
have more negative effects than large (>1000g) species (Z-@pl&axonomy was the
best predictor of tag effects in these publications. Fewer than 25% of studies on
Procellariiformes or Laridae showed negatiffe@s d tags compared to 64% for

Alcidae (Table2-2).

Auklet tracking study

Overall we retrieved 79% of tags from Parakeet Auklets (deployed in 2012: 68%; 2013:
81%; 2014: 81%; see Talel for details), and 42% of tags from Whiskered Auklets
(2013: 60%; 201426%; Table2-1). Control adult return rates were 70% for Parakeet
Auklets (2012: 67%; 2013: 71%; Talftel) and 76% for Whiskered Auklets (2013:

67%; 2014: 100%; Tabl2-1). One Parakeet Auklet had a leg injury of unknown origin
that caused the tarsusdwell around the bands and bleed when they were removed. The
bird was treated with a clotting agent and released back into the crevice, where it was

observed incubating on subsequent visits. Several Whiskered Auklets showed evidence
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of leg compression.g., slight discol@ation andndentation of the skin around the leg
band) at the upper and lower joints of the tarsus due to the combined length of the

aluminum and Darvic bands. This band crowding did not appear to impair leg function.

Parakeet Aukletstreatment (Adult tagged 1g, Adult tagged 2g, Hagsturbance

control) had no effect on adult return rabe (25=1.25, n=136P=0.90) or condition

(63,=3.03, n=90P=0.22).In a comparison dParakeet Auklets bearing 2g tags (1.1%

body mass) with Cresteduklets given the same tags by Robinson and Jones (2014), we
found that the two species responded differently despite their similar size (significant
interactive effect of Species and Treatmé@ntizs=7.04,P=0.008). Tagged Crested
Aukletshad significany lowerreturn rateshancontrols (tagged 32% (10/3¢3.control
64% (83/129)D1,10=29.9,P<0.001), while Parakeet Auklets did not (tagged 74%
(28/38)vs.control 70% (7/10)D1,46=0.05,P=0.82). There was a significant effect of
year D1,10515.0, n=05,P<0.001), but not treatmenb{ 9=3.52, n=105P=0.47) on
fledging success when all five categories (Adult tagged 1g, Adult tagged 2g, Adult
tagged both, Higldisturbance control, Lowlisturbance control) were considered
separately. Fledging succesasnower in 2013 than 2012 (F&1B). A priori follow-up
tests showed no effect of treatment when comparing all tagged adultsdestavbance
controls P1,9=0.35, n=95P=0.55), when comparing adults tagged with 1g and 2g tags
(D1,30=8.41, n=33P=0.21), or when comparing nest crevices with one or both adults
tagged D1,36=0.23, n=39P=0.63). The finah priori test, comparing tagged adults to

high-disturbance controls showed a marginal interactive effect of treatment and year on

32



fledging succesd)1,45=2.98, n=49P=0.084), so the two years were analyzed separately.
There was no difference between tagged and-tigfurbance control treatments in 2012
(D1,16=0.62, Nn=18P=0.43). However, higldisturbance controls had higher fledging
success than tagd adults in 201341,29=4.6, Nn=31P=0.032; Fig2-1B). When only

birds of known sex were considered, there was a significant reduction in fledging success
in tagged males (higdisturbance control 100%, 1g tag 67%, 2g tag 36%+=8.32,
n=18,P=0.02),but not females (higisturbance control 67%, 19 tag 50%, 2g tag 80%;
D2,21=0.04, n=25P=0.98). There was no significant effect of tagging on the rate that
chicks increased in mass (average differences3d.38g day, F137~=1.20, n=45,

P=0.33; Fig.2-3B) or wing length (average differences 6@08 mm day, F4:=0.34,
P=0.72; Fig.2-3A). Chick growth rates were significantly lower for both measures in
2013 than 2012 (average differences: mass 4.03¢ dayg 0.40 mm day, P<0.002;

Figs.2-3A - B).

Whiskered AukletsThere was a significant interactive effect of treatment and
year on return ratédg s5=7.50, n=64P=0.004), so each year was analyzed separately.
There was no difference in return rate for tagged and control adults deployed in 2013
(65%vVs.67%;D1,3:=0.16, n=35P=0.74), but tagged adults from 2014 had a
dramatically lower return rate the following season (2&8%400%,D1,7=12.9, n=29,
P<0.001). Low recovery rates for Whiskered Auklet tags deployed-2018 may be
partially explaned due to a delayed start to 2015 fieldwork. We arrived late in their
incubation stage, and many crevices were vacant, but with downy feathers present

suggesting that they had been occupied (and perhaps abandoned) before our first checks.
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However, this wuld account for at most half of the missing tags. There was a marginally
significant interactive effec%=368n=64r eat men
P=0.055), so each year was analyzed separately. We found a significant difference in

adult mas in20132014 deployments (tagged adults returned on average 0.75g lighter
than at deployment, cont r%l1.7and22P<0.601)on aver
but not in 20142015 (tagged adults returned on average 10.6g heavier than at

deployment, catnol adults on average 10.3g heavier; n=2).9). Tagging treatment

(adult tagged, higldisturbance control, or lowisturbance control) had no effect on

Whiskered Auklet fledging succed3,(175=1.38, n=179P=0.50; Fig.2-1A). There was

also no effecof treatment (adult tagged or higlsturbance controD155=0.63, n=62,

P=0.43) or interaction between treatment and 8ax%40.81, n=62P=0.37) when only

knownsex individuals were included. Tagging the adult significantly reduced the rate of

mass g in chicks (Fig. 2B; average difference 0.5 g & 35=6.80, n= 41P=0.01),

but had no effect on wing growthi(ks=0.012, n=45P=0.91; Fig.2-2A). Chick growth

was slower (although only marginally significant for wing) in 2013 than 2014,

irrespedive of tagging status (mass: average difference 0.38¢ ay=3.08, n=41,

P=0.02, Fig.2-2B; wing: average difference 0.1 mm day 3=3.53, n=45P=0.07, Fig.

2-2A).

Discussion
Parakeet and Whiskered auklets showed varying tolerance for tah8%&ody mass.
There were minor decreases in chick growth for tagged Whiskered Auklets, suggesting

that an increased burden reduced their ability to provision offspring, but not enough to
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affect chick survivalWe also found significant negative effeots adult condition and
return rates of Whiskered Auklets in some years, but not in ottesstecovery rates for
Whiskered Auklet tags deployed 202815 may be partially due to a delayed start to
2015 fieldwork. However, many of the occupied crevicedaioad at least one new bird,
suggesting high rates of mortality, divorce, or switching of breeding sites (Jones and
Montgomerie 1991, Fraset al.2004, Paredest al. 2005).The particularly harsh winter
in the Bering Sea 2012015may also have beenfactor in the lower return rates.
Whiskered Auklets remain resident in the Aleutiansyeand (Byrd and Williams

1993), and survival has been shown to vary with local winter conditions, with higher
mortality in stormy winters (Jonext al.2007). The buden of tags may have exacerbated
this effect, ifindividualsthat could normally compensate were not able to do so when
already operating near their metabolic limit (Croll and McLaren 16883ta 2007,
Humphreyset al.2007). Our data suggethat the tagsised {otal attachment2g) may

have been too large for Whiskered Auklets to bear without experiencing considerable

stress, and thus the tracking data produced should be interpreted with caution.

Parakeet Auklets, on the other hand, showed very few meggitects of tagging.
In 2013 (a bad year for chick growth and survival overall) fledging success was lower for
tagged birds than higtlisturbance controls, but higher than the large sample of low
disturbance control nests monitored (F2¢LB), and so ta statistical difference may not
be biologically meaningfuMVe also found thatigging of males was more likely to result
in a negative effect on fledging success, suggesting that males may take on a greater

share of the effort when provisioning the chi€kerall, though, Parakeet Auklets
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showed a good tolerance for devices in this size range, with significantly higher return
rates than Crested Auklets provided with the same 2g tags (Robinson and Jones 2014).
Although closely related and similar in sitleey differ in many ways, including the

Par ak e e tlowd wikgloading,and shorter migratio@ones 1993, Jones al.

2001), all of which likely contribute to their greater ability to carry the tags.

A review of seabird tagging studies illustrated lack of consistency in reporting
of tag effects in the litature. Among tracking studie2% made at least minimal
measurements of effectnd of those, 41% reported some negative impact, although the
statistical power of many studies was low dudirhited comparative sample sizes and
thus they were unlikely to detect anything but severe effects. Nevertheless, even a
rudimentary examination of tag effects has value when it comes to interpreting the results
of tracking studies, and researchers aiged to evaluate tag effects as a matter of
standard practice (Vandenabeetal.2012).Lifestyle (as reflected byakonomy was
the best pedictor of tag effects in theublicationsreviewed (alcids were more than twice
as likely to show negative effecdf tags than other taxa; Tablp suggesting that
factors such as foraging style, or flight physiology/energetics may play a greater role than
relative mass when predicting likely tag effects (Baebal.2010, Vandenabeett al.
2012).Although rdative tag mass alone was a poor predictor of tag effects (T&ble 2
studies testingnultiple tag masses on the same species found that negative ditpact
increase with device size.g.,Wilson et al. 1986, Elliottet al.2007, RoperCoudertet

al. 2007), so percent body mass of tags deployed should be kept to a minimum.
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Our study was not designed specifically to measure tag effects, but rather reflects
the kind of data that can be gathered in the course of a larger tracking project, and we
would enourage more researchers to incorporate at least minimal effects monitoring in
all tracking studies. High rates of breeding failure (fewer active breeding sites to work
with) at the colony in some years limited the size of our control samples &aplend
may have reduced our ability to detect more subtle tag effects, but having multiple years
of data helps to make stronger conclusions. We have shown that effects can vary
significantly among closely related species of similar size, and among yearsthathin
same species at the same colony. Given this variation, it is difficult to justify simply

citing previous research when evaluating the potential for tag effects in any new study.

This study and others have demonstrated negative effects on repnoductio
behavior, and return rates in alcids of tags well below the 3% guideline typically cited
(e.g.,Ackermanet al.2004, Paredest al. 2005, Robinson and Jones 2014). These results
suggest that not all species are equally affected by tags, and thaingsideven those
that are wellestablished for one group, should not be universally applied to all seabirds
without validation (Vandenabeed al.2012). Temporal and geographic variation in tag
effects within species(g.,this study, Weiseet al.2016 also highlights the dangers of
relying on previous effects studies, even of the same species. Factors other than tag mass
may be at least as important. Most seabirds routinely carry food loads well in excess of
5% of their body mass (Ackermanal.2004 OrtegaJimenezt al.2011), and it has
often been suggested that aerodynamic and/or hydrodynamic drag may be responsible for

the increased energy costs at the root of many observed effects (@liEHotO86,
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Obrechtet al.1988). Despite this, althobgearly all tagging studies report gear mass,

many fail to include tag dimensions.

Advances in lightveight tracking technology provide researchers with a powerful
new source of data on seabird ecology during thelmeading season. We can test
hypothess about migration behavior, map winter habitat to inform the design of marine
protected areas, or answer other conservation questions. This information is valuable, but
should, whenever possible, be reported alongside an assessment of tagoeffextding
on the duration of researcher presence and the accessibility of the site, many studies
could incorporate a basic assessment of reproductive success and/or adult return rates
relative to control birds with minimal additional effort and disturbahtauding effects
studies in tracking projects would provide a measure of confidence for their

interpretation, and allow us to weigh the value of the resulting data.
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Tables

Table 21. Parakeet and Whiskered Auklet samples sizes for each experimental treatment per year

2012 2013 2014
Parakeet
Auklet 29 tags 13/19 15/19 n/a
1g tags n/a 12/16 (3/4Y 36/47 (1522
High-disturbance
control° 2/3 517 n/a
Medium-disturbance
controf 10 3 n/a
Low-disturbance
controf 19 37 29
Whiskered
Auklet 29 tags n/a n/a n/a
1g tags n/a 12/23 6/25
High-disturbance
controf n/a 10/15 6/6
Medium-disturbance
controf n/a n/a n/a
Low-disturbance
controf n/a 61 56

a-or treatments involving recovery of adults the following year, numbers given as returned/deployed
bSample sizes for Buldir Island, followed by sample sizes for Gareloi Island in parentheses

‘Adults removed and measured, but nggeed. Chicks measured, and reproductive success monitored

dFor Parakeet Auklets only: chicks measured and reproductive success monitored. No handling of adults

&Visual monitoring of reproductive success only
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Table 22. Summary of studies included in rewief tag effects, broken down by taxonomy, size of species studied, and

percent body mass of tag used. Only studies that provided the relevant informagonclugled, so totals maiyffer.

Total umber Number oftracking Number of studies
of studies studies measuring reporting negative

reviewed tag effect$ effect®
Taxonomic groug Procellariiformes 32 11 (42%) 2 (120)
Laridae 8 4 (5®%) 1 (20%)
Alcidae 28 14 (7%%) 16 (640)
Adult body mass <4009 19 11 (73%) 5 (3M)
400-1000g 38 17 (59%) 11 (42%)
>1000g 24 6 (30%) 6 (60%)
Percent body mass «
tag 3-5% body mas: 12 7 (70%) 4 (40%)
1-3% body mas: 43 17 (52%6) 12 (4%%)
<1% body mas: 24 9 (43%) 6 (46%)

2Not including studies focused specifically on tag effects

b Includes traking studies that measured tag effects and studies focused specifically on tag effects
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Figure 21. Fledging success of (A) Whiskered and (B) Parakeet auklets at Buldir Island,
Alaska. Success of breeding crevices where adults were taggecdewolidicagors (black; all tag
types combined) or had only leg bands attached (gray;diggrbance control treatment). Long
term US Fish & Wildlife Service monitoring data (white; low disturbance; Mudge and Pietrzak
2015) included for context. Chicks fromth the tagged and higtisturbance control treatments

were captured and measured repeatedly to determine growth rates.
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A Whiskered Auklet
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Figure 22. Growth rates of Whiskered Auklet chicks in wing length &nd massR)
duringlinear growth phase compared across treats1 Highdisturbance control (gray),
and Adult tagged (black). Sample sizes above bars. Note: we did not include a medium
disturbance control treatment (chick measurements only) for Whiskered Auklets, only

Parakeet Auklets.
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A Parakeet Auklet
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Figure 23. Growth rates dParakeet Auklet chicks in wing lengtA)and massR)
duringlinear growth phase compared across treatments: Mediisiorbance control
(white), Highdisturbance control (gray), and Adult tagged (black). Sample sizes above

bars.
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CHAPTER 3: MIGRATORY TI MING IN COLONIAL SPECIES:
IMPLICATIONS FOR POPULATION REGULATION
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Abstract

Seabirds have a variety of migration strategies, but most derive ultifratelyhe fact
that theirfeeding habitat at sas unsuitable for reproduction. Thpsodu@sa seasona
need to aggregate at breedewonies after which they are free seek oupreferred
foraging habitat. Ashmole postulated that dend#pendent regulation skabird
populations operatex the colonylikely involving decreases in locébod availablity

( AAs hmo | eSiusliesHavé produced indirect data consistent veitisith
dependeneffects on food availabilityolr piscivorous seabirgdbut he impact of
competition at the colony and how that affects migratilmmg is unknown for
planktivores.| comparedhree congeneric alciqsVhiskered AukletsAethia pygmaea
Parakeet AukletsA. psittacula Crested AukletsA. cristatelld to test predictions derived
from Ashmol eaddsmighatop theaory. esedeaxking data for individuals
with known breeding historieg® compardag béween breeding cessation and onset of
migration, andamount of synchrony within species and within breeding pairs. If food
was a limiting factor, individuals should leave as soon as possible once breeding is
completed, and species with higher metabolic demands (Whiskered Auklets) and/or
greater potential impact on prey nuenb due to large population adigt specificity
(Crested Auklets) should be under greater pressure to lefaved that Whiskeral
Aukletsremainecdhear the colony all year, and lag times for the other species were up to
30 days. kiled Crested Auklets stayaéar the colony for weeks, while successful
breeders left within a few days. Parakeet Auklets had long lag times |e=gand nest

fate, more variable departure datesd more variable lag times for both successful and
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failed breeders. Differences between Parakeet and Crested auklets were more consistent
with differences in their migration strategies than with fawdilability. Crestd Auklet
departure timing was consistent with obligate migration, while Parakeet Auklet timing

was consistent with facultative/dispersive migration

Introduction

Migration has evolved in many taxa, usually as a strategy to survive in environments with
a high degree of seasonality in resourd@syle & Conway 2007Dingle & Drake 2007

Shaw & Couzin 2018 Seasonal movementan take many forms, which may usefully

be thought of as falling along a spectrum of migratory behavi@ingle & Drake 2007,
Cagnaci et al.2011). At one end of the spectrum is the traditional view of migration,

with all individuals travelling from the breeding habitabtte or more distincreas
characterized by high winter productivity.g.,Diaset al.2011, Hedcet al.2012,

Stenhouseet al.2012). At the other end is yeaound residence in the breeding area (
Ashmole 1962, Diamond 1975, McKnigéital.2011) There are also intermediate
strategies, such as dispersive migration, with individuals spreading out fromedegre
site in many directions, or simply moving to different habitat in the general vicinity of the

breeding sited.g.,Harriset al.2010, Hatchet al. 2010, Hedcet al.2017).

Migrations can also be classified as obligate (individuals must migrate) or
facultative (individuals O6chooseb6 to migra
also more likely to be extremes on a continuum than a true dichoRenhéld 1975,

Terrill 1990,Newton 2012). Obligate migrations (usually ledigtance, directé

migrations) are characterized by consistency in timing and destirzationg individuals
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(Newton 2012 Departure from the breeding ground is preemptive, occurring before
local conditions deteriorate, while food is still plentiful enough to build sefficiuel
stores for the journeyBerthold 1975Terrill 1990, Newton 2012). Obligate migrations
typically have a strong genetic component, with timing determined by an endogenous
circannual rhythm, which can be adjusted based on externalstigesas phaoiperiod

that forecast future declines in local resour®&srthold 1975Alerstam 1978Terrill

1990. Facultative migrations (usually shalistance and/or dispersive) are more
variable, and are under less rigid genetic control (Newton 2012). Departtiggered
directly by changes in local conditiorsd.,food avalability, temperature, weather
Terrill 1990,Newton 2012), with each bird responding according to their own internal
threshold based on their individual conditiand energetic requiremts (Chapmaret al.

2011, Newton 2012

Seabirds show great variety in migration strategy and the degree of flexibility in
migration behaviours (Alerstast al.2003, Dingle & Drake 2007). The benefit of
migration for these species derives ultimately fitbien fact that their typical feeding
habitat at sea is unsuitable for reproduction, producing a seasonal need to aggregate at
breeding colonies, usually in coastal areas or on remote oceanic (@ahdwle 1971)

Philip Ashmole (elaborating on the poputat regulation research of David Lack; 1954,
1966, 1968) postulated that any densigpendent effects regulating seabird populations
must be operating at the colony, and most likely involve the availability of food,
especially in tropical habitats that dot experience the seasonal increases in productivity

seen at higher latitudes (Ashmole 1971). Specifically, Ashmole (1963) proposed that the
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concentration of individuals with high nutritional needs (increased due to need to produce
eggs, provision offspmg, etc) in a limited area will lead to @earcolony reduction in the
availability of f oetdl198¥7)/Ahérice toadusal deplatiorood , Bi
resources in the vicinity of the colonies, or interference competition from large numbers

of foraging birds leading to decreased accessibility of pfep, the resulting increase in

foraging effort requiredould serve as a proximate cue triggering {bwseding

migration in some species.

Ashmol e considered thamnvdéirisf ihylploehecGAsSh:!
1971), but many have attempted to test it, wittyva degrees of success. To my
knowledge, only one study has shown direct evidence of reduced prey densities (of
sedentary benthic fish) near seabird colonies @ial. 1987). Othe studies have
addressed the question using indirect methedsiess & Birkhead (1984) showed a
negative relationship between colony size and the size of other nearby colonies,
supporting the hypothesis of intraspecific competition near breeding sivdsllivig
studies havalsoshown that it is theoretically possible for piscivorous seabirds to have a
significant impact on the local food suppb.d.,Wiens & Scott 1975, Furness & Cooper
1982). Other studies have shown dendigpendent effects on reprextion (Huntet al.

1986) and population growth rates (Lewtsal.2001), which were attributed to increased
interference competition near the colonies. In recent years the use of tracking tags and
other data recorders has allowed investigation of ttegiing behavior of individuals,
showing that birds from larger colonies travel farther to forage (Aietiey. 2003,

Gastoret al.2013, Oppeet al.2015), and that birds foraging farther from the colony
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bring back better prey, wittoraging distances imeasing over the course of the breeding

seasoriElliot et al.2009).

The studies discussed above focused on piscivorous seabirds. The impact of
competition at the colony is unknown for planktivorous species, especially in rich
temperate areas where thedxling season for most species is expected to be timed to
take maxinmm advantage afeasonal increase productivity (Ashmole 1963,971).
There is some evidence that | arge coloni es
Murrelets are spaced fughapart than small colonies, although most (but not all) of the
spatial bias can be explained by the constraint of island size (Fairae2000).The
lateral distribution of zooplankton, unlike most fish species, is determined mainly by
passive transpg and concentration by features of the local oceanography (currents,
fronts, upwelling etc; Mackaset al. 1985. Calculations have shown that input of prey
into the waters around a colony (advective resupply) matches or exceeds caloricsdemand
based orseabird numbers and size (Bourne 1983, Schnetd#r1992. In fact, the
distribution of large seabird colonies around the world can often be explained by the
proximity of productive currentse(g.,Wilson-Merrill 2005, Sandviket al.2016.
Springeretal.( 1996) reviewed evidence for what th
Belto (see also Piatt & Springer 2003), a
plankton from the productive shelf break area into the northern shelf habitat and the
ChukchiSea, an important foraging area for many seabird speciese{@lR2013,
Kuletz et al.2015 until the expanding padke drives them further soutfthe Bering

Sea remains a productive area yeamd for species that can toleratsh and stormy
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condtions primarily due to an abundance of oceanographic features that serve to
concentrate zooplankton near the surf@mingeret al. 1996, Hunt 1997, Ladelt al.
2005),even during autumn and winter when most zooglamkindertake seasonal
migration togreater depthsQonover 1988, Kobari and Ikeda 199®%/inter seabird
abundances are especially high along the shelf break and in narrow Aleutian passes,
where strong currents and localized upwelling provide reliable concentrations of
accessible zooplanktgSchneider et al 1987, Springsral. 1996,Laddet al. 2005,
Suryanet al.2006). The question remains, if the Bering Sea is such a productive
wintering area, why do seabirds breeding in the area migrate? Birds from the
northernmost colonies must moseuth to avoid the encroaching ice, but most have no
such constraint. Migration movements come with substantial energy Atststdmet

al. 2003, especially for alcids, whose wings are adapted for pealsuitg, making flight
energetically expensive éRnycuick 1987Gaston & Jones 1998, Elliet al.2013.

Therefore, migration shoulohly be favoured if théenefits outweigh those costs.

Aethia auklets breeding in the Aleutian Islands of Ala$kg. 3-1) provide an
excellent system for the studymfi gr ati on in | ight of Ashmol e
small, coldwater seabirds with high metabolic dema@ishnson & West 1975)
creating strong selection pressure to locate and exploit the most abandaaliable
sources of preywith wing shapes ag#ed for pursuidiving, both flight and foraging are
energetically costlyRennycuick 19751987 Elliot et al.2013, making them more
dependent on foraging hotspots with high productiaitg predictable distributions of

prey(Schneideet al. 1986, Wakhet al. 1989. Despite these commonalities, the three
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species studied here differ in several important ways. Differences in size translate into
differences in metabolic requirements (see calculations below). They also differ in
physiology and behaviour. Miskered Auklets are nocturnal (in this part of their range),
and feed in tide rips within 16 km of shore (Byrd & Gibson 1980). They breed at many
small colonies throughout the Aleutians (Bwtdal. 2005), and remain near the islands
yearround Byrd & Williams 1993, NPPSD 20} 5with anecdotal evidence suggesting
that they return to the colony site during the win&tejneger 1885, Murie 1831959,

Dick & Donaldson 1978, Zubakin & Konyukhov 200As the smallest species in this
study, they also shoultave the highest relative food requirements (101% of their body
mass/day, compared to 79% for Crested and Parakeet auklets; Schhalde986, Birt
Friesenet al. 1989).Crested Auklets breed at much higher densities (Byal. 2005),

and are gregawus, engaging in conspicuous social behaviour on the surface of the
colony. They alsdeave (and return to) the colomylarge flocks to forage offshore
(Bédard 1969, Gaston & Jones 1998pmpared to most alcids, their wings are relatively
narrow and seamlined €haracteristic of migratory speciddpnkénnen 1995aspect
ratio8.4 ++ 0.7 SD,Chapter 5Gaston & Jones 199&llowing for faster, more energy
efficient flight (Rayner 1990 Their summer diet is specialized, dominated by
euphausiids and cahoid copepods (Humet al. 1998, Guyet al.2009, Boncet al.2011).
Thelimited data available suggdsiat their winter diet may be more varidkfard

1969, Troy & Bradstreet 1991), but much remains unknown. Preliminary data from
tracking studies suggethat Crested Auklets undertake a kafistance, directed

migration with a high degree of consistency in wintering a{@binson 2015K.F.
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Robbins, unpublished datdarakeet Auklets breed at much lower densities (Biyed.
2005), and are less grarious, flying out to forage singly or in small grou@aéton &
Jones 1998 Although similar in size to Crested Auklets, they have a broader wing
(lower aspect ratio: 7.6 -H).3 SD;Chapter %. Parakeet Auklets also have a more
generalist diet, includig mollusks, gelatinous zooplankton, euphausiids, copepods, and
larval fish Day & Byrd 1989, Harrison 199®untet al. 1998, and preliminary data
suggest more dispersive migratiodiscussed in more detail @hapter %. Differences

in gregariousnedsetween Parakeet and Crested Auklets likely continue intodihe
breeding season. Much lamwinter flock sizes were observed for Crested than Parakeet
auklets during shippased surveys (Crested Auklet average flock siz&/-3232

maximum 10600; Parakd Auklet average 3/- 8, maximum 213NPPSD 2015Gaston

& Jones 1998

To investigate how these species differ in their response to being released from
the constraint of remaining near the colohgombined monitoring of individual
reproductive timingspecifically the date at which the current breeding season was
completed by the death or successful fledging of the offspring) with tracking data
obtained from geolocation tags deployed on those same individuals (to determine the date
of departure fromhe colony).The objectives for this study were to: (Btermine the
timing of migration in relation to the cessation of breeding in threelgloslated alcid
species, (2) ekermine the amount of synchrony in migration within spemneswithin
breedingpairs, and (3)setheselat a t o test predictions der.i

hypotheses and migration theory. If food is an important limiting factor at the colony
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(either due to food depletion, or interference competitiowpuld expect individuals of

all species to leave as soon as possible once released from the need to return to the colony
to incubate/provision their offspringf.individuals leave quickly after breedinigyould

also expect both members of a breeding pair to leave at approximatelyntérea.

Species with the highest metabolic demamnés, (WVhiskered Auklets) should be under

the most pressure to seek out better food sources away from the colony, and species with
a greater potential to impact their food supplg.(Crested Auklets leding at higher

densities with a more specific diet) should benefit more by leaving than generalist feeders
breeding at lower densitiesq., Parakeet Auklets).also predict that, given their more
directed, longdistance migration.F. Robbins unpubthed datg Crested Auklet

departure patterns will be more consistent with obligate migration (greater degree of

synchrony and consistency in timing) than those of the more dispersive Parakeet Auklets.

Methods

Study area

This study was conducted Buldir (Fig. 3-1; estimated population of 30000 Whiskered,
280000 Crested, and 12000 Parakeet auklets, &yt 2005 and Gareloi (Fig3-1;
estimated population of 186000 Crested and 43200 Parakeet aukletst By2005)

islands in the western Aleutiandads, a part of the Alaska Maritime National Wildlife
Refuge. Breeding sites (crevices and burrows) used on Buldir were concentrated at Mai
Talus (Whiskered and Crestegkéets 52°2 2 6 N %5 41\ ®Ebitle Hill (Parakeet

Auklets 52°2 0 6 N ?5 61) &t NorthwestRidge (Whiskered and Parakeekkets

520226 N, °5267g%vith additional sites located along the rocky cliffs of the northern
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shore (see descriptions in Knudtson and Byrd 1982, Hipfner and Byrd 1993efahes
2001). These sites were spreadoas a variety of habitate.(.,rocky talus slopes,
vegetated hillsides) representative of most auklets breeding at Buldir. On Géaglyped
Crested Auklets in senviegetated crevices in a lava flow on the southeast coast
(51°4 5 6 N ?45W), &gl Parkeet Auklets breeding on a grassy hills{@ié°4 6 6 N,

1784 4 6 SMyilar to the Northwest Ridge habitat on Buldir

Device attachment and productivity monitoring

| used a 19 lighbased archival geolocation tag (Intigeo C65, 14 x 8 x 6 mm, Migrate
Technology)for all species (total attachment 2g, 1.B&aly masg$or Whiskered Auklets,
0.8% for Parakeet and Crested aukldtiggged adults as soon as possible after the chick
hatched to minimize the likelihood of nest abandonment (Eiatt 1990, Ackermaret

al. 2004) and maximize tag recoveries the following year.

| removed birds from the crevice by hand, or by using a long, blunt metal hook
placed around the tarsus/tibiayave each adult a numbered aluminum band crimped
laterally to prevent slippage ovitre foot, and a customade Darvic color-band with a
flattened side to whittags were attached with a tpart marine epoxy and secured with
a cable tiel alsocollectedbreast feathers for genetic sex determination (Fridolfsson and
Ellegren 1999) at #thGenomics and Proteomics Facility at Memorial University of
Newfoundland. Preliminary data showed that Parakeet Auklets were resilient to
disturbance and suffered minimal negative effects from tag@hggter 2, so for
Parakeet (and, to a lesser extéhrested) Aukletd, tagged both members of the breeding

pair, when possiblgto investigate the amount of synchrony in migration timing within
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pairs. Due to Whiskered Aukl etsd smaller
tag tolerancel, taggedonly one member of each pair to reduce the risk of significant

effects on the chick.

To track the productivity of each birdgconducted regular crevice monitoring at
Buldir Island following US Fish & Wildlife Service protocols (Williares al. 2000).
Briefly, | visually inspected crevices with a flashlight ever§ 8ays, recording the
presence of adult, egg, or chick, and determined the fledging success of each pair based
on the age of the chick when last seen (Williaahal.2000). | defined thebreading
cessatiordate as the midpoint between the last day the egg/chick was seen alive and the
first day the egg/chick was recorded dead/absent. In the case of eggs that failed to hatch,
considered the breeding attempt abandoned when an adult was eodoesent in the
crevice to incubate during the day. If the chick was still present at our last monitoring
visit, but was old enough to assume successful fledging (using sppeigfic criteria in
Williams et al.2000),1 estimated the fledging date byding the average age at fledging
during the study period (Whiskered Auklets: 39 days, Parakeet Auklets: 32 days, Crested
Auklets: 36 days) to the hatch date. If that estimate was earlier than the last known date
that the chick was presemtised the dagfter the final sighting. Nests were excluded if
the chick was too young at last sighting to assume successful fledging, or if either hatch
or disappearance date could not be determined witdid&ys €.9.,if the interval
between checks was >7 daysjfdrcould not visualize the egg/chick during the
hatching/fledging period). Limited researcher presence meant that nest monitoring was

moresporadic atGareloi Island (especially for Parakeet Auklets, due to the remoteness of
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the breeding sites), so ma@areloi birdsdid not meet the above criteria andre

excluded fronbreeding cessation date analyses

Tracking data processing

| deployed 5 tags for 13 days in June 2014 on a hilltop near the colony as akppen
calibration to determine an appropriatevation angle for this region to use as a

parameter when estimating location from the sunrise/sunset data recorded by the tags
(Lisovskiet al.2012). The resulting elevation angté.g, threshold = 2) was evaluated

for each bird using breeding seastata (birds known to be at/near the colony), and was
found to be acceptable in most cases. For a few individuals this angle resulted in a
distribution of points that did not overlap with the island at all (skewed too far south), and
in these casesshifted the angle until the breeding season data overlapped with the
known location of the birdg.also deployed 5 tags yessund at a known location on

Buldir Island as a control to evaluate the accuracy of the tags. Data from these tags were

processed in theame way as the bilabrne tags.

| used IntiProc (Migrate Technology Ltd) software (based on the GeoLight 2.0 R
package; Lisovski & Hahn 2012) to process the raw light curves provided by the
geolocation tagd.scored each sunrise/sunset event accotditige quality of the light
curve based on the amount of shading evidetiien mapped the individual points.
Obvious outliers that were also associated with a low score due to tag shading were
removed, as were latitudes for points near the equin@®&®st- 18 Oct, 24 Feb- 4 Apr
for Parakeet and Whiskered auklets; 9 Sdpt Oct, 27 Feb 3 Apr for Crested Aukle}s

when day lengths around the planet are too similar for reliable estimates of latitude (Hill

57



& Braun 2001)1 smoothed the data twice (Rips et al.2004), using a 3 day running
average, with fixed origin points at the beginning and end of each track and of equinox
exclusion periods (Hedek al.2012).1 plotted the latitude and longitudeerime for

each individualsee Fig3-2i 3-4 for a representative example from each species) to
determine the date at which they left toonyvicinity, as represented by a clear,
directional movement away from the area. Individuals were excluded if gaps in the
tracking data occurred at the timedafparture€.g.,increased cloudhading due to

stretches of poor weather can result in a large number of erroneous points being filtered

out during processing).

Analysis

To quantify thetime between cessation of breeding and onset of migration (hereafter

0 | algubiracted the Julidreeding cessatiaiate from the departure date¢ested for
differences between species in departure date and lag by fitting general linear models
with factors for species, nest fate (successful fledging of chick, ardaiue to
abandonment or death of offspring), sex of tagged adult, year of tagging and island, and
the interactive effects of species and fatdso performed onsided ttests to determine

if lag was significantly greater than zero. To test how depadaterelatedto breeding
cessatiordate for different speciesperformed an ANCOVA (with interactiveffects of
species anbtireeding cessatiamate).l compared departure dates within breeding pairs
using a paired-test. Models were evaluated usimgidualvs.fit plots and histograms of

residuals to validate the assumption of stralgig regression modelbieeding cessation
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vs departure date) and normal emaodels for computing-palues Results are

presented as mean--standard deviatio(SD), unless otherwise noted.

Results

In 20141 found that adult Parakeet Auklets whose breeding attempt had already failed
could often be found in their breeding crevices at nigtid not do a systematic survey

of this phenomenon, sin¢evasonly lookingfor individuals that had not already been
tagged during our regular daily checks, bdid find six birds in crevices at night-38

daysafter the egg was considered abandoned (no longer incubated during the day). In
three of those cases the egg was &nodr absent. There was also one crevice where both
members of the pair were present together at night 16 days after their chick was found
dead, and one crevice where the adult was found at night despite being inactive that year
(there was never an eggthre crevice). That individual was recaptured the following year

in the same crevice, and so was unlikely to have been breeding elsewhere in the colony.

| obtained 17 yearound tracks for Whiskered Auklets, 64 for Parakeet Auklets
(includes two idividualswith 2 years of data), and 98 for Crested Auklet€l(ides two

individuals with 2years of datasee Table3-1 for detailed breakdown of sample sizes).

Whiskered Auklets remained in the vicinity of the colony all yeay.(Fig. 3-2).
The average distee between recorded Whiskered Auklet locations and the colony site
was212 km (coefficient of variation CV=0.88, n=8049) from the colony (199 km in
latitude, CV=0.95, n=8049; 49 km in longitude, CV=0.99, n=80d®jch was greater

than the average errar calculated locations for stationary calibration tags deployed
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yearround at a known location on Buldir Island (148, CV=0.96, n=221) but within

the margin of error for similar tags when deployed on birds-489km reported in

other studies; Phillipet al.2004, Shaffeet al.2005). Because there were no departure
dates for Whiskered Aukletsproceeded with the rest of the analysis using Parakeet and

Crested auklet data only.

Departure date depended on species#f4.67, p=0.03; Fig3-5), andnest fate
(F1,75=39.75, p<0.001Fig. 35). Average date of departure was almost identical in both
species (Julian date 2P3.6,August 34), but there was higheariance(Fs3,7=2.51,
p<0.00% Fig. 35) for Parakeet Auklets (215.7-+10.4 days) than Cséed Auklets (214.8
+/- 6.6 days). In both species, failed breeders (207.8.8/days) left earlier than
successful breeders (218.0 /0 days), with an average difference of 15.0 days for
Parakeet Auklets, and 11.3 days for Crested Auklets. Depadteelepended on
breeding cessatiothate (F,7=79.75, p<0.001; R0.53; Fig. 36), but there was
considerablemead above the 1:1 line (Fig&), depicting delayed departure, and the
relationship was tighter for indiduals with later breeding cessatidaites (mostly
successful nesters) than for early failures. The 95% confidence limits (CL) for the overall
slope of the regression oéparture date on breeding cessatlate (0.53%ays/day after
breeding cessatioiCL 0.390.79) exclude a 1:1 relationghiindicating reduction in lag
time later in the season. When the two species were analyzed separately, the 95%
confidence limits for the slope exclutla 1:1 relationship for Crested Auklets (slope 0.59
days/day aftebreedingcessationCL 0.430.75; R=0.55), but nofor Parakeet Auklets

(slope 0.72 days/day aftereedingcessationCL 0.431.01; R=0.50).1 obtained
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simultaneous tracking data for 20 Parakeet Auklet breeding pairs, and 3 Crested Auklet
pairs. There was no significant difference in dapardates between members of the

same breeding pair (average difference 4-3 days, range-03 days; pairedtest;
t2=0.39, p=0.70; Fig3-7). Removing the 3 Crested Auklet pairs from the analysis did

not change the results (average differencet4.3.1 days; #=0.07, p=0.94).

Onesided ttests showed that lag for both species was greater than 0 days (range:
-3-30 days; #:=10.00, p=0<0.001).ag differed significantly depending opecies
(F1,6=900.09, p<0.001Fig. 38) and nest fate (fss=549.59, p<0.001Fig. 3-8). Failed
breeders of both species stayed on average 14 days after breeding cessation (Parakeet
Auklets: 14.0 +/8.7 days; Crested Auklets: 14.1 8/8 days Fig. 38). Successful
Parakeet Auklet breeders stayed 2.7 times lorgar successful Crested Auklets
(Parakeet Auklets: 11.2 5.0 days; Crested Auklets: 4.2 2/8 daysFig. 3-8), andhad
higher varianc€Fs 3e=3.07, p=0.04Fig. 3-8). Failed Crested Auklet breeders Hagher
variancein lag than successful Crested Aeik (Fs37=9.81, p<0.00.lFig. 3-8), butthat

was not the cader Parakeet Auklets (b5=3.06, p=0.22Fig. 8.

Discussion

| predicted that if food was an important limiting factor at these auklet colonies (due to
food depletion or interference compietn), individuals should leave as soon as possible
onceno longer tied to the colony by their offspringy data did not support this

prediction. Whiskered Auklets (which, with the highest metabolic demands, should have
been under the most pressure tdksmé the best food sources) did not migrate at all.

Instead, they remained resident at or near the colony all wihseugsed in more detail
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in Chapter 3§ The migratory Parakeet and Crested auklets did not leave as soon as
breeding was completed. Fallereeders of both species left earlier than successful
breeders, but still had long lag times (up to 30 days, overall average 9 days) after
cessation of breedin@oth members of a breeding pair left at approximately the same
time (at least for Parakeeuklets; with only three Crested Auklet pairdo not have
enough data to make a strong conclusion for that species). Howsxeer most
individuals did not leave quickly after breedinigs possiblethat this synchrony within
pairs is the result of ildduals with similar breeding experiences requiring a similar

amount oftime to prepare for migration

My results are consistent widxisting preliminary data placirthese three closely
related species at different points on the spectrum of migragioanvour, ranging from
yearround residence in the Whiskered Auklet, to facultative/dispersive migration in the
Parakeet Auklet, to obligate/directed migration in the Crested Auklet. Winter resitence
the breeding site is uncommonseabirdsBridge 20®), butit could be energetically
favorable to remain near the colony if sufficient prey is available to sustain the population
over winter. Whiskered Auklets specialize in feeding at local tide rips close to the island
(Byrd & Gibson 1980, Herter 1991, By & Williams 1993), which operate yeasund to
provide an accessible source of food near the suffémlen & Burger 2002, Ladet al.

2005. The limited data available on wartdiet in this species suggésat Whiskered
Auklets in the western Bering &€Bering Island) switch from the copepods preferred
during the breeding seasdddy & Byrd 1989 to eating mainly gammarid amphipods

(Stejneger 1885), whictio not provide enough nutritional content to successfullg rais
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chicks (Bédard 1969), butay be sfficient during the notbreeding season when

energetic demands are reduced. In the eastern Aleutian Islands (Unimak Pass),
euphausiids dominate winter diet (Troy & Bradstreet 1991). Whiskered Auklets breed at
low densities, so the local resources avadaybund Buldir Island in winter may be able

to support the small population of Whiskered Auklets (~30000) even if they would not be
sufficient to feed hundreds of thousands of Crested Auklets. There are also data to
suggest that Whiskered Auklets are dbléurther reduce their energetic requirements
during the winter by roosting on land and avoiding the metabolic costs of resting in cold
water at night (se€hapter 4. It is unknown if Whiskered Auklets at other colonies

exhibit the same residence belwawi although it seems likely fonostcolonies(e.g.,

Aleutian and Kuril islands) that are not surrounded by pack ice in winter (Gaston & Jones

1998)

Parakeet and Crested auklets differed in the timing of their departure from the colony
(Figs. 35, 3-8). Failed Crested Auklets (earlier breeding cessation dates) stayed at/or
near the colony for weeks, while successful breeders generally left within a few days and
showed less variation than failed breed€&ig. 3-8). Parakeet Auklets, on the other hand,
had long lag times regardless of nest fated showed less evidence than Crested Auklets
of a decrease in lag over the course of the season (Fig&8. They also had more
variable departure dates and more variable lag times for both successfuleahd fai
breedergFigs. 35, 3-8). These results are consistent watmore highly synchronized
departure in Crested Auklets, characteristic of obligate migration, in which migration

movements are premptive of seasonal changes in local conditions (Dingla&k®
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2007, Newton 2012). The tighter distribution of departure dates over time {&ig. 3
Alerstam 1978 suggestshat there is an optimal window of departure late in the breeding
season. Preliminary data showed that most Crested Auklets from thesesoladean
initial trip north to thenorthern Bering and/or Chukcheas, feeding there until the
advancement of the ice pushed them south to their secondary winterinB@oees¢n
2015,K.F. Robbins unpublisheddata The & mi gr at i o ndepartured owod i
patterns could be produced if departure dates are under selection to maximize
exploitation of this productiveeasonahabitat diring the limited time availableCrested
Auklets are also highly gregarious, and when departing the colony forfalabing trips
they wait until a large number of individuals are ready, and fly out to sea in large flocks
(Jones 1993They are observed wintering at sea in similarly large grolgums/ (&

Bradstreet 1991, NPPSD 20Q14and it is likely that they undertakieeir migration

departure in the same w@y. Jones, pers. commlIndividuals failing early in the season
may linger at the colony building energy reserves for the flight and waiting for a
sufficient number of birds ready to depart, while successfutleredinishing late in the
season are more synchronized and have | ess
wi n d o w oA ginlilay gattesn.was found in spring songbird migrations where later
birds were more synchronous than early ones during the sprgrgtion (when there are
competitive advantages to early arrival at the breeding grounds; ldaght991), and

in autumn migrations where early migrants will wait at stopover sites for a window of
good weather, while later birds will continue througjtbat severe weather (Alerstast

al. 1978).
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The lower synchrony in Parakeet Auklets is consistent with a more
facultative/dispersive migratiotNeéwton 2012, with little evidence of a strong internal
clock regulating departure times, or pressure fopalrdeparture from the colony.
Although some individuals undertook the same initial northward migration to the ice
edge as Crested Auklets (Kuletizal.2015,Chapter %, the majoritydid not and instead
moved shorter distances to a variety of destinatigithin the Bering Sea, with some
returning to the vicinity of the colony periodically throughout the win®rapter .
Parakeet Auklets not only remaineeéar the islantbng after breeding failure, some
returned to their breeding crevices at nigliteie may be a territorial advantage to this
behaviour if it allows them to defend the site from potential competiogs gubadults
that spend the breeding season prospecting for future breeding ati€okiis et al.

2004). Remaining at the colony majso serve a social function. Parakeet Auklets do not
engage in the same conspicuous social displays as Crested Auklets, but they are active on
the surface of the colony and in the breeding crevices at night dpdneiie morning

(CRS persobs). The appear to béhe periodswhen the majority of pairswitch

incubation Kifts; | often found both members of the pair vocalizing together in the

crevice at night. Alternatively, they may simply return to the crevice at night for shelter

and to avoid the etabolic costs associated with resting in cold water until they

eventually leave the vicinity of the colony (see discussion of similar behaviour in

Whiskered AukletsChapter 4.

Geolocation tags have low precision (range of errord@®km when deployeon

birds; Phillipset al.2004, Shaffeet al.2005) relative to other types of tracking tags
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(Wakefieldet al.2009). This limits myability to detect smalécale movements, and
prevents méom making a more detailed analysis of posteding behaviounithese
species. However, the largeale directed movements away from the colony (migration
departure) of interest for this study are clearly apparent in the data. Studies of tagged
birds also involve the assumption (explicit or implied) that the behameasured in
tagged birds is representative of the beha
validate this assumptiomy collaborators andgderformed an experimental evaluation of
tag effects alongside this studyh@apter2, Schacter & Jones 20, K.F. Robbins

unpublished dajaWe found little or no effect of 1g tags on Parakeet and Crested
auklets, but there were significant reductions in chick growth and adult return rate for
Whiskered Auklets, and so those results must be interpreted witbrcaHowever, the

lack of migration observed in Whiskered Auklets was consistent with previous anecdotal
evidence and shipased surveydMurie 1936, Zubakin & Konyukhov 2001, NPPSD

2015, sol believe thamy conclusions for Whiskered Auklets are walpported (see

more detailed discussion of Whiskered Auklet wintering behaviGhapterd).

| found noevidencethat competition for food at the colony (direct or indirect) was an
important factorfor these planktivorous seabirds. Early failed breeadtoefore later
breeders, but not as soon as possible. Some lag is to be expected while the birds feed and
build up treir condition before migratigrand does not necessarily rule out food depletion
or interference competition near the colony. Howevezaify failed breeders were
remaining to build up reservdswould expect late failed breeders to do the same

would also expect late finishers to require more time to recover their condition than early
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finishers, not less, having invested more time emergy in the reproductive attempty

results were inconsistent with this interpretation for aukletsontrast, a tracking study

of Black-browed Albatrosses showed that birds that failed early in the season departed

for their winter feeding grounds the Benguela upwelling zone months before late

failures and successful birds (Phillipsal. 2005), suggesting that prey depletion may

have been a factor at that colony, or at least that there was a large advantage in relocating
to the highly productivevintering area as so@s possible. In the case of tngklet

colonies, it is more likely that the local current systems are providing a reliable influx of
planktonic prey (advective resuppBourne 1983, Schneidet al. 1992. More studies

of this natue will be needed to determine if there are consistent differences among

planktivorous and piscivorous species.

Given myresults, it is unlikely that reduced food availability acts as a proximate
trigger of migration in this system. As facultative/dispezswigrants, Parakeet Auklets
should be more responsive to local cues,nore likely to leave due to declining food
availability; Newton 2012 than Crested Aukts, not less as suggested by daya.l
speculate that migration timing in these species@® to do with conditions at the
wintering area than those at the breeding site. Crested Auklets, with their large flock sizes
and high diet specificity should be under stronger selection pressure to seek out and
exploit the most abundant and reliablemes of food, in this caske productive
Chukchi SeaThe more generalist, less gregarious Parakeet Auklets can afford to be more

flexible in the timing (and destination) of their migration, following no-gpe¢ermined
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route and making individual decisis based on their current condition and changes in the

local environment.

The different migration strategies employed by these species also suggest different
conservation concerns. The ygaund residence of Whiskered Auklets at the breeding
site has akady made them more vulnerable to introduced mammalian predators
(Williams et al.2003). The flexible, generalist strategy of Parakeet Auklets likely makes
them more adaptable to environmental changes than Crested Auklets |egsdiexible
migration scledule,combined with their reliance arorthernhabitat could make them
vulnerable to climatic changes affecting the timing and/or extent of the Arctic ice pack.
However, annual variation in the number of Crested Auklets observed in the Chukchi Sea
(Gall et al. 2013) suggests that there may be more flexibility in later stages of the
migration than in the initial departure from the colony. This system provides an
interesting opportunity to study three closely related species on different parts of the
migration spectrum. Future work will focus on confirming our classification of these
species using other aspects of the migration journey, such as duration, use of stopovers,

characteristics of winter habitatic (Chapter .

Acknowledgments

Financial support as provided the Natural Sciences and Engineerirgs&arch
Council of Canada (Discovery Grant to lan L. Jone®)RB research grants to ILJ
(Project #1212) and CRS (Graduate Student Research AvlaedNorthern Scientific
Training Program, and the Pragn for Northern Mobility My research was conducted

under US federal Master Banding Permit #22181 held by ILJ, and in compliance with the

68



animal care regulations of Memaorial University of Newfoundland, IACC (protocals 12
01-I1LJ to 1501-ILJ). | would liketo thank C. Stephenson, M. Webb, E. Gruber, E.
Slattery, H. Major, C. Walils, L. Smith, K. Gibhk, Donaldsonand the staff of the

Alaska Maritime National Wildlife Refuge (especially J. C. Williams, L. Spitler, the crew
of the R/V Tiglax, and numerousdbogists and field technicians) for logistical support
and assistance in the field. Thanks also to A. Bath for many heljgfgéstiongluring

the preparation of this manuscriphd to J. Fox for advice about geolocator deployment

and analysis

69



Tables

Table 3-1. Number of tags recoveréir each species, island, year) amanber of birds for which each type of data could be

determined.
Tags Departure End.’Of' .Pairs with
_ recovered date breeding and simultaneous
Species Island  Year departure date: data
Whiskered Buldir 2013 12 n/a n/a n/a
Auklets
2014 5 n/a n/a n/a
Total 17 n/a n/a n/a
Parakeet g 14 2013 11 11 10 1
Auklets
2014 35 35 16 12
Gareloi 2013 3 3 0 1
2014 15 15 0 6
Total 64 64 26 20
Crested Auklets Buldir 2013 25 21 18 0
2014 31 26 16 0
Gareloi 2013 21 11 11 0
2014 21 15 3 3
Total 98 73 48 3
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Figure 31. Location of colonies used in this tracking study (st&eding adultsvere
taggedon Buldir (Crested, Parakeet and Whiskered auklets) and GéCeésited and

Parakeet auklets) Islands in 2013 and 2014.
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Figure3-2. Example plot of latitude and longitude (on a%3&tale) over time for
one Whiskered Auklet (E828). Horizontal lines showdbenylocation. Dahed vertical
lines showbreedingcesstiondate.l wasunable to assign departure dates for this species
because they remain at/near the colony-yeand. Note increased error in latitude

around the edges of the equinox gaps.
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Figure3-3. Example plot of latitude and longitude (on a%3&tale) over time for
one Parakeet Auklet (L469). Horizontal lines represent the cddmayion Dashed
vertical lines shovbreedingcessatiordate, and solid vertical lines the estimated

departure date. Lag for this individual: 30 days.
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Figure3-4. Example plot of latitude and longitude (on a 366ale) over time for
one Crested Auklet (L812). Horizontal lines represent the cdtmation Dashed
vertical lines shovibreedingcessatiordate, and solid vertical lines the estimated

departure date. La@ff this individual: 9 days.
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