
 

 

MIGRATION DYNAMICS : TESTING ECOLOGICAL THEORY WITH 

TRACKING DATA FOR  AETHIA  AUKLETS IN THE NORTH PACIFIC  

 

by  

 

© Carley Schacter 

 

A thesis submitted to the School of Graduate Studies in partial fulfillment of the 

requirements for the degree of  

 

Doctor of Philosophy 

 

Department of Biology 

Memorial University of Newfoundland 

 

Submitted May 2017 

 

St. Johnôs, Newfoundland & Labrador 

 

 

  



ii 
 

Abstract: 

Tracking technology has profoundly changed the study of spatial dynamics in marine 

vertebrates, enabling a large-scale focal-animal approach. This thesis shows that tracking 

data can be used, not only to characterize the annual migration cycle, but also to address 

ecological theory. I used geolocation tags (1g, 0.8-1.8% body mass) to investigate 

migration in a group of closely related seabirds. I found little evidence of negative effects 

of tags on Parakeet Auklets (Aethia psittacula), but tagged Whiskered Auklets (A. 

pygmaea) showed decreased chick growth, and reduced adult return rate. I combined 

tracking data with nest monitoring to test Ashmoleôs hypothesis that seabird populations 

are regulated by decreases in local food availability during the breeding season. If food 

was limiting, individuals should leave soon after breeding is completed. I found no 

evidence to support resource depletion in planktivorous auklets. Whiskered Auklets 

remained near the colony all year, and lag times for Parakeet and Crested (A. cristatella) 

auklets were up to 30 days. Interspecific differences were more consistent with 

differences in migration strategy than food availability. I also synthesized several aspects 

of migratory theory into a migratory continuum on which I placed my three species 

(using a priori knowledge about distribution, and behaviour) to develop and test 

predictions about 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 distances than Parakeet Auklets, and greater consistency in most measures of 

winter habitat use. Whiskered Auklet residence is likely enabled by their less seasonal 
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food supply, and night roosting to reduce metabolic costs. Crested Aukletsô foraging style 

makes them 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  
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Migration has evolved in many taxa, usually as a strategy to survive in environments with 

a high degree of seasonality in resources (Boyle & Conway 2007, Dingle & Drake 2007, 

Shaw & Couzin 2013). It 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 wintering grounds 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 

ósnapshotsô of high spatial and temporal resolution, but limited coverage, while providing 

limited or no information about migration dynamics of individual organisms. Over the 

last 30 years, the development of increasingly lightweight and inexpensive tracking 

technology has allowed unprecedented direct investigation of migration (Wakefield et al. 

2009, McKinnon et al. 2013) in a Lagrangian frame of reference (following individuals 

or groups of individuals through a moving fluid; Schneider 1991). This individual-

focused approach (Lande & Lewis 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 (Phillips et al. 2004, Wakefield et 

al. 2009). Despite the proliferation of tracking studies in recent years, most remain 

descriptive in nature (Bauer et al. 2009, McKinnon et al. 2013), seeking to map key 

wintering areas and stopover habitat. However, tracking data also have the potential to 

establish qualitative (Dingle & Drake 2007) and quantitative (Alerstam & Hedenstöm 

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



3 
 

availability of Eulerian data along the migration route (Bairlein 2003, Bauer et al. 2009, 

McKinnon et al. 2013).  

 Seasonal movements can take many forms, which may be usefully thought of as 

falling along a continuum of migratory behaviours (Dingle & Drake 2007, Cagnacci et al. 

2011). At one end of the migratory continuum is the traditional view of migration, with 

all individuals travelling long distances from the breeding habitat to one or more distinct 

areas characterized by high winter productivity (e.g.,, Weng et al. 2008, Hedd et al. 2012, 

Lemke et al. 2013). At the other end is year-round residence in the breeding area (e.g.,, 

Ashmole 1962, Diamond 1975, McKnight et al. 2011). Dispersive migration is an 

intermediate strategy, with individuals spreading out from the breeding site in many 

directions, or simply moving to different habitat in the general vicinity of the breeding 

site (e.g., Harris et al. 2010, Hatch et al. 2010, Hedd et al. 2011). Migrations can also be 

classified as obligate (individuals must migrate) or facultative (individuals óchooseô to 

migrate based on local conditions), although these are also more likely to be extremes on 

a continuum than a true dichotomy (Berthold 1975, Terrill 1990, Newton 2012). Obligate 

migrations (usually long-distance, directed migrations) are characterized by consistency 

in timing and destination among individuals (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 journey (Berthold 1975, Terrill 

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 external cues (such as photoperiod) that forecast future declines in local 
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resources (Berthold 1975, Alerstam 1978, Terrill 1990). Facultative migrations (usually 

short-distance 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, temperature, weather, etc.; Terrill 1990, Newton 2012), with each 

bird responding according to an internal threshold based on their individual condition, 

energetic requirements, etc. (Chapman et al. 2011, Newton 2012). 

 Attempts at a quantitative framework for the 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 & Hedenström 1998, Hedenström 2008, Alerstam 

2011) assumes that selection is operating on the individual to minimize time spent 

travelling, net energy expenditure, or mortality risk (Alerstam 2006, Gudmundsson et al. 

1991, Schmaljohann et al. 2009). These models have been used to evaluate many 

different aspects of migratory behaviour, including migration routes, timing of departure 

and arrival, and phenotypic flexibility (Alerstam 2001, 2011, Newton 2006, Shaw & 

Couzin 2013). Much work has focused on the energetics of food intake during the 

migration journey and how this affects stopover use (e.g.,, Lindström 1991, 

Gudmundsson et al. 1991). Energy-selected migrants are expected to make frequent 

stops, carrying a lower fuel load to minimize the energy-cost of carrying extra weight 

(Alerstam & Lindström 1990). Time-selected 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 & Lindström 1990). Optimal migration theory can be 
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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 loss (Weber et al 1999, Bauer et al. 2009). 

However, many factors can lead to actual or apparent sub-optimality in migration 

behaviour, including compromise between different optimization factors to maximize 

overall fitness (Southwood 1977, Dingle 2006, Newton 2007), and phylogenetic 

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 routes (e.g.,, Åkesson & Hedenström 2000, 

Thorup et al. 2003, González-Solis et al. 2009), although some recent studies have taken 

a broader approach, looking at migration routes, timing, and stopover use (e.g.,, 

Schmaljohann et al. 2012). 

 Kölzsch & Blasius (2008) proposed a framework, based on statistical mechanics 

(advection-diffusion models; Okubo 1980), to describe avian migration dynamics. This 

Lagrangian approach, under the name of individual-based modeling, has a history of 

application in biological oceanography, most notably with passively drifting organisms 

(Lande & Lewis 1989). Kölzsch & 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 regression of root 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 tracks. Periodic ballistic or 
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directionally biased super-diffusive movement, interspersed with relatively stationary 

interludes at wintering areas or stopover sites (Kölszch & Blasius 2008), corresponds to 

the classical view of long-distance, directed migration, while diffusive/sub-diffusive 

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 point of origin (if returning to a fixed 

winter territory or roosting site).  

 In addition to the direct study of migration, tracking data also have the potential to 

address related ecological questions, such as population regulation. The study of 

population regulation began with theoretical/speculative work by David Lack (1954, 

1966, 1968), focusing on evidence available at the time from studies of migrating birds. 

He concluded that most populations are stable, tending to fluctuate within very restricted 

limits, and that this stability could only be produced by density-dependent factors (Lack 

1954). When, in the annual cycle, this regulation occurs is less clear. Lack hypothesized 

that bird populations were most likely limited by food availability in winter, although this 

was based mainly on 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, 1971) 

elaborated on Lackôs work, focusing on the case of seabirds. He argued that seabird 

demography is driven by their colonial breeding strategy. During the breeding season 

they are constrained to forage within a certain distance of the colony by the need to return 

to incubate and/or provision their offspring. Once released from these constraints, they 
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are free to seek better foraging elsewhere, or to remain near their feedings grounds full-

time (Ashmole 1963, Mackley et al. 2010). Therefore, Ashmole (1971) postulated that 

any density-dependent effects regulating seabird populations must be operating at the 

colony, mediated by density-dependent changes in food availability, especially in tropical 

habitats that do not experience the seasonal increases in productivity seen at higher 

latitudes. Specifically, Ashmole (1963) proposed that the concentration of individuals 

with high nutritional needs (increased due to need to produce eggs, provision offspring, 

etc.) in a limited area will lead to a decrease in the local availability of food (ñAshmoleôs 

Haloò, Birt et al. 1987), either due to depletion of resources in the vicinity of the 

colonies, or interference competition from large numbers of foraging birds resulting in 

decreased accessibility of prey (Ashmole 1963, Furness & Birkhead 1984, Birt et al. 

1987). However, to my knowledge, only one study has directly demonstrated food 

depletion (of sedentary benthic fish) around a seabird colony (Birt et al. 1987). A number 

of studies have compared large and small colonies, and found results consistent with 

density-dependent population regulation at the colony (e.g.,, Furness & Birkhead 1984, 

Hunt et al. 1986, Lewis et al. 2001), but it is not clear whether such effects are due to 

resource depletion, interference competition, or some other factor. Modelling studies 

have shown that the food demands of piscivorous seabirds can amount to a substantial 

fraction of the standing stock of prey around a colony (e.g.,, Wiens & Scott 1975, Furness 

& Cooper 1982). However, these publications 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, Schneider et al. 1992). 
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Advective resupply is likely an important factor in most systems, especially for 

planktivorous species (Springer et al. 1989, Springer et al. 1996, Piatt & Springer 2003). 

Tracking data can add to our understanding of population regulation, by allowing for 

more direct measurement of individual foraging effort during the breeding season (e.g.,, 

Elliott et al. 2009, Gaston et al. 2013, Oppel et al. 2015) and post-breeding behaviour 

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

Migration in seabirds has evolved to maximize the year-round 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 the fact that 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 islands with few predators 

(Ashmole 1971). Once breeding is completed, seabirds (like other marine predators) 

converge on oceanic óhotspotsô, where a combination of winds, water currents, and 

changes in bottom topography serve to concentrate nutrients and enhance both primary 

productivity and aggregations of prey near the surface (reviewed in 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 Islands. Winter seabird 

abundances are especially high in Aleutian passes, and along the shelf break, where 

strong currents and localized upwelling provide reliable concentrations of accessible 

zooplankton (Schneider et al 1987, Springer et al. 1996, Hunt 1997, Ladd et al. 2005, 

Suryan et al. 2006). Diving seabirds are more likely to be dependent on these productive 
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hotspots (Wahl et al. 1989) than surface feeders, because they expend more energy in 

transit between foraging locations, and during foraging itself (Ainley et al. 1984). This is 

likely due to morphological adaptations for diving (especially in wing-propelled divers), 

which result in less efficient flight (Pennycuick 1987, Thaxter et al. 2010, Elliott et al. 

2013) and therefore higher energy requirements. Soaring surface feeders spend less 

energy on flight and can afford to roam widely, feeding on less spatially predictable prey 

(Schneider et al. 1986, Sato et 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 data about winter 

distributions at the species level, but provide no information about the colony-of-origin of 

sighted birds, or the migration dynamics of individual birds. Ship-based surveys also tend 

to have large gaps in spatio-temporal coverage due to the expense of ship time and a 

reduction of survey effort in winter. Over the last 30 years, the use of tracking devices 

(tags) has grown rapidly, allowing the tracking of known individuals over time 

(Lagrangian approach) and study of their habitat use and migratory behavior 

(Vandenabeele et al. 2011). In particular, the ongoing development of light-weight and 

inexpensive archival geolocation tags (DeLong et al. 1992, Wakefield et 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 tags may 

make it more difficult for birds to forage and make it more energetically expensive to 

travel (Barron et al. 2010, Vandenabeele et al. 2012). Therefore, it is important to 
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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.  

Aethia auklets breeding in the Aleutian Islands of Alaska provide an excellent 

system for a comparative study of migration. They are small, pursuit-diving 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 our study sites on Buldir and Gareloi 

islands), and while their breeding-season biology has been well-studied (e.g.,, Knudtson 

& Byrd 1982, Hipfner & Byrd 1993, Hunter et al. 2002), very little is known about their 

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 comparative analysis. 

Whiskered Auklets are nocturnal (in the Aleutian and Commander islands), and feed in 

tide rips within 16 km of shore (Byrd & Gibson 1980). They breed at many small 

colonies throughout the Aleutians (Byrd et al. 2005), and remain near the islands year-

round (Byrd & Williams 1993, NPPSD 2015). Crested Auklets breed at much higher 

densities and forage in large flocks offshore (Bédard 1969, Gaston & Jones 1998, Byrd et 

al. 2005), where they feed on a specialized diet dominated by euphausiids and calanoid 

copepods (Hunt et al. 1998, Guy et al. 2009, Bond et al. 2011b). Parakeet Auklets breed 

at lower densities (Byrd et 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, Hunt et al. 1998). 

The aim of this thesis is to take advantage of recent developments in lightweight 

tracking technology (geolocation tags; DeLong et al. 1992, Wakefield et al. 2009, Wilson 

& Vandenabeele 2012) to investigate the full annual cycle of migration, using a group of 

closely related seabirds (Aethia auklets) as a model system. I experimentally evaluate 

potential negative effects of the tracking tags on my study species (Chapter 2; Schacter & 

Jones 2017) in order to validate the interpretation of the resulting tracking data. I 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. Robbins (unpublished data) to test predictions derived from 

theories of population regulation in migrant species (Chapter 2), and migration dynamics 

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

In Chapter 2 I highlight what I believe to be a general weakness in the field of 

tracking research.  When designing studies to answer biological/ecological questions, 

scientists must keep in mind that their actions can change the characteristics or behaviors 

being measured (i.e., observer effects; Sykes 1978, Wilson and Vandenabeele 2012). 

There are also ethical considerations, and any negative effect (e.g., pain, stress, or 

mortality) on study subjects should be considered relative to the value of the data 

obtained (Vandenabeele et al. 2011, Animal Behaviour 2012). Many tracking studies 

include only a cursory investigation of tag effects, if any (reviewed by Vandenabeele et 

al. 2011), making it difficult to evaluate the biological relevance of their results. A 
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general guideline, developed for albatrosses and petrels, proposes that tags should be Ò 

3% body mass to avoid negative effects (Phillips et al. 2003). This guideline has since 

been broadly 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 pursuit-diving and so flight is energetically expensive 

(Pennycuick 1987, Obrecht et al. 1988, Vandenabeele et al. 2012). Studies of small alcids 

have shown negative effects of tags Ò 3% body mass (Ackerman et al. 2004, Whidden et 

al. 2007, Elliott et al. 2010), and previous work on Crested Auklets (one of the most 

highly migratory members of the genus) showed strong effects of a tag weighing 1% 

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, and then factor in that 

information when interpreting all results. I 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 untagged control birds (Crested Auklet 

data are presented in detail elsewhere: Robinson & Jones 2014, KF Robbins unpublished 

data). I also reviewed the literature to evaluate whether the commonly accepted guideline 

(that tags should not exceed 3% body mass) should continue to be broadly applied across 

seabird taxa. 

In Chapter 3 I use tracking data in a novel way to test predictions relating to food 

depletion around seabird colonies (óAshmoleôs Haloô; Birt et al. 1987), and discuss the 

possibility of food depletion as a driver of migration in planktivorous species. Ashmole 
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(1963) postulated that any density-dependent effects regulating seabird populations 

operate at the colony, and most likely involve the availability of food (Ashmole 1971). 

Specifically, Ashmole (1963) proposed that the concentration of breeding individuals 

with high nutritional needs in a limited area will lead to a near-colony reduction in the 

availability of food. If so, the resulting increase in foraging effort required could serve as 

a proximate cue triggering post-breeding 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 (Birt et al. 1987). Others have attempted to address the 

question in piscivorous seabirds, using indirect methods such as measurements of chick 

growth or foraging effort, or calculations of energy demands (e.g., Wiens & Scott 1975, 

Hunt et al. 1986, Elliot et al. 2009). However, calculations of energy demand do not take 

into account the 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, Schneider et al. 1992), and is likely to be an 

important factor, especially 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, upwelling, etc.; Mackas et al. 1985, 

Schneider 1991). Bering Sea currents provide a constant input of new prey to replace 

those consumed (Springer et al. 1996, Piatt & Springer 2003), making significant food 

depletion unlikely (Bourne 1983, Schneider et al. 1992). If food is an important limiting 

factor at the colony (whether due to food depletion, or interference competition), 

individuals of all species should leave as soon as possible once released from the need to 
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return to the colony to incubate/provision their offspring. To investigate how three 

species of Aethia auklets differ in their response to being released from this constraint, I 

combined monitoring of individual reproductive timing with tracking data obtained from 

geolocation tags deployed on those same individuals (to determine the date of departure 

from the colony). I used these data 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 demands (i.e., Whiskered 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 supply (i.e., Crested Auklets breeding at higher 

densities with a more restricted diet) should benefit more by leaving than generalist 

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

more directed, long-distance migration (Robinson 2015, K.F. Robbins unpublished data), 

Crested Auklet departure patterns will show a greater degree of synchrony and 

consistency in timing (consistent with obligate migration) than will  the more dispersive 

Parakeet Auklets. 

In Chapter 4 I use data from geolocation tags to confirm the degree to which 

Whiskered Auklets remain resident at the colony year-round. 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 year-round presence in Aleutian 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 winter (e.g., Stejneger 1885, 



15 
 

Murie 1936, Byrd & Gibson 1980, Zubakin & Konyukhov 2001), and ship-based 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 is limited (NPPSD 2015), and provides no information 

as to the colony-of-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 non-breeding movements and behaviours of known individuals 

(Wilson & Vandenabeele 2012).  I 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 immersion sensors on tags to detect potential 

roosting on land), and audio recordings at the colony (to confirm year-round presence 

near breeding sites). 

In Chapter 5 I synthesize migratory theory into a continuum concept, and use the 

placement of three congeneric species on that continuum to develop and test predictions 

concerning migratory distance and velocity, and consistency of destination, distance 

travelled, and habitat use. I also provide the first description of migration and winter 

distribution of Parakeet Auklets. I build on results from previous chapters to propose the 

placement of three Aethia auklet species on a continuum of migratory behaviour (Fig. 5-

1) from long-distance, directed (LDD) migration (Crested Auklets) to intermediate 

migration (Parakeet Auklets) to residence (Whiskered Auklets), based on a priori 

knowledge about their ecology, behaviour and morphology. Seasonal movement patterns 

of animals range in extent from long-distance migration between distinct regions, to year-



16 
 

round residence, with more short-distance, 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 

residence. Obligate migrations have a strong genetic component, and are typically LDD 

migrations, characterized by consistency in timing and destination. Facultative migrations 

are generally short-distance and/or dispersive, more variable in timing and destination, 

and are under less rigid genetic control. On a quantitative level, migrations can also be 

classified on a continuum based on distance travelled over time, from ballistic (highly 

directional, covering long distances across a barrier) to super-diffusive (directionally 

biased movement), to sub-diffusive (more random dispersal). I synthesized these aspects 

of migratory theory into an integrated migratory continuum from LDD migration, to 

intermediate migration, to residence. Based on the above placement, I predict Crested 

Auklets (LDD migrants) will travel greater distances, with greater consistency in 

destination, distance travelled, and habitat used than Parakeet Auklets (Terrill 1990, 

Newton 2012). Interspecific differences are also predicted based on the diffusive/ballistic 

continuum (Fig. 5-C).  I 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 diffusive/sub-diffusive movements (slow travel 

while foraging), and Crested Auklets to show super-diffusive movement, as a 

consequence of periodically strong directional movements toward seasonally predictable 

foraging hotspots. Due to their more specific diet and larger flock sizes, I also predict that 

Crested Auklets will be more dependent on hotspots with high prey availability (e.g., 
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shelf/shelf-break region, northern regions where long days lead to high primary 

productivity during the ice-free season) and show characteristics of time-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 during the autumn 

migration (Alerstam & Lindström 1990, Alerstam & Hedenström 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 annual abundances, should 

be less reliant on foraging hotspots (Bédard 1969, Hunt et al. 1993), and less likely to be 

time-selected. 
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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 the last 30 years. However, often tracking data are often reported 

without assessment of the effects of tags. Attachment of extra mass and bulk risks 

altering behavior, and effects likely vary depending on the size, anatomy, and foraging 

strategy of different species. 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 than other groups. We found some evidence of a negative effect of tags on 

Parakeet Aukletsô (Aethia psittacula; mean mass 266g, tag 0.8-1.1% of body mass) 

reproductive success, but not return rate or chick growth. Tagged Whiskered Auklets (A. 

pygmaea; mean mass 112g, tag 1.8% of body mass) showed minor decreases in chick 

growth, and a 74% lower adult return rate during 2014-2015, despite no significant 

difference from control returns in 2013-2014. Our study demonstrated negative effects in 

alcids of tags well below the 3% guideline, confirming that limits for one group should 

not be uncritically applied to all seabirds. Mass of tags deployed should be kept to a 

minimum, but other factors (e.g.,, wing-loading, flight energetics, foraging strategy) may 

be equally important. To ensure the biological relevance of collected data, we strongly 

recommend that inclusion of tag effect experiments be considered essential in the design 

and approval of tracking studies. 
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Introduction  

When designing studies to answer biological/ecological questions, scientists must keep in 

mind that their actions can change the characteristics or behaviors being measured (i.e., 

observer effects; Sykes 1978, Wilson and Vandenabeele 2012). There are also ethical 

considerations, and any negative effect (e.g., pain, stress, or mortality) on study subjects 

should be considered relative to the value of the data obtained (Vandenabeele et al. 2011, 

Animal Behaviour 2012). This issue has become increasingly relevant in seabird research 

as the use of tracking tags for studies of habitat use and migratory behavior has grown 

rapidly in the last 30 years (Vandenabeele et al. 2011). In particular, the development of 

light-weight and inexpensive archival geolocation tags (DeLong et al. 1992, Wakefield et 

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 ótagsô) may make it more difficult for birds to 

forage and energetically expensive to travel (Barron et al. 2010, Vandenabeele et al. 

2012).  

Many tracking studies include only a cursory investigation of tag effects, if any 

(review by Vandenabeele et al. 2011), making it difficult to evaluate the biological 

relevance of their results. Based on a review of effects on various species of albatrosses 

and petrels across 20 studies, Phillips et al. (2003) proposed a maximum guideline of 

~3% body mass for tags, but it is unclear how well their recommendations apply to other 

groups of seabirds that rely more on diving for prey (e.g.,, Auks/Alcidae and Diving 

Petrels/Pelecanoididae). For diving seabirds (foot-propelled, or wing-propelled with feet 
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extended for use as a rudder), any effect may be magnified by increased 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 wing-loading and more energetically 

expensive flight (Pennycuick 1975, 1987), which could make those species more 

susceptible to effects from added mass (Elliott et al. 2014). Nevertheless, Phillips et al.ôs 

(2003) review is commonly cited as a justification for tagging a wide range of species, 

often without any attempt to validate this guideline for the species in question (e.g., 

McKnight et al. 2013, Hennicke et al. 2015, Weimerskirch et 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 into account 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, Heggøy et al. 

2015). A recent meta-analysis of tag effects 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 (Weiser et al. 2016). 

Aethia auklets are a group of small (80-300g), planktivorous seabirds that breed in 

large numbers in the Bering Sea and Sea of Okhotsk. Their high breeding site fidelity 

(Zubakin and Zubakina 1994, Pyle et al. 2001) makes these species excellent candidates 

for the use of archival tags, although they may be less tolerant of extra weight and/or drag 

than other species because their wings are adapted for underwater pursuit-diving and so 

flight is energetically expensive (Pennycuick 1987, Obrecht et al. 1988, Vandenabeele et 

al. 2012). Studies of small alcids have shown negative effects of tags Ò 3% body mass 
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(Ackerman et al. 2004, Whidden et al. 2007, Elliott et al. 2010), and previous work on 

Crested Auklets (A. cristatella, one of the most highly migratory members of the genus) 

showed strong effects 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 smaller, more resident Whiskered Auklet (A. pygmaea), and 

the larger, moderately migratory Parakeet Auklet (A. psittacula). 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 for tag mass in alcids in light of our data and a review of the literature. If 

there was a significant impact of tag attachment on auklets, we 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 Appendix 2-1 for list of publications) for 

information about the size of device used relative to the size 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 not comprehensive) sample of this kind of 

research. 
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Study site 

This study was conducted 2012-2015, primarily at Buldir (52o 11ô N, 175o 56ô E), in the 

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

species are relatively accessible 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 long-term monitoring plots (see Knudtson and Byrd 1982, 

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

Island (51o 47ô N, 178o 47ô W). These breeding sites were not monitored in detail and so 

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

Treatments 

All breeding sites found were haphazardly assigned to treatments (see below), depending 

on visibility/accessibility of the bird within the crevice and estimated likelihood of 

recapture (e.g., crevices with good visibility but possible escape routes were used for 

visual monitoring only). 

 Adult Tagged group: We 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 details). This treatment was further differentiated  

 for some analyses based on the type of tag (1 or 2g) and whether one or both  

 members of the pair were tagged. 

 High-disturbance Control group: We removed and measured the adult, attached  
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 an identification band only and recorded chick growth and nest fate, as in the  

 Adult Tagged treatment. 

Medium-disturbance Control group: 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-disturbance Control group: Visual monitoring of breeding site only; no  

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, mean 266g) in 2012. In 2013 we 

attached 23 1g tags (Intigeo C65, 14 x 8 x 6 mm, Migrate Technology) to Whiskered 

Auklets (total attachment 2g, 1.8% body mass, mean body mass 112g), 20 1g tags to 

Parakeet Auklets (0.8% body mass), and an additional 19 2g tags to Parakeet Auklets. 

The 2g tags were unreliable (7/11 initially recovered provided no usable data), so in 2014 

we used 1g tags exclusively, deploying 69 on Parakeet Auklets and 25 on Whiskered 

Auklets (see Table 2-1 for detailed summary of sample sizes). We tagged adults as soon 

as possible after chicks hatched, because auklets are more prone to nest abandonment 

during the egg stage (Piatt et al. 1990, Ackerman et al. 2004), and breeding failure can 

increase the rate of divorce and/or crevice-switching the following year (Pyle et al. 
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2001), reducing the likelihood of recapture. One adult is usually present in the crevice at 

all times for a few days after hatch, allowing more reliable capture for tagging. When we 

missed that window, we returned to the crevice at night, when one or more adults are 

often still present throughout the breeding season (CRS, pers. obs.). 

 Birds were removed from the crevice and each given a numbered aluminum band 

crimped laterally to prevent slippage over the foot. Tagged adults were then given a 

custom-made Darvic color-band 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 epoxy, further 

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 the sample size. Due to 

Whiskered Aukletsô smaller size, and a lack of prior studies demonstrating tag tolerance, 

we tagged only one member of each pair to reduce the likelihood of significant effects on 

the chicks.  

 To evaluate the effects of the tags on adult condition, 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 year after deployment, 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 individual was 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 these individuals as not returned for the purposes of this 

analysis (including unclear returns as a separate category did not change the results). Our 

óreturn rateô refers only to the rate of return to the same breeding crevice. Individuals that 

did not óreturnô may have simply switched breeding sites and/or matesï a possible 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 

accessible 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 Fish & Wildlife Service protocols (Williams et al. 

2000). This allowed us to compare our data to their large sample of monitored nests at 

Buldir as an additional ólow-disturbanceô control. Briefly, this consists of visually 

inspecting crevices with a flashlight every 4-5 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 (Williams et al. 2000). For tagged and disturbed control sites (i.e., high-

disturbance and medium-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 (visually 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, 10-31 days for mass; Hipfner and Byrd 1993; Whiskered Auklets: 7-

26 days for wing, 2-22 days for mass; Hunter et 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, islands, treatment details), we analyzed each 

species separately. Some data points were excluded a priori from certain analyses (e.g., 

two crevices destroyed in an earthquake were excluded from tests of return rates, and late 

hatching nests were excluded from tests of fledging success if their fate could not be 

determined). We used a generalized linear model (reporting deviance (D) and P-values 

from the ὢ2 distribution; McCullagh and Nelder 1989) for 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 rate 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 the 

effect of sex (specifically the interaction between treatment and sex) separately using 

only individuals of known-sex, and excluded nests where both adults were tagged. We 

excluded 2014 Parakeet Auklet breeding sites from fledging success analysis because we 

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 Auklets only) 

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 (Weiser et al. 2016). For chick 

growth, we fit a general linear model with treatment (tagged, high-disturbance, medium-

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 both members of the pair were 

tagged. These three categories were coded separately within the treatment factor for all 

initial analyses, with additional planned a priori comparisons (Sokal and Rohlf 2012) of: 

(1) all tagged adults vs. low-disturbance controls (fledging success only), (2) tagged 

adults with 1g vs. 2g tags (fledging success, chick growth), (3) breeding crevices with 

one vs. both adults tagged (fledging success, chick growth), and (4) all disturbed adults 

(adult tagged and high-disturbance control) vs. medium-disturbance 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 set an a priori significance level of P < 0.05 

for all tests, and considered effects where 0.05 < P < 0.1 to be of marginal significance 

and worth considering as a potential concern. 
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Results 

Literature review 

Among tracking studies reviewed (n=65), 52% made at least minimal measurements of 

effects, 11% made anecdotal statements that birds did not seem affected by tags, 6% cited 

previous research on their species, 8% cited the 3% guideline (Phillips et al. 2003) as 

evidence that measuring effects was not necessary, and 23% made no mention of effects. 

Of studies that measured effects (n=51), 41% reported some negative impact. The 

likelihood of detecting effects for tags 3-5% body mass was no higher than tags of 1-3% 

or <1% body mass (Table 2-2). We also found no tendency for small (<400g) species to 

have more negative effects than large (>1000g) species (Table 2-2). Taxonomy was the 

best predictor of tag effects in these publications. Fewer than 25% of studies on 

Procellariiformes or Laridae showed negative effects of tags, compared to 64% for 

Alcidae (Table 2-2). 

Auklet tracking study 

Overall we retrieved 79% of tags from Parakeet Auklets (deployed in 2012: 68%; 2013: 

81%; 2014: 81%; see Table 2-1 for details), and 42% of tags from Whiskered Auklets 

(2013: 60%; 2014: 26%; Table 2-1). Control adult return rates were 70% for Parakeet 

Auklets (2012: 67%; 2013: 71%; Table 2-1) and 76% for Whiskered Auklets (2013: 

67%; 2014: 100%; Table 2-1). One Parakeet Auklet had a leg injury of unknown origin 

that caused the tarsus to swell 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 (i.e., slight discoloration and indentation 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 Auklets: Treatment (Adult tagged 1g, Adult tagged 2g, High-disturbance 

control) had no effect on adult return rate (D2,125=1.25, n=136, P=0.90) or condition 

(ὢ22=3.03, n=90, P=0.22). In a comparison of Parakeet Auklets bearing 2g tags (1.1% 

body mass) with Crested Auklets 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 Treatment: D1,173=7.04, P=0.008). Tagged Crested 

Auklets had significantly lower return rates than controls (tagged 32% (10/31) vs. control 

64% (83/129); D1,127=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 (D1,103=15.0, n=105, P<0.001), but not treatment (D4,99=3.52, n=105, P=0.47) on 

fledging success when all five categories (Adult tagged 1g, Adult tagged 2g, Adult 

tagged both, High-disturbance control, Low-disturbance control) were considered 

separately. Fledging success was lower in 2013 than 2012 (Fig. 2-1B). A priori follow-up 

tests showed no effect of treatment when comparing all tagged adults to low-disturbance 

controls (D1,92=0.35, n=95, P=0.55), when comparing adults tagged with 1g and 2g tags 

(D1,30=8.41, n=33, P=0.21), or when comparing nest crevices with one or both adults 

tagged (D1,36=0.23, n=39, P=0.63). The final a priori test, comparing tagged adults to 

high-disturbance controls showed a marginal interactive effect of treatment and year on 
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fledging success (D1,45=2.98, n=49, P=0.084), so the two years were analyzed separately. 

There was no difference between tagged and high-disturbance control treatments in 2012 

(D1,16=0.62, n=18, P=0.43). However, high-disturbance controls had higher fledging 

success than tagged adults in 2013 (D1,29=4.6, n=31, P=0.032; Fig. 2-1B). When only 

birds of known sex were considered, there was a significant reduction in fledging success 

in tagged males (high-disturbance control 100%, 1g tag 67%, 2g tag 36%; D2,14=8.32, 

n=18, P=0.02), but not females (high-disturbance control 67%, 1g tag 50%, 2g tag 80%; 

D2,21=0.04, n=25, P=0.98). There was no significant effect of tagging on the rate that 

chicks increased in mass (average differences 1.23-3.30 g day-1, F4,37=1.20, n=45, 

P=0.33; Fig. 2-3B) or wing length (average differences 0.01-0.08 mm day-1, F2,41=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 g day-1, wing 0.40 mm day-1, P<0.002; 

Figs. 2-3A - B).  

Whiskered Auklets: There was a significant interactive effect of treatment and 

year on return rate (D1,59=7.50, n=64, P=0.004), so each year was analyzed separately. 

There was no difference in return rate for tagged and control adults deployed in 2013 

(65% vs. 67%; D1,33=0.16, n=35, P=0.74), but tagged adults from 2014 had a 

dramatically lower return rate the following season (26% vs. 100%, D1,27=12.9, n=29, 

P<0.001). Low recovery rates for Whiskered Auklet tags deployed 2014-2015 may be 

partially explained 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 would account for at most half of the missing tags. There was a marginally 

significant interactive effect of treatment and year on adult condition (ɉ2
1=3.68, n=64, 

P=0.055), so each year was analyzed separately. We found a significant difference in 

adult mass in 2013-2014 deployments (tagged adults returned on average 0.75g lighter 

than at deployment, control adults on average 5.8g heavier; ɉ2
1=11.7, n=22, P<0.001), 

but not in 2014-2015 (tagged adults returned on average 10.6g heavier than at 

deployment, control adults on average 10.3g heavier; n=12, P>0.9). Tagging treatment 

(adult tagged, high-disturbance control, or low-disturbance control) had no effect on 

Whiskered Auklet fledging success (D2,175=1.38, n=179, P=0.50; Fig. 2-1A). There was 

also no effect of treatment (adult tagged or high-disturbance control; D1,59=0.63, n=62, 

P=0.43) or interaction between treatment and sex (D1,56=0.81, n=62, P=0.37) when only 

known-sex individuals were included. Tagging the adult significantly reduced the rate of 

mass gain in chicks (Fig. 2B; average difference 0.5 g day-1, F1,35=6.80, n= 41, P=0.01), 

but had no effect on wing growth (F1,39=0.012, n=45, P=0.91; Fig. 2-2A). Chick growth 

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

irrespective of tagging status (mass: average difference 0.38 g day-1, F1,35=3.08, n=41, 

P=0.02, Fig. 2-2B; wing: average difference 0.1 mm day-1, F1,39=3.53, n=45, P=0.07, Fig. 

2-2A).  

Discussion 

Parakeet and Whiskered auklets showed varying tolerance for tags 0.8-1.8% body 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 survival. We also found significant negative effects on adult condition and 

return rates of Whiskered Auklets in some years, but not in others. Low recovery rates for 

Whiskered Auklet tags deployed 2014-2015 may be partially due to a delayed start to 

2015 fieldwork. However, many of the occupied crevices contained at least one new bird, 

suggesting high rates of mortality, divorce, or switching of breeding sites (Jones and 

Montgomerie 1991, Fraser et al. 2004, Paredes et al. 2005). The particularly harsh winter 

in the Bering Sea 2014-2015 may also have been a factor in the lower return rates. 

Whiskered Auklets remain resident in the Aleutians year-round (Byrd and Williams 

1993), and survival has been shown to vary with local winter conditions, with higher 

mortality in stormy winters (Jones et al. 2007). The burden of tags may have exacerbated 

this effect, if individuals that could normally compensate were not able to do so when 

already operating near their metabolic limit (Croll and McLaren 1993, Costa 2007, 

Humphreys et al. 2007). Our data suggest that the tags used (total attachment: 2g) 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 negative effects of tagging. 

In 2013 (a bad year for chick growth and survival overall) fledging success was lower for 

tagged birds than high-disturbance controls, but higher than the large sample of low-

disturbance control nests monitored (Fig. 2-1B), and so the statistical difference may not 

be biologically meaningful. We also found that tagging 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 chick. Overall, 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 size, they differ in many ways, including the 

Parakeet Aukletsô lower wing-loading, and shorter migration (Jones 1993, Jones et al. 

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

 A review of seabird tagging studies illustrated the lack of consistency in reporting 

of tag effects in the literature. Among tracking studies, 52% made at least minimal 

measurements of effects, and of those, 41% reported some negative impact, although the 

statistical power of many studies was low due to limited 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 are urged to evaluate tag effects as a matter of 

standard practice (Vandenabeele et al. 2012). Lifestyle (as reflected by taxonomy) was 

the best predictor of tag effects in the publications reviewed (alcids were more than twice 

as likely to show negative effects of tags than other taxa; Table 2-2), suggesting that 

factors such as foraging style, or flight physiology/energetics may play a greater role than 

relative mass when predicting likely tag effects (Barron et al. 2010, Vandenabeele et al. 

2012). Although relative tag mass alone was a poor predictor of tag effects (Table 2-2), 

studies testing multiple tag masses on the same species found that negative impact did 

increase with device size (e.g., Wilson et al. 1986, Elliott et al. 2007, Ropert-Coudert et 

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 encourage 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 (Table 2-1), and 

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 years within the 

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 reproduction, 

behavior, and return rates in alcids of tags well below the 3% guideline typically cited 

(e.g., Ackerman et al. 2004, Paredes et al. 2005, Robinson and Jones 2014). These results 

suggest that not all species are equally affected by tags, and that guidelines, even those 

that are well-established for one group, should not be universally applied to all seabirds 

without validation (Vandenabeele et al. 2012). Temporal and geographic variation in tag 

effects within species (e.g., this study, Weiser et 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 (Ackerman et al. 2004, Ortega-Jimenez et 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 (Wilson et al. 1986, 
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Obrecht et al. 1988). Despite this, although nearly all tagging studies report gear mass, 

many fail to include tag dimensions. 

Advances in light-weight tracking technology provide researchers with a powerful 

new source of data on seabird ecology during the non-breeding season. We can test 

hypotheses 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 tag effects. Depending 

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 disturbance. Including 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 2-1. Parakeet and Whiskered Auklet samples sizes for each experimental treatment per yeara 

    2012 2013 2014 

Parakeet 

Auklet 2g tags 13/19 15/19 n/a 

 1g tags n/a 12/16 (3/4)b 36/47 (15/22)b 

 

High-disturbance 

controlc 2/3 5/7 n/a 

 

Medium-disturbance 

controld 10 3 n/a 

 

Low-disturbance 

controle 19 37 29 

Whiskered 

Auklet 2g tags n/a n/a n/a 

 1g tags n/a 12/23 6/25 

 

High-disturbance 

controlc n/a 10/15 6/6 

 

Medium-disturbance 

controld n/a n/a n/a 

  

Low-disturbance 

controle n/a 61 56 
aFor 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 

cAdults removed and measured, but not tagged. Chicks measured, and reproductive success monitored 

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

eVisual monitoring of reproductive success only 
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Table 2-2. Summary of studies included in review of tag effects, broken down by taxonomy, size of species studied, and 

percent body mass of tag used. Only studies that provided the relevant information were included, so totals may differ. 

 

    

Total number 

of studies 

reviewed  

Number of tracking 

studies measuring 

tag effectsa 

Number of studies 

reporting negative 

effectsb 

Taxonomic group Procellariiformes 32 11 (42%) 2 (12%) 

 Laridae 8 4 (57%) 1 (20%) 

 Alcidae 28 14 (74%) 16 (64%) 

     
Adult body mass <400g 19 11 (73%) 5 (33%) 

 400-1000g 38 17 (59%) 11 (41%) 

 >1000g 24 6 (30%) 6 (60%) 

     
Percent body mass of 

tag 3-5% body mass 12 7 (70%) 4 (40%) 

 1-3% body mass 43 17 (52%) 12 (44%) 

  <1% body mass 24 9 (45%) 6 (46%) 

 

a Not including studies focused specifically on tag effects 

b Includes tracking studies that measured tag effects and studies focused specifically on tag effects  
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Figures 

 

Figure 2-1. Fledging success of (A) Whiskered and (B) Parakeet auklets at Buldir Island, 

Alaska. Success of breeding crevices where adults were tagged with geolocators (black; all tag 

types combined) or had only leg bands attached (gray; high-disturbance control treatment). Long-

term US Fish & Wildlife Service monitoring data (white; low disturbance; Mudge and Pietrzak 

2015) included for context. Chicks from both the tagged and high-disturbance control treatments 

were captured and measured repeatedly to determine growth rates.  
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Figure 2-2. Growth rates of Whiskered Auklet chicks in wing length (A) and mass (B) 

during linear growth phase compared across treatments: High-disturbance 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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Figure 2-3. Growth rates of Parakeet Auklet chicks in wing length (A) and mass (B) 

during linear growth phase compared across treatments: Medium-disturbance control 

(white), High-disturbance 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 ultimately from the fact 

that their feeding habitat at sea is unsuitable for reproduction. This produces a seasonal 

need to aggregate at breeding colonies, after which they are free to seek out preferred 

foraging habitat. Ashmole postulated that density-dependent regulation of seabird 

populations operates at the colony, likely involving decreases in local food availability 

(ñAshmoleôs Haloò). Studies have produced indirect data consistent with density-

dependent effects on food availability for piscivorous seabirds, but the impact of 

competition at the colony and how that affects migration timing is unknown for 

planktivores. I compared three congeneric alcids (Whiskered Auklets, Aethia pygmaea; 

Parakeet Auklets, A. psittacula; Crested Auklets, A. cristatella) to test predictions derived 

from Ashmoleôs hypotheses and migration theory. I used tracking data for individuals 

with known breeding histories to compare lag between breeding cessation and onset of 

migration, and amount 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 numbers due to large population and diet specificity 

(Crested Auklets) should be under greater pressure to leave. I found that Whiskered 

Auklets remained near the colony all year, and lag times for the other species were up to 

30 days. Failed Crested Auklets stayed near the colony for weeks, while successful 

breeders left within a few days. Parakeet Auklets had long lag times regardless of nest 

fate, more variable departure dates, and 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 food availability. Crested 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 resources (Boyle & Conway 2007, Dingle & Drake 2007, 

Shaw & Couzin 2013). Seasonal movements can take many forms, which may usefully 

be thought of as falling along a spectrum of migratory behaviours (Dingle & Drake 2007, 

Cagnacci et al. 2011). At one end of the spectrum is the traditional view of migration, 

with all individuals travelling from the breeding habitat to one or more distinct areas 

characterized by high winter productivity (e.g., Dias et al. 2011, Hedd et al. 2012, 

Stenhouse et al. 2012). At the other end is year-round residence in the breeding area (e.g., 

Ashmole 1962, Diamond 1975, McKnight et al. 2011). There are also intermediate 

strategies, such as dispersive migration, with individuals spreading out from the breeding 

site in many directions, or simply moving to different habitat in the general vicinity of the 

breeding site (e.g., Harris et al. 2010, Hatch et al. 2010, Hedd et al. 2011).  

Migrations can also be classified as obligate (individuals must migrate) or 

facultative (individuals óchooseô to migrate based on local conditions), although these are 

also more likely to be extremes on a continuum than a true dichotomy (Berthold 1975, 

Terrill 1990, Newton 2012). Obligate migrations (usually long-distance, directed 

migrations) are characterized by consistency in timing and destination among 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 sufficient fuel 

stores for the journey (Berthold 1975, Terrill 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 external cues (such as photoperiod) 

that forecast future declines in local resources (Berthold 1975, Alerstam 1978, Terrill 

1990). Facultative migrations (usually short-distance 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, temperature, weather; 

Terrill 1990, Newton 2012), with each bird responding according to their own internal 

threshold based on their individual condition, and energetic requirements (Chapman et al. 

2011, Newton 2012). 

Seabirds show great variety in migration strategy and the degree of flexibility in 

migration behaviours (Alerstam et al. 2003, Dingle & Drake 2007). The benefit of 

migration for these species derives ultimately from the 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 islands (Ashmole 1971). 

Philip Ashmole (elaborating on the population regulation research of David Lack; 1954, 

1966, 1968) postulated that any density-dependent effects regulating seabird populations 

must be operating at the colony, and most likely involve the availability of food, 

especially in tropical habitats that do not 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 offspring, etc.) in a limited area will lead to a near-colony reduction in the 

availability of food (ñAshmoleôs Haloò, Birt et al. 1987), either due to actual depletion of 

resources in the vicinity of the colonies, or interference competition from large numbers 

of foraging birds leading to decreased accessibility of prey. If so, the resulting increase in 

foraging effort required could serve as a proximate cue triggering post-breeding 

migration in some species. 

 Ashmole considered that his hypothesis was ñalmost unverifiableò (Ashmole 

1971), but many have attempted to test it, with varying degrees of success. To my 

knowledge, only one study has shown direct evidence of reduced prey densities (of 

sedentary benthic fish) near seabird colonies (Birt et al. 1987). Other studies have 

addressed the question using indirect methods. Furness & Birkhead (1984) showed a 

negative relationship between colony size and the size of other nearby colonies, 

supporting the hypothesis of intraspecific competition near breeding sites. Modelling 

studies have also shown that it is theoretically possible for piscivorous seabirds to have a 

significant impact on the local food supply (e.g., Wiens & Scott 1975, Furness & Cooper 

1982). Other studies have shown density-dependent effects on reproduction (Hunt et al. 

1986) and population growth rates (Lewis et al. 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 the foraging behavior of individuals, 

showing that birds from larger colonies travel farther to forage (Ainley et al. 2003, 

Gaston et al. 2013, Oppel et al. 2015), and that birds foraging farther from the colony 
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bring back better prey, with foraging distances increasing over the course of the breeding 

season (Elliot 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 the breeding season for most species is expected to be timed to 

take maximum advantage of seasonal increases in productivity (Ashmole 1963, 1971). 

There is some evidence that large colonies of planktivorous Cassinôs Auklets and Ancient 

Murrelets are spaced further apart than small colonies, although most (but not all) of the 

spatial bias can be explained by the constraint of island size (Forbes et al. 2000). 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, upwelling, etc.; Mackas et al. 1985). Calculations have shown that input of prey 

into the waters around a colony (advective resupply) matches or exceeds caloric demands 

based on seabird numbers and size (Bourne 1983, Schneider et al. 1992). In fact, the 

distribution of large seabird colonies around the world can often be explained by the 

proximity of productive currents (e.g., Wilson-Merrill 2005, Sandvik et al. 2016). 

Springer et al. (1996) reviewed evidence for what they called the ñBering Sea Green 

Beltò (see also Piatt & Springer 2003), a system of currents transporting nutrients and 

plankton from the productive shelf break area into the northern shelf habitat and the 

Chukchi Sea, an important foraging area for many seabird species (Gall et al. 2013, 

Kuletz et al. 2015) until the expanding pack ice drives them further south. The Bering 

Sea remains a productive area year-round for species that can tolerate harsh and stormy 
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conditions, primarily due to an abundance of oceanographic features that serve to 

concentrate zooplankton near the surface (Springer et al. 1996, Hunt 1997, Ladd et al. 

2005), even during autumn and winter when most zooplankton undertake a seasonal 

migration to greater depths (Conover 1988, Kobari and Ikeda 1999). Winter 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 zooplankton (Schneider et al 1987, Springer et al. 1996, Ladd et al. 2005, 

Suryan et 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 move south to avoid the encroaching ice, but most have no 

such constraint. Migration movements come with substantial energy costs (Alerstam et 

al. 2003), especially for alcids, whose wings are adapted for pursuit-diving, making flight 

energetically expensive (Pennycuick 1987, Gaston & Jones 1998, Elliot et al. 2013). 

Therefore, migration should only be favoured if the benefits outweigh those costs.  

Aethia auklets breeding in the Aleutian Islands of Alaska (Fig. 3-1) provide an 

excellent system for the study of migration in light of Ashmoleôs hypotheses. They are 

small, cold-water seabirds with high metabolic demands (Johnson & West 1975), 

creating strong selection pressure to locate and exploit the most abundant and reliable 

sources of prey. With wing shapes adapted for pursuit-diving, both flight and foraging are 

energetically costly (Pennycuick 1975, 1987, Elliot et al. 2013), making them more 

dependent on foraging hotspots with high productivity and predictable distributions of 

prey (Schneider et al. 1986, Wahl et 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. Whiskered 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 (Byrd et al. 2005), and remain near the islands 

year-round (Byrd & Williams 1993, NPPSD 2015), with anecdotal evidence suggesting 

that they return to the colony site during the winter (Stejneger 1885, Murie 1936, 1959, 

Dick & Donaldson 1978, Zubakin & Konyukhov 2001). As the smallest species in this 

study, they also should have the highest relative food requirements (101% of their body 

mass/day, compared to 79% for Crested and Parakeet auklets; Schneider et al. 1986, Birt-

Friesen et al. 1989). Crested Auklets breed at much higher densities (Byrd et al. 2005), 

and are gregarious, engaging in conspicuous social behaviour on the surface of the 

colony. They also leave (and return to) the colony in large flocks to forage offshore 

(Bédard 1969, Gaston & Jones 1998). Compared to most alcids, their wings are relatively 

narrow and streamlined (characteristic of migratory species, Mönkönnen 1995; aspect 

ratio 8.4 +/- 0.7 SD, Chapter 5; Gaston & Jones 1998), allowing for faster, more energy-

efficient flight (Rayner 1990). Their summer diet is specialized, dominated by 

euphausiids and calanoid copepods (Hunt et al. 1998, Guy et al. 2009, Bond et al. 2011). 

The limited data available suggest that their winter diet may be more varied (Bédard 

1969, Troy & Bradstreet 1991), but much remains unknown. Preliminary data from 

tracking studies suggest that Crested Auklets undertake a long-distance, directed 

migration, with a high degree of consistency in wintering areas (Robinson 2015, K.F. 
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Robbins, unpublished data). Parakeet Auklets breed at much lower densities (Byrd et al. 

2005), and are less gregarious, flying out to forage singly or in small groups (Gaston & 

Jones 1998). Although similar in size to Crested Auklets, they have a broader wing 

(lower aspect ratio: 7.6 +/- 0.3 SD; Chapter 5). Parakeet Auklets also have a more 

generalist diet, including mollusks, gelatinous zooplankton, euphausiids, copepods, and 

larval fish (Day & Byrd 1989, Harrison 1990, Hunt et al. 1998), and preliminary data 

suggest a more dispersive migration (discussed in more detail in Chapter 5). Differences 

in gregariousness between Parakeet and Crested Auklets likely continue into the non-

breeding season. Much larger winter flock sizes were observed for Crested than Parakeet 

auklets during ship-based surveys (Crested Auklet average flock size 32 +/- 232, 

maximum 10,500; Parakeet Auklet average 3 +/- 8, maximum 213, NPPSD 2015; Gaston 

& Jones 1998). 

To investigate how these species differ in their response to being released from 

the constraint of remaining near the colony, I combined monitoring of individual 

reproductive timing (specifically 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 from the colony). The objectives for this study were to: (1) determine the 

timing of migration in relation to the cessation of breeding in three closely related alcid 

species, (2) determine the amount of synchrony in migration within species and within 

breeding pairs, and (3) use these data to test predictions derived from Ashmoleôs 

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 competition), I would 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 offspring. If individuals leave quickly after breeding, I would 

also expect both members of a breeding pair to leave at approximately the same time. 

Species with the highest metabolic demands (i.e., Whiskered 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 supply (i.e., Crested Auklets breeding at higher 

densities with a more specific diet) should benefit more by leaving than generalist feeders 

breeding at lower densities (i.e., Parakeet Auklets). I also predict that, given their more 

directed, long-distance migration (K.F. Robbins unpublished data), 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 at Buldir (Fig. 3-1; estimated population of 30000 Whiskered, 

280000 Crested, and 12000 Parakeet auklets, Byrd et al. 2005) and Gareloi (Fig. 3-1; 

estimated population of 186000 Crested and 43200 Parakeet auklets, Byrd et al. 2005) 

islands in the western Aleutian Islands, a part of the Alaska Maritime National Wildlife 

Refuge. Breeding sites (crevices and burrows) used on Buldir were concentrated at Main 

Talus (Whiskered and Crested auklets; 52o22ôN, 175o54ôE), Bottle Hill (Parakeet 

Auklets; 52o20ôN, 175o56ôE), and Northwest Ridge (Whiskered and Parakeet auklets; 

52o22ôN, 175o52ôE), with 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 1993, Jones et al. 

2001). These sites were spread across a variety of habitats (e.g., rocky talus slopes, 

vegetated hillsides) representative of most auklets breeding at Buldir. On Gareloi I tagged 

Crested Auklets in semi-vegetated crevices in a lava flow on the southeast coast 

(51o45ôN, 178o45W), and Parakeet Auklets breeding on a grassy hillside (51o46ôN, 

178o44ôW) similar to the Northwest Ridge habitat on Buldir. 

Device attachment and productivity monitoring 

I used a 1g light-based archival geolocation tag (Intigeo C65, 14 x 8 x 6 mm, Migrate 

Technology) for all species (total attachment 2g, 1.8% body mass for Whiskered Auklets, 

0.8% for Parakeet and Crested auklets). I tagged adults as soon as possible after the chick 

hatched to minimize the likelihood of nest abandonment (Piatt et al. 1990, Ackerman et 

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

 I removed birds from the crevice by hand, or by using a long, blunt metal hook 

placed around the tarsus/tibia. I gave each adult a numbered aluminum band crimped 

laterally to prevent slippage over the foot, and a custom-made Darvic colour-band with a 

flattened side to which tags were attached with a two-part marine epoxy and secured with 

a cable tie. I also collected breast feathers for genetic sex determination (Fridolfsson and 

Ellegren 1999) at the Genomics and Proteomics Facility at Memorial University of 

Newfoundland. Preliminary data showed that Parakeet Auklets were resilient to 

disturbance and suffered minimal negative effects from tagging (Chapter 2), so for 

Parakeet (and, to a lesser extent, Crested) Auklets, I tagged both members of the breeding 

pair, when possible, to investigate the amount of synchrony in migration timing within 
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pairs. Due to Whiskered Aukletsô smaller size, and a lack of prior studies demonstrating 

tag tolerance, I tagged only one member of each pair to reduce the risk of significant 

effects on the chick.  

 To track the productivity of each bird, I conducted regular crevice monitoring at 

Buldir Island following US Fish & Wildlife Service protocols (Williams et al. 2000). 

Briefly, I visually inspected crevices with a flashlight every 3-4 days, 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 (Williams et al. 2000).  I defined the breeding 

cessation date 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, I 

considered the breeding attempt abandoned when an adult was no longer present 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 species-specific criteria in 

Williams et al. 2000), I estimated the fledging date by adding 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 present, I used the day after 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 within 3-4 days (e.g., if the interval 

between checks was >7 days, or if I could not visualize the egg/chick during the 

hatching/fledging period). Limited researcher presence meant that nest monitoring was 

more sporadic at Gareloi Island (especially for Parakeet Auklets, due to the remoteness of 
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the breeding sites), so many Gareloi birds did not meet the above criteria and were 

excluded from breeding cessation date analyses.  

Tracking data processing 

I deployed 5 tags for 13 days in June 2014 on a hilltop near the colony as an open-sky 

calibration to determine an appropriate elevation angle for this region to use as a 

parameter when estimating location from the sunrise/sunset data recorded by the tags 

(Lisovski et al. 2012). The resulting elevation angle (-5.6, threshold = 2) was evaluated 

for each bird using breeding season data (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 cases I shifted the angle until the breeding season data overlapped with the 

known location of the birds. I also deployed 5 tags year-round at a known location on 

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

processed in the same way as the bird-borne tags.  

I 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 tags. I scored each sunrise/sunset event according to the quality of the light 

curve, based on the amount of shading evident. I then 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 equinoxes (9 Sept - 18 Oct, 24 Feb - 4 Apr 

for Parakeet and Whiskered auklets; 9 Sept - 14 Oct, 27 Feb - 3 Apr for Crested Auklets) 

when day lengths around the planet are too similar for reliable estimates of latitude (Hill 
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& Braun 2001). I smoothed the data twice (Phillips 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 (Hedd et al. 2012). I plotted the latitude and longitude over time for 

each individual (see Fig. 3-2 ï 3-4 for a representative example from each species) to 

determine the date at which they left the colony vicinity, as represented by a clear, 

directional movement away from the area. Individuals were excluded if gaps in the 

tracking data occurred at the time of departure (e.g., increased cloud-shading due to 

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

out during processing).  

Analysis 

To quantify the time between cessation of breeding and onset of migration (hereafter 

ólagô), I subtracted the Julian breeding cessation date from the departure date. I tested for 

differences between species in departure date and lag by fitting general linear models 

with factors for species, nest fate (successful fledging of chick, or failure due to 

abandonment or death of offspring), sex of tagged adult, year of tagging and island, and 

the interactive effects of species and fate. I also performed one-sided t-tests to determine 

if lag was significantly greater than zero. To test how departure date related to breeding 

cessation date for different species, I performed an ANCOVA (with interactive effects of 

species and breeding cessation date). I compared departure dates within breeding pairs 

using a paired t-test. Models were evaluated using residual vs. fit plots and histograms of 

residuals to validate the assumption of straight-line regression models (breeding cessation 
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vs. departure date) and normal error models for computing p-values. Results are 

presented as mean +/- standard deviation (SD), unless otherwise noted. 

Results 

In 2014 I found that adult Parakeet Auklets whose breeding attempt had already failed 

could often be found in their breeding crevices at night. I did not do a systematic survey 

of this phenomenon, since I was only looking for individuals that had not already been 

tagged during our regular daily checks, but I did find six birds in crevices at night 5-38 

days after the egg was considered abandoned (no longer incubated during the day). In 

three of those cases the egg was broken or 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 egg in the crevice). That individual was recaptured the following year 

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

I obtained 17 year-round tracks for Whiskered Auklets, 64 for Parakeet Auklets 

(includes two individuals with 2 years of data), and 98 for Crested Auklets (includes two 

individuals with 2 years of data; see Table 3-1 for detailed breakdown of sample sizes).  

Whiskered Auklets remained in the vicinity of the colony all year (e.g., Fig. 3-2). 

The average distance between recorded Whiskered Auklet locations and the colony site 

was 212 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=8049), which was greater 

than the average error in calculated locations for stationary calibration tags deployed 
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year-round at a known location on Buldir Island (120 km, CV=0.96, n=2217), but within 

the margin of error for similar tags when deployed on birds (169-400 km reported in 

other studies; Phillips et al. 2004, Shaffer et al. 2005). Because there were no departure 

dates for Whiskered Auklets, I proceeded with the rest of the analysis using Parakeet and 

Crested auklet data only. 

Departure date depended on species (F1,73=4.67, p=0.03; Fig. 3-5), and nest fate 

(F1,73=39.75, p<0.001; Fig. 3-5). Average date of departure was almost identical in both 

species (Julian date 215-216, August 3-4), but there was higher variance (F63,72=2.51, 

p<0.001; Fig. 3-5) for Parakeet Auklets (215.7 +/- 10.4 days) than Crested Auklets (214.8 

+/- 6.6 days). In both species, failed breeders (207.2 +/- 8.8 days) left earlier than 

successful breeders (218.0 +/- 5.0 days), with an average difference of 15.0 days for 

Parakeet Auklets, and 11.3 days for Crested Auklets. Departure date depended on 

breeding cessation date (F1,70=79.75, p<0.001; R2=0.53; Fig. 3-6), but there was 

considerable spread above the 1:1 line (Fig.3- 6), depicting delayed departure, and the 

relationship was tighter for individuals with later breeding cessation dates (mostly 

successful nesters) than for early failures. The 95% confidence limits (CL) for the overall 

slope of the regression of departure date on breeding cessation date (0.59 days/day after 

breeding cessation, CL 0.39-0.79) exclude a 1:1 relationship, indicating reduction in lag 

time later in the season. When the two species were analyzed separately, the 95% 

confidence limits for the slope excluded a 1:1 relationship for Crested Auklets (slope 0.59 

days/day after breeding cessation, CL 0.43-0.75; R2=0.55), but not for Parakeet Auklets 

(slope 0.72 days/day after breeding cessation, CL 0.43-1.01; R2=0.50). I 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 departure dates between members of the 

same breeding pair (average difference 4.2 +/- 3.9 days, range 0-13 days; paired t-test; 

t22=0.39, p=0.70; Fig. 3-7). Removing the 3 Crested Auklet pairs from the analysis did 

not change the results (average difference 4.3 +/- 4.1 days; t19=0.07, p=0.94). 

One-sided t-tests showed that lag for both species was greater than 0 days (range: 

-3-30 days; t73=10.00, p=0<0.001). Lag differed significantly depending on species 

(F1,64=900.09, p<0.001; Fig. 3-8) and nest fate (F1,64=549.59, p<0.001; Fig. 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. 3-8). Successful 

Parakeet Auklet breeders stayed 2.7 times longer than successful Crested Auklets 

(Parakeet Auklets: 11.2 +/- 5.0 days; Crested Auklets: 4.2 +/- 2.8 days; Fig. 3-8), and had 

higher variance (F5,36=3.07, p=0.04; Fig. 3-8). Failed Crested Auklet breeders had higher 

variance in lag than successful Crested Auklets (F8,37=9.81, p<0.001; Fig. 3-8), but that 

was not the case for Parakeet Auklets (F19,5=3.06, p=0.22; Fig. 8).  

Discussion 

I predicted that if food was an important limiting factor at these auklet colonies (due to 

food depletion or interference competition), individuals should leave as soon as possible 

once no longer tied to the colony by their offspring. My data did not support this 

prediction. Whiskered Auklets (which, with the highest metabolic demands, should have 

been under the most pressure to seek out the best food sources) did not migrate at all. 

Instead, they remained resident at or near the colony all winter (discussed in more detail 
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in Chapter 4). The migratory Parakeet and Crested auklets did not leave as soon as 

breeding was completed. Failed breeders 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 breeding. Both members of a breeding pair left at approximately the same 

time (at least for Parakeet Auklets; with only three Crested Auklet pairs I do not have 

enough data to make a strong conclusion for that species). However, since most 

individuals did not leave quickly after breeding, it is possible that this synchrony within 

pairs is the result of individuals with similar breeding experiences requiring a similar 

amount of time to prepare for migration.  

My results are consistent with existing preliminary data placing these three closely 

related species at different points on the spectrum of migration behaviour, ranging from 

year-round residence in the Whiskered Auklet, to facultative/dispersive migration in the 

Parakeet Auklet, to obligate/directed migration in the Crested Auklet. Winter residence at 

the breeding site is uncommon in seabirds (Bridge 2006), but it 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, Byrd & Williams 1993), which operate year-round to 

provide an accessible source of food near the surface (Holm & Burger 2002, Ladd et al. 

2005). The limited data available on winter diet in this species suggest that Whiskered 

Auklets in the western Bering Sea (Bering Island) switch from the copepods preferred 

during the breeding season (Day & Byrd 1989) to eating mainly gammarid amphipods 

(Stejneger 1885), which do not provide enough nutritional content to successfully raise 
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chicks (Bédard 1969), but may be sufficient during the non-breeding 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 available around 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 able to further reduce their energetic requirements 

during the winter by roosting on land and avoiding the metabolic costs of resting in cold 

water at night (see Chapter 4). It is unknown if Whiskered Auklets at other colonies 

exhibit the same residence behaviour, although it seems likely for most colonies (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. 3-5, 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 breeders (Fig. 3-8). Parakeet Auklets, on the other hand, 

had long lag times regardless of nest fate, and showed less evidence than Crested Auklets 

of a decrease in lag over the course of the season (Figs. 3-6, 3-8). They also had more 

variable departure dates and more variable lag times for both successful and failed 

breeders (Figs. 3-5, 3-8). These results are consistent with a more highly synchronized 

departure in Crested Auklets, characteristic of obligate migration, in which migration 

movements are pre-emptive of seasonal changes in local conditions (Dingle & Drake 
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2007, Newton 2012). The tighter distribution of departure dates over time (Fig. 3-6; 

Alerstam 1978) suggests that there is an optimal window of departure late in the breeding 

season. Preliminary data showed that most Crested Auklets from these colonies made an 

initial trip north to the northern Bering and/or Chukchi seas, feeding there until the 

advancement of the ice pushed them south to their secondary wintering area (Robinson 

2015, K.F. Robbins unpublished data). The ómigration windowô inferred from departure 

patterns could be produced if departure dates are under selection to maximize 

exploitation of this productive seasonal habitat during the limited time available. Crested 

Auklets are also highly gregarious, and when departing the colony for daily foraging trips 

they wait until a large number of individuals are ready, and fly out to sea in large flocks 

(Jones 1993).They are observed wintering at sea in similarly large groups (Troy & 

Bradstreet 1991, NPPSD 2015), and it is likely that they undertake their migration 

departure in the same way (IL Jones, pers. comm.). Individuals 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 successful breeders finishing late in the 

season are more synchronized and have less time to prepare before the ómigration 

windowô closes. A similar pattern was found in spring songbird migrations where later 

birds were more synchronous than early ones during the spring migration (when there are 

competitive advantages to early arrival at the breeding grounds; Hagan et al. 1991), and 

in autumn migrations where early migrants will wait at stopover sites for a window of 

good weather, while later birds will continue through all but severe weather (Alerstam et 

al. 1978). 
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The lower synchrony in Parakeet Auklets is consistent with a more 

facultative/dispersive migration (Newton 2012), with little evidence of a strong internal 

clock regulating departure times, or pressure for a rapid departure from the colony. 

Although some individuals undertook the same initial northward migration to the ice 

edge as Crested Auklets (Kuletz et al. 2015, Chapter 5), the majority did not, and instead 

moved shorter distances to a variety of destinations within the Bering Sea, with some 

returning to the vicinity of the colony periodically throughout the winter (Chapter 5). 

Parakeet Auklets not only remained near the island long after breeding failure, some 

returned to their breeding crevices at night. There may be a territorial advantage to this 

behaviour if it allows them to defend the site from potential competitors (e.g., sub-adults 

that spend the breeding season prospecting for future breeding attempts; Kokko et al. 

2004). Remaining at the colony may also 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 and early in the morning 

(CRS pers. obs.). These appear to be the periods when the majority of pairs switch 

incubation shifts; I 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 metabolic costs associated with resting in cold water until they 

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

Whiskered Auklets; Chapter 4). 

Geolocation tags have low precision (range of error 169-400 km when deployed on 

birds; Phillips et al. 2004, Shaffer et al. 2005) relative to other types of tracking tags 
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(Wakefield et al. 2009). This limits my ability to detect small-scale movements, and 

prevents me from making a more detailed analysis of post-breeding behaviour in these 

species. However, the large-scale 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 behaviour measured in 

tagged birds is representative of the behaviour of ónormalô, undisturbed individuals. To 

validate this assumption, my collaborators and I performed an experimental evaluation of 

tag effects alongside this study (Chapter 2, Schacter & Jones 2017, K.F. Robbins 

unpublished data). We 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 with caution. However, the 

lack of migration observed in Whiskered Auklets was consistent with previous anecdotal 

evidence and ship-based surveys (Murie 1936, Zubakin & Konyukhov 2001, NPPSD 

2015), so I believe that my conclusions for Whiskered Auklets are well-supported (see 

more detailed discussion of Whiskered Auklet wintering behavior in Chapter 4).  

I found no evidence that competition for food at the colony (direct or indirect) was an 

important factor for these planktivorous seabirds. Early failed breeders left before later 

breeders, but not as soon as possible. Some lag is to be expected while the birds feed and 

build up their condition before migration, and does not necessarily rule out food depletion 

or interference competition near the colony. However, if early failed breeders were 

remaining to build up reserves, I would expect late failed breeders to do the same. I 

would also expect late finishers to require more time to recover their condition than early 



67 
 

finishers, not less, having invested more time and energy in the reproductive attempt. My 

results were inconsistent with this interpretation for auklets. In contrast, a tracking study 

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

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

failures and successful birds (Phillips et al. 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 productive wintering area as soon as possible. In the case of the auklet 

colonies, it is more likely that the local current systems are providing a reliable influx of 

planktonic prey (advective resupply; Bourne 1983, Schneider et al. 1992). More studies 

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

planktivorous and piscivorous species. 

Given my results, it is unlikely that reduced food availability acts as a proximate 

trigger of migration in this system. As facultative/dispersive migrants, Parakeet Auklets 

should be more responsive to local cues (i.e., more likely to leave due to declining food 

availability; Newton 2012) than Crested Auklets, not less as suggested by my data. I 

speculate that migration timing in these species has more 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 reliable sources of food, in this case the productive 

Chukchi Sea. The more generalist, less gregarious Parakeet Auklets can afford to be more 

flexible in the timing (and destination) of their migration, following no pre-determined 
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route and making individual decisions 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 year-round residence of Whiskered Auklets at the breeding 

site has already 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, whose less flexible 

migration schedule, combined with their reliance on northern habitat 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 habitat, etc. (Chapter 5). 
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Tables 

Table 3-1. Number of tags recovered (for each species, island, year) and number of birds for which each type of data could be 

determined.  

 

Species Island Year 

Tags 

recovered 

Departure 

date 

End-of-

breeding and 

departure dates 

Pairs with 

simultaneous 

data 

Whiskered 

Auklets 
Buldir 2013 12 n/a n/a n/a 

  2014 5 n/a n/a n/a 

 Total  17 n/a n/a n/a 

Parakeet 

Auklets 
Buldir 2013 11 11 10 1 

  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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Figures 

 

Figure 3-1. Location of colonies used in this tracking study (stars). Breeding adults were 

tagged on Buldir (Crested, Parakeet and Whiskered auklets) and Gareloi (Crested and 

Parakeet auklets) Islands in 2013 and 2014. 
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Figure 3-2. Example plot of latitude and longitude (on a 360o scale) over time for 

one Whiskered Auklet (E828). Horizontal lines show the colony location. Dashed vertical 

lines show breeding cessation date. I was unable to assign departure dates for this species 

because they remain at/near the colony year-round. Note increased error in latitude 

around the edges of the equinox gaps. 
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Figure 3-3. Example plot of latitude and longitude (on a 360o scale) over time for 

one Parakeet Auklet (L469). Horizontal lines represent the colony location. Dashed 

vertical lines show breeding cessation date, and solid vertical lines the estimated 

departure date. Lag for this individual: 30 days. 
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Figure 3-4. Example plot of latitude and longitude (on a 360o scale) over time for 

one Crested Auklet (L812). Horizontal lines represent the colony location. Dashed 

vertical lines show breeding cessation date, and solid vertical lines the estimated 

departure date. Lag for this individual: 9 days.  
























































































































































































































































































































