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Abstract 

 

There is increasing recognition of the energetic challenges faced by high-latitude seabirds 

outside the breeding season, due to the harsh winter ocean environment. Pursuit-diving species, 

such as alcids (family Alcidae), may be especially vulnerable due to their high energetic costs of 

flight to locate areas of higher productivity. For these long-lived species, high winter mortality 

risks can have demographic consequences, underscoring the importance of elucidating their 

non-breeding ecology. Recent technological advances provide the opportunity to investigate 

alcid distributions, interactions, and energetic trade-offs during their 9-10 months at sea, a 

formerly understudied phase of the annual cycle.  

The aims of this thesis were to:  

1. Determine whether researchers and managers can combine or compare location 

estimates and resulting spatial analyses using GLS data that have been processed with 

different methods  

2. Determine the spatiotemporal and isotopic niche overlap during the non-breeding season 

among Atlantic puffins (Fratercula arctica), razorbills (Alca torda), and common murres 

(Uria aalge) that breed sympatrically in the northwest Atlantic   

3. Determine the migratory connectivity of Atlantic puffins from four breeding colonies in 

the northwest Atlantic during different months throughout the non-breeding period 

4. Investigate how energy expenditure during the breeding season affects fall and early 

winter foraging activity and energy expenditure of razorbills 

 

In Chapter 1, I determined that most GLS data processing methods produced comparable results 

when tracking Atlantic puffins, if data inputs were standardized, and with caveats for certain tag 

models. In Chapter 2, I found mostly low spatiotemporal and isotopic niche overlap among 

three alcid species during the non-breeding season. In Chapter 3, I found strong migratory 

connectivity among Atlantic Puffins at the bookends of the breeding period, and otherwise 

gradual weakening of migratory connectivity, culminating in shared key winter foraging areas. 

Lastly, in Chapter 4, I found supporting evidence that foraging conditions and parental care 

during breeding and non-breeding may mediate the strength and direction of carry-over effects. 

Overall, these new insights inform effective species management and marine spatial planning in 

the northwest Atlantic, an ocean region undergoing major change. 
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1 
 

General Introduction 

 

Theoretical Background 

Species have evolved to occupy a defined range of both abiotic and biotic environmental 

conditions, their ecological niche (Grinnell 1917, Elton 1927), quantitatively visualized as an n-

dimensional hypervolume (Hutchinson 1978). There are multiple factors that lead to niche 

differentiation, one of which is competition for limited resources (Schluter and Grant 1984), but 

the degree of competition depends on how much shared resources are limited (Wiens 1977). The 

competitive exclusion principle states that species occupying the same niche cannot coexist 

(Volterra 1928, Gause 1934), and sympatric species are therefore only possible when their 

niches differ along one or more axes (Schoener 1974). This may happen as species evolve to use 

a unique set of abiotic and biotic resources, termed the fundamental niche, which can further be 

constrained to the realized niche as interspecific competition leads to niche partitioning 

(MacArthur 1958, Schoener 1974, Hutchinson 1978, Tilman 1987).  

Intraspecific competition can also constrain the amount of resources an individual can 

acquire. Individuals have limited energy to invest in survival, relative to reproduction, the main 

life history trade-off (Stearns 1992). Accordingly, species have evolved life history strategies to 

maximize fitness, given selection pressures experienced in the past. For example, long-lived 

species are more likely to abandon an annual breeding attempt to ensure their own survival and 

offspring production in future breeding attempts. These trade-offs are seen when comparing life 

history traits among species (e.g., Ricklefs 1977) and within species (e.g., Reznick and Endler 

1982), but the same energy allocation trade-off is also repeatedly occurring within the lifetime of 

an individual as resource availability varies (e.g., Boyce and Perrins 1987, Barringer et al. 2013). 

Although periods of an animal’s life can be divided temporally and sometimes spatially, those 

seasons or stages are not independent, and energy expenditure in one period can influence an 

individual’s ability to survive or reproduce in the following periods, referred to as ‘carry-over 

effects’ (Fretwell 1972, Norris and Taylor 2006, Norris and Marra 2007, Harrison et al. 2011). 

Although the concept of seasonal interactions is not new (Fretwell 1972), most research on 

vertebrates has been conducted during only one season, primarily the breeding season, and only 

5.5% of studies considered seasonal interactions (Marra et al. 2015). It is important to 

understand these carry-over effects because they can have impacts on fitness and ultimately 

population dynamics (Norris and Taylor 2006, Norris and Marra 2007, Harrison et al. 2011). If 

less resources are available and more energy is used in one season, then less will be available for 

the next season, or vice versa, and we would expect individuals to show associated changes in 

behavior. 

For many animals, including birds, regular seasonal movements link breeding locations to 

non-breeding locations, and understanding these migrations is an important part of 

understanding species ecology and planning effective conservation (Faaborg et al. 2010, Costa et 

al. 2012, Lascelles et al. 2014, Allen and Singh 2016, Fraser et al. 2018). Environmental 

conditions and anthropogenic threats at non-breeding locations, including along migratory 

routes, have been shown to affect individuals during the breeding season and vice versa (e.g., 
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Marra et al. 1998, Szostek and Becker 2015, Desprez et al. 2018, Wojczulanis-Jakubas et al. 

2020). Carry-over effects like these within breeding populations can ultimately influence 

abundances of species in broader regions, but these seasonal interactions are often poorly 

understood (Fretwell 1972, Norris and Marra 2007). Therefore, management of threatened 

migratory species first requires information on how breeding populations are connected 

throughout the annual cycle (Taylor and Norris 2010). One approach to determining how 

breeding populations are linked across seasons is studying migratory connectivity, which 

describes the spatial and temporal structure of a migration network by linking individuals, as 

members of breeding populations, between breeding and non-breeding seasons (Marra et al. 

2019). As localized anthropogenic threats during non-breeding would have a greater influence 

on breeding population dynamics if breeding populations also winter together (Marra et al. 

2019), migratory connectivity is key to understanding how breeding populations will be affected 

by changes in survival and reproduction rates due to conditions during non-breeding.  

 

Methodological Background  

The isotopic ratios of different elements within an individual’s tissues provide a chemical 

record of the processes involved in building that tissue, hence stable isotope analysis provides 

insight into the ecological niche of the organism at the time of tissue growth (Fry 2006, 

Newsome et al. 2007). Paralleling Hutchinson’s (1978) niche concept of a multi-dimensional 

hypervolume, an area or volume with isotopic ratios as coordinates delineates the isotopic niche 

of a species (Newsome et al. 2007, Shipley and Matich 2020). Stable isotopic ratios are often 

expressed as δ-values, which are the ratio of the heavy to light isotopes for each element relative 

to international standards, expressed in parts per thousand (Fry 2006). The most commonly 

used elements as a proxy of the trophic niche are carbon and nitrogen, because consumer tissue 

is enriched in 15N relative to prey, indicating trophic position, while consumer tissue is only 

slightly enriched in 13C relative to their prey, so can represent the location where prey are 

consumed (e.g., inshore vs offshore, benthic vs pelagic) due to baseline shifts in carbon sources 

(DeNiro and Epstein 1978, Minagawa and Wada 1984, Peterson and Fry 1987). By accounting 

for factors such as isotopic baseline shifts and trophic fractionation (Bearhop et al. 2002, 

Vanderklift and Ponsard 2003), we can compare isotopic niches among consumers (Post 2002). 

There have long been attempts to calculate niche breadth and niche overlap (Vandermeer 1972), 

and the quantifiable isotopic niche can be used as a proxy of trophic/dietary resource 

differentiation among community members (Bearhop et al. 2004, Layman et al. 2007, Rader et 

al. 2017). The metric for isotopic niche breadth is the standard ellipse area (SEA), calculated as 

the standard deviation around the bivariate mean and often visualized on a biplot of δ-values. 

Additionally, a suite of geostatistical calculations based on the SEA or the biplot have become 

standard measures of niche overlap, trophic diversity, and trophic redundancy in a community 

(Bearhop et al. 2004, Layman et al. 2007, Sargeant 2007, Inger and Bearhop 2008, Jackson et 

al. 2011, Jenkins and Davoren 2021). 

Integrating feather stable isotope analysis and bird-borne data logging devices has increased 

our understanding of seabird ecology during non-breeding. Because feathers are metabolically 

inert once grown, they represent an individual’s isotopic niche at the time and place they were 



 

3 
 

grown (Hobson 1993, 2011, Bearhop et al. 2002, Inger and Bearhop 2008). For example, 

razorbills annually molt secondary feathers in the fall, body feathers during the late-winter, and 

head feathers in the spring (Fig. I) and, thus, collecting each feather type at the breeding colony 

provides information on the isotopic niche during those three periods over the previous year. 

Geolocators (GLS) measure light levels to estimate bird location, and versions designed for 

seabirds often include immersion and temperature sensors to provide further information on 

behavior (e.g., flying or on land versus on water) and refine spatial accuracy. Processing light 

data from GLS tags involves twilight annotation, calibration, estimating and refining locations, 

and sometimes movement pattern extraction (Lisovski et al. 2020). Location estimates could be 

used to help interpret whether any variation measured in feather δ13C is caused by differences in 

location or prey source. Temperature-depth recorders (TDRs) record seabird foraging behavior 

(Wilson et al. 1995), which is particularly important for pursuit diving birds that capture prey 

underwater (Wilson et al. 1989, Elliott et al. 2008). These data also allow estimates of time-

activity budgets (e.g., time spent foraging, resting, flying) during the non-breeding season (e.g., 

Patterson et al. 2022). These archival data loggers collect data for a year or more, but must be 

retrieved, at which time feather samples can be taken. Recent studies have combined stable 

isotope analysis and these biologging methods to study spatial and trophic niche differentiation, 

compare behavior patterns, and determine molting strategies (e.g., Burke et al. 2015, Orben et 

al. 2015, Cherel et al. 2016, St. John Glew et al. 2019, Delord et al. 2020, Quillfeldt et al. 2020). 

Despite the importance of GLS devices in advancing our understanding of seabird 

distribution and behavior during non-breeding, they have a number of limitations. First, 

geolocators provide a relatively coarse resolution of spatial information, as error is introduced 

through any effect on light measurement, such as the amount of refraction, the weather, shading 

from the environment, and behavior of the bird (Lisovski et al. 2012). Second, it is especially 

difficult to estimate latitude for periods around the equinoxes and for animals near the equator 

or the poles because of equal daylengths at all latitudes and long periods without sunrises or 

sunsets, respectively (Wilson et al. 1992, Hill 1994). Due to these limitations, spatial accuracy of 

GLS tags deployed on birds is highly variable depending on species, habitat, and data processing 

methods, but mostly is in the range of 200-400 km (Phillips et al. 2004, Shaffer et al. 2005, 

Lisovski et al. 2012, Merkel et al. 2016, Halpin et al. 2021) and 2-3x greater during equinox 

periods (Halpin et al. 2021). Although a variety of GLS data processing methods (many 

incorporated into R packages) have been developed to estimate bird locations while minimizing 

the effect of error in location estimates (Sumner et al. 2009, Lisovski and Hahn 2012, Merkel et 

al. 2016, Rakhimberdiev et al. 2017, Bindoff et al. 2018, Bråthen et al. 2021), it is unclear 

whether location estimates from different packages can be combined. The latter is a key 

unknown for managers as it represents an important step toward interpretation and comparison 

of spatial information from geolocators across studies for protected area planning.  

 

Study species  

Members of the seabird family Alcidae (hereafter ‘alcids’) are characterized by a stout body 

shape, high wing loading (body mass/wing area), and wing-propelled pursuit diving. Atlantic 

puffins (Fratercula arctica), razorbills (Alca torda), and common murres (Uria aalge), are 
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three alcids that breed sympatrically across the North Atlantic during the boreal summer, where 

they forage predominantly on locally abundant small fish. Common murres are the largest and 

heaviest of the three and can dive the deepest (maximum 180 m) and longest (41-71 s). 

Razorbills are in the middle in terms of size and dive capabilities (140 m, 19-49 s), while Atlantic 

puffins are the smallest of the three with the shallowest maximum dive depths (68 m) and 

shortest dive duration (20-30 s) (Wanless et al. 1988, Ainley et al. 2020, Lavers et al. 2020, 

Lowther et al. 2020). Studies have shown that allometric relationships between body size and 

dive depth lead to spatial partitioning of prey resources during the breeding season, perhaps 

because larger body size might make a species more competitive and, thus, more likely to exploit 

the highest quality prey patches and exclude similar smaller bodied birds (Piatt 1990, Wanless 

et al. 1990). During breeding, all three species are central place foragers, making round trips to 

and from the breeding colony where they care for a single egg or chick each year. Because flight 

is very energetically demanding for these species due to high wing loading (Elliott et al. 2013), 

the time spent flying to locate prey directly influences energy expenditure during the breeding 

season, which may affect energy reserves available for subsequent seasons. These carry-over 

effects, however, have yet to be studied in these three species.  

During non-breeding, alcids disperse from colonies and remain at sea. Therefore, we are just 

beginning to learn about niche differentiation among these similar species during this period 

(St. John Glew et al. 2018, Dunn et al. 2019, St. John Glew et al. 2019). Razorbill and common 

murre chicks fledge after ~21 days at 25% of adult body mass and the male parent continues to 

care for their chick at sea for ~2 months, during which the chick reaches adult body mass, grows 

flight feathers and learns to forage for themselves (Ainley et al. 2020, Lavers et al. 2020). In 

contrast, puffin chicks are raised at the colony for an extended period (38-44 days) until they 

reach adult body mass and, thus, are independent upon fledging (Lowther et al. 2020). Also 

during non-breeding, alcids molt all feathers in a complex alternate strategy (Fig. I), including a 

rapid, sequential flight feather molt which renders them flightless for 2-3 months (Taverner 

1929, Birkhead and Taylor 1977, Harris and Yule 1977, Gaston and Jones 1998, Thompson et al. 

1998, Pyle 2009).  

Study Area 

On the Northeastern Newfoundland coast, common murres, razorbills, and Atlantic 

puffins breed sympatrically in multi-species colonies on offshore islands. Alcids time the 

energetically demanding chick rearing period to take advantage of the annual spawning 

migration of a highly abundant forage fish species, capelin (Mallotus villosus), from offshore 

areas into coastal regions (Davoren and Montevecchi 2003). Nearby coastal spawning sites of 

capelin are important seabird foraging locations (Davoren et al. 2007, Davoren 2013) and, thus, 

variability in capelin spawning biomass and the timing of spawning affects seabird diet and 

foraging effort during breeding (Gulka and Davoren 2019, Gulka et al. 2020, Jenkins and 

Davoren 2021, Lescure et al. 2023). Although most male capelin die during spawning, a 

proportion of spawning females are known to recover and move back offshore (Flynn et al. 2001, 

Magnaye et al. 2019). Therefore, a summer with low spawning capelin biomass may also 

indicate lower prey biomass in offshore overwintering areas. In general, the winter ocean 

environment is typically low productivity with patchy prey distribution (Haury et al. 1978). 
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The objectives of my thesis are to: 

1. Determine whether we can combine or compare location estimates and resulting spatial 

analyses using GLS data that have been processed with different methods  

2. Determine the spatiotemporal and isotopic niche overlap during the non-breeding 

season among Atlantic puffins, razorbills, and common murres that breed sympatrically 

in the Northwest Atlantic   

3. Determine the migratory connectivity of Atlantic puffins from four breeding colonies in 

the Northwest Atlantic during different months throughout the non-breeding period 

4. Investigate how energy expenditure during the breeding season affects fall and early 

winter foraging activity and energy expenditure of razorbills 

 

 

Figure I: Estimated timeframe during which wing feather, body feather, and head feather molt 

occurs in Atlantic Puffins, Common Murres, and Razorbills, based on studies from across their 

range. The timing of flight feather molt is uncertain among individual puffins.  
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Abstract 

Multiple methods are available for obtaining location estimates from light-level geolocator data, 

and a growing body of ecology literature is based on this tracking technique. Currently, it is 

unclear what factors to consider when choosing a processing method or whether all geolocator-

based location estimates are directly comparable. Our objective was to show how position 

estimates differ depending on the GLS processing method and the GLS tag model and settings 

used (i.e., with temperature data and without, different light intensity resolution). We processed 

Atlantic puffin (Fratercula arctica) data from BioTrack tags (no SST, low resolution light 

intensity) and Migrate Technology tags (with SST, full range light intensity), using the methods 

implemented in six R packages: 'Geolight', 'ProbGLS', 'TwilightFree', 'FlightR', 'SGAT', and 

'seatrackGLS'. Location estimates were compared with simple geostatistics and measures of 

similarity. Most of the processing methods produced location estimates within the known error 

range for geolocators (i.e. mostly < 400 km apart) outside of equinox periods, but tag type 

mattered for some of the methods. We recommend certain tag types (i.e., sensors) for certain 

processing methods and address how methodology choices might impact analyses for different 

research questions (e.g., differences between repeat tracks vs. spatial overlap, marine spatial 

planning). By also highlighting the degree of analysis complexity compared to the results 

obtained, this study provides a resource for researchers seeking to use geolocators for ecology 

research. 
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Background 

Recent advances in technology have allowed an increase in vertebrate tracking studies (Wilmers 

et al. 2015, Joo et al. 2022). There is proportionally far less vertebrate research outside of the 

breeding season, and a need for studies of non-breeding ecology and interactions between 

seasons (Marra et al. 2015). Tracking data provide key information on distribution and 

movements (Nathan et al. 2008, Joo et al. 2020), but year-round deployments of loggers on 

smaller species require light-weight devices. Light level geolocators (global location sensors, or 

GLS) are well suited for this purpose. GLS devices record time and light levels, from which the 

timing of sunrise and sunset determine longitude and the length of the day or night determine 

latitude (Wilson et al. 1992, Hill 1994, Ekstrom 2004). First used in 1992 (Delong et al. 1992), 

further miniaturization around 2002 and their relatively low cost compared to other tracking 

technology (e.g., PTT, GPS) increased their use in answering a wide range of ecological 

questions (Lisovski et al. 2020). Although light-level geolocators are used on a variety of taxa, 

such as marine mammals (e.g., Thums et al. 2025) and marine fish (e.g., Walli et al. 2009), they 

have particularly been used on birds (McKinnon et al. 2013). For seabirds, geolocators are 

commonly employed to study non-breeding and migration ecology, and now underlie a large 

body of seabird ecology literature (Strøm et al. 2021).  

 

The relatively coarse resolution of spatial information from geolocators is their main limitation. 

Error is introduced through any effect on light measurement, such as the amount of refraction, 

the weather, shading from the environment, and behavior of the bird (Lisovski et al. 2012). 

Calibration is required to relate observed and expected light levels, but all calibration methods 

are imperfect, as they require data that are difficult or impossible to collect and generally 

assume that light measurements vary linearly over time (Hill and Braun 2001, Lisovski et al. 

2020). It is especially difficult to estimate latitude for periods around the equinoxes and for 

animals near the Equator or the poles because of equal daylengths at all latitudes and long 

periods without sunrises or sunsets, respectively (Wilson et al. 1992, Hill 1994). Spatial accuracy 

of GLS tags deployed on birds is highly variable depending on species, habitat, and data 

processing methods, with mean/median errors between 17 - 713 km reported, although most are 

in the range of 200-400 km, and an error range from 0-17,516 km (Phillips et al. 2004, Shaffer 

et al. 2005, Lisovski et al. 2012, Merkel et al. 2016, Halpin et al. 2021). Error during equinox has 

been shown to be 2-3x greater than in non-equinox periods (Halpin et al. 2021). Most studies 

report lower error on birds that spend considerable time in flight (e.g., albatross, shearwaters, 

petrels, tropic birds), with higher measurement error reported for penguins (e.g., 383 km, 352 

km, Phillips et al. 2004). Even among albatross of the same species from the same colony, the 

mean error of geolocators compared to PTT (platform transmitting terminal) tags ranged 

between 145 ± 84 km – 251 ± 132 km (Phillips et al. 2004), showing the variation among tags 

and individual birds. Based on these studies, the accuracy of geolocators is generally considered 

to range between 200-400 km.  

 

A number of GLS data processing methods (many incorporated into R packages) have been 

developed to estimate bird locations while minimizing the effect of error in location estimates. 

The R package ‘GeoLight’ was developed to provide a standardized procedure for analyzing 

geolocator data using astronomical formulas (Lisovski and Hahn 2012). Other methods build on 
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this basic, deterministic package with filtering and smoothing techniques intended to reduce the 

error introduced by environmental variability and animal behavior. One such method, 

‘seatrackGLS’, was developed by the SEATRACK project, and is particularly tailored towards 

arctic seabirds (Bråthen et al. 2021). Several stochastic modeling methods have also been 

developed to address issues with geolocator data and refine location estimates with additional 

information, particularly by using neighboring location estimates. One approach, the ‘probGLS’ 

method, employs a probabilistic model to reduce reliance on the assumption of constant or 

linearly varying solar angles and allow the easy incorporation of behavior and environmental 

data (e.g., sea surface temperature (SST), Merkel et al. 2016). To estimate locations when data 

are too noisy to reliably estimate the time of dawn or dusk, a twilight-free method employs a 

hidden Markov model, easily run in the ‘TwilightFree’ package (Bindoff et al. 2018). Another 

method, now contained in the ‘SGAT’ R package, is a Bayesian model, which can incorporate 

additional information (such as existing knowledge of a species range and movement patterns) 

as priors (Sumner et al. 2009). Finally, ‘FlightR’ is one of the few commonly used R packages 

that is based on a template fit method, which uses the rate of change in light level during the 

twilight period to determine latitude, rather than simply the length of day/night (threshold 

method). This method builds the template fit algorithm (Ekstrom 2004) into a hidden Markov 

chain movement model (Rakhimberdiev et al. 2017). These four stochastic methods and two 

deterministic methods are the predominant packages used recently for processing seabird 

geolocator data.  

 

Our objective was to determine whether we can combine or compare location estimates and 

resulting spatial analyses from GLS data that have been processed with different methods. 

Specifically, we aimed to show how much positions differ depending on the GLS processing 

method and the GLS tag type and settings used (specifically differences in the light range 

recorded and the addition of SST sensors). For stochastic methods, we also examined 

consistency of the spatial location estimates across multiple model runs of the same data. We 

used data from two different types of GLS tags attached to Atlantic puffins (Fratercula arctica) 

from colonies in coastal Newfoundland, Canada, processed with 6 main methods: ‘GeoLight’, 

‘seatrackGLS’, ‘TwilightFree’, ‘probGLS’, ‘FlightR’, and ‘SGAT’. We focused on a species within 

the family Alcidae because there is a large body of research based on geolocators on alcids (e.g., 

Harris et al. 2010, Jessopp et al. 2013, Frederiksen et al. 2016, St. John Glew et al. 2018, Shoji et 

al. 2023). Atlantic Puffins were specifically chosen because they reliably stay in open ocean 

habitat during the non-breeding period, so the effect of shading is minimized (Lisovski et al. 

2012), and their distribution is concentrated at latitudes high enough that day length strongly 

varies with latitude, but not so high that dawn and dusk are indistinguishable (Hill 1994, 

Lisovski et al. 2012). As there are known species and spatiotemporal effects on geolocation 

accuracy, we focused this method comparison on one species with limited geographic range, 

movement types, and behaviors, to limit confounding effects. This study will aid researchers in 

choosing among available GLS data processing packages and tag types and is an important step 

toward interpretation and comparison of spatial information from geolocators across studies.  
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Methods 

Study area and timing 

 

Geolocators were deployed on Atlantic Puffins at two Newfoundland colonies. We used 14 

loggers from Gull Island, in Witless Bay (47.26° N, 52.77° W), all deployed in 2019, and 14 from 

James Island, off the northeast coast (49.58° N, 53.78° W), 6 deployed in 2019 and 8 deployed 

in 2020. Puffins were hand captured in their nesting burrows, and tags were attached to plastic 

leg bands with cable ties and retrieved the next breeding season. The tags used on James Island 

were Migrate Technology models C330 (3.4 g; 2019) and C65+ (1.0 g; 2020). These loggers 

sense and record the full range of light intensity and were set to additionally measure immersion 

status every 30 s and record counts of ‘wet’ status every 10 min. When these tags were immersed 

continuously for 20 min, temperature was measured once, and the maximum, minimum, and 

mean temperature every 8 h were recorded. The tags used on Gull Island were BioTrack model 

MK4083 (1.9 g), which have a 6-bit light sensor and record a truncated range (0 - 64 units) of 

light intensity. They do not have a temperature sensor, but were set to measure immersion 

status every 3 s and record counts of ‘wet’ status every 10 min. Both tag models measured light 

intensity every 60 s and recorded maximum values every 5 min.  

 

Only locations after calculated colony departure dates and before colony arrival dates were 

included in our analysis. To estimate colony presence, light levels from Migrate Technology tags 

were logged, then daily patterns in light levels from both tag types were inspected. Colony 

departure dates were calculated as the last day between August 30th to September 12th when light 

intensity was less than 0.9 during daylight hours, conditions indicative of burrow attendance. 

The colony arrival dates on James Island were the first date after May 15th where light intensity 

was less than 0.9 during daylight hours. For Gull Island tags, the recorded range of light was 

much narrower, so arrival dates were calculated as the first dates after May 1st where a 6-hour 

rolling mean of light intensity was less than 0.9 during daylight hours. After processing, we 

adjusted the arrival dates for 3 birds from Gull Island to be earlier, based on the first day 

without clear twilights, another indication of burrow attendance.  

 

 

Data standardization 

 

For all methods except ‘FlightR’, we worked with a standard set of twilights and/or solar 

angles/zeniths produced using SEATRACK methodology. FlightR was an exception because 

twilight delineation is part of the unique template fit calibration process, and  TwilightFree only 

used zeniths, as this method does not use twilights. In R, twilights and solar angles were derived 

from light data using ‘GeoLight::twilightCalc’ (Lisovski and Hahn 2012) and the ‘Filter-’ and 

‘Edit twilights’ functions described in Bråthen et al. (2021). We selected a threshold of 11 lux for 

loggers produced by Migrate Technology and 1 arbitrary unit of light for loggers produced by 

BioTrack to separate night (below) from day (above). As light sensitivity varies between loggers, 

such that using the same threshold of light will not produce the exact same timing of twilights 

from loggers recording the same ambient changes in light, all GLS processing methods require 

the data to be calibrated. For all methods except ‘FlightR’, we obtained solar angle/zenith values 
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following Bråthen et al. (2021), based on 3 characteristics of a series of latitude versus time plots 

for a range of solar angles: minimizing latitudinal error close to the equinoxes, similar latitudes 

on both sides of the equinox, and positions that fit the latitude of the colony at the beginning 

and end of the track. Different solar angles were assigned to the start and finish of a track, 

allowing a linear interpolation between these two values which captures tag aging effects. The 

twilight error distribution used for ‘SGAT’ and ‘probGLS’ was based on the average shape and 

scale parameters calculated in ‘GeoLight::getElevation’ in R, using data from calibration periods 

of the Migrate Technology loggers (see Runnells et al. 2024 for details).  

 

‘FlightR’ did not use this standardized twilight information because it uses a template-fit 

calibration (Ekstrom 2004, Rakhimberdiev et al. 2017). Instead, ‘FlightR’ includes a built-in 

make.calibration function, which was used to estimate the relationship between observed and 

theoretical light levels (based on Ekstrom 2004) for each tag, using light level data recorded 

while the puffin was at the breeding colony. For tags deployed on James Island, light level data 

were available for a pre- and post-deployment calibration period (i.e. from the date of tag 

deployment to the calculated date of colony departure, and from the calculated date of colony 

arrival to the date of tag retrieval, respectively). MK tags were deployed on Gull Island late in the 

breeding season, so light level data were only available for a post-deployment calibration period. 

As such, tag aging was accounted for in the ‘FlightR’ calibration of James Island tags and not 

accounted for when calibrating Gull Island tags.  

 

We differentiate between equinox periods, when latitudes may be unreliable due to the 

similarity in daylength across the globe (the equinox effect, Hill and Braun 2001) and non-

equinox periods in subsequent analysis. We delineated equinox periods as 15 days before fall 

equinox and after spring equinox, and 28 days after fall equinox and before spring equinox, to 

later classify location estimates as equinox or non-equinox. This was done by using the 

‘aut_equinox_periods’ function in ‘seatrackGLS’ using the average estimated latitude of the 

puffins in this study on the day of fall or spring equinox. In brief, ‘seatrackGLS’, decides the 

length and timing of an equinox based on the approximate location of an individual before and 

after the equinox. For length, the closer an individual is towards the Equator, the longer the 

equinox period will be. For timing, the date of equinox will be moved according to where the sun 

is to the horizon at the time the light cross the threshold for defining dusk and dawn. In this 

study, a low threshold of light means the sun will be below the horizon at any defined dusk and 

dawn, and the apparent equinox will be shifted towards winter solstice (Hill and Braun 2001). 

 

 

For all methods, we also used a standard geographic bounding box, a land mask, consistent 

colony arrival and departure dates, comparable equinox delineation, and daily movement limits. 

The bounding box was based on previous geolocator research on puffins from these colonies 

(Table 1.1, Fayet et al. 2017a, Runnells et al. 2024), and the land mask (plus SST data, if used) 

was from the National Oceanic and Atmospheric Administration Physical Science Laboratory 

(Reynolds et al. 2007). The boundary box and land mask were firm limits on estimated locations 

for most methods, with the exceptions of ‘SGAT’, which incorporated both as a prior, and 

‘seatrackGLS’, which did not apply latitudinal boundaries during equinox periods. Locations 

associated with successive twilights were limited to being less than 550 km apart or less than 
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700 km apart within 24 hours either in the method’s movement parameters (‘FlightR’), as a 

prior (‘SGAT’), or by removal in post-processing (for ‘GeoLight’, ‘probGLS’, ‘seatrackGLS’, and 

‘TwilightFree’). See Appendix 1 for standard method parameters.  
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Table 1.1: Summary of input parameters and processing time for each GLS processing method. White boxes = required parameters, 

light blue = optional parameters, and dark blue = not applicable. Text describes parameters used in this study. ‘Equinox delineation’ 

refers to how each method incorporated information on equinox timing into estimating locations. ‘Known locations’ refers to how 

each method incorporates colony attendance into estimating locations. ‘Run times’ are based on the processing capabilities of a 

standard business laptop. *Standardized parameters. aMore details in main text. 

  GeoLight seatrackGLS SGAT probGLS FlightR TwilightFree 
solar 
angle/zenith 

tag specific 
calculation* 

tag specific 
calculation* 

tag specific 
calculation* 

Range for all tags ±1 
'make.calibration' 
functiona 

tag specific 
calculation* 

twilight error 
distribution 

    
log-normal 
(location:2, scale: 1) 

log-normal 
(location:2, scale: 1) 

''make.calibration' 
functiona 

α = 0.25 (shading 
hyperparameter) 

known location colony locations* 
colony locations* 
tag specific 
deployment/retrieval 

  
 

colony locations* 
tag specific 
deployment/retrieval 

colony locations* 
colony locations* 
tag specific 
departure/arrival* 

twilight times 'preprocessLight' 
twilight annotation* 

'preprocessLight' 
twilight annotation* 

'preprocessLight' 
twilight annotation* 

'preprocessLight' 
twilight annotation* 

''preprocessLight' 
twilight annotation* 

 tag specific 
thresholdsa 

geographic 
bounding box 

Longitude = [-85, -1], 
Latitude = [25, 70] 

Longitude = [-85, -1], 
Latitude = [25, 70]a 

Longitude = [-85, -1], 
Latitude = [25, 70] a 

Longitude = [-85, -1], 
Latitude = [25, 70] 

Longitude = [-85, -1], 
Latitude = [25, 70] 

Longitude = [-85, -1], 
Latitude = [25, 70] 

spatial grid size          50 km  0.5° 

equinox 
delineation 

 tag specific 
calculationa 

 tolerance = 0.08     

land mask  From NOAA PSL*  From NOAA PSL*  NOAA PSL*   From NOAA PSL* 
 From NOAA PSL* 
max 300 km overland 
flights 

 From NOAA PSL* 

auxiliary data       
SST & ice cover, 
proportion time wet 

    

flight speeds   

maximum 45 km/h, if 
positions are missing 
then speed is 
reduced 

gamma distribution 
(shape: 1, rate: 0.14)  

flight: max 17.6, SD 
0.2, max allowed 
18.6; swim: max 1, 
SD 1.3, max allowed 
5 m/s 

  β = 0.45 (likelihood of 
daily positional shift) 

model 
iterations 

    
75,000 burn in, 
120,000 tuning, 
15,000 final sample  

2000 locations per 
twilight, 100 track 
iterations 

 1,000,000 particles   

run time per 
track 

< 5 s < 5 s ~ 2 h 10-30 min ~ 2 h 5-10 min 
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Location estimation 

‘GeoLight’ and ‘seatrackGLS’ use deterministic methodology for estimating locations directly 

from twilights. Both are based on ‘GeoLight::coord()’ (Lisovski and Hahn 2012), which uses 

solar angles and two successive twilight times to calculate locations, based on Meeus’s 

Astronomical Algorithms (1998). This computes longitude based on the apparent time of local 

noon and midnight, and latitude from the average of the times of sunrise and sunset (Lisovski 

and Hahn 2012). The only additional steps taken using ‘GeoLight’ were to remove failed location 

estimates, where the algorithm cannot provide a latitude or longitude, and to remove locations 

outside of the geographic boundary box or on land. ‘SeatrackGLS’ methodology includes 

additional adjustment steps beyond the ‘GeoLight’ method, including twilight filtering and 

smoothing, equinox filtering, a speed filter, and an angle and distance filter (Table 1.1, Bråthen 

et al. 2021).  

 

The remaining four methods that we explored all use some form of stochastic modeling to 

estimate locations. We tried to provide all models with similar inputs, even when parameters 

were defined differently. For the details about the parameters used in these models, see Table 

1.1. ‘TwilightFree’ and ‘FlightR’ are spatially discretized methods that estimate positions in a 

defined grid (Rakhimberdiev et al. 2017, Bindoff et al. 2018). We based grid cell size on GLS 

accuracy (Phillips et al. 2004), using 0.5° for ‘TwilightFree’ and the unchangeable default is 50 

km for ‘FlightR’ (Table 1.1). ‘TwilightFree’ runs a forward-backward Hidden Markov Model, 

using maximum likelihood, and estimates one location every 24 h directly from the pattern of 

light-levels over that period, based on inputs including light-level threshold, zenith, the 

probabilities of light sensor shading, and the likelihood of daily positional shifts (Bindoff et al. 

2018). The output is a single, most likely, location estimate for each day (24 h period), rather 

than two location estimates. ‘FlightR’ employs a Hidden Markov Model computed via a Bayesian 

particle filter algorithm to estimate locations based on change in light during twilight, solar 

angle, and starting location (Rakhimberdiev et al. 2017). We ran ‘FlightR’ with 1 million 

particles. It also incorporates and estimates parameters on the probability of moving, the likely 

direction of movement, and the distance traveled. ‘FlightR’ outputs median location estimates 

for each twilight (2 location estimates per day) at the center of squares on a grid, along with 

uncertainty estimates in the form of the posterior distribution.  

 

The final two stochastic modeling approaches, ‘SGAT’ and ‘probGLS’, are spatially continuous 

methods. The ‘probGLS’ algorithm is based on a random walk, using iterative forward step 

selection, where the model repeatedly “walks” through point clouds of possible location 

estimates computed for each twilight with a range of probable solar angles (and associated 

twilight error distribution), weighted by additional data such as the interaction of tag immersion 

and movement speeds, and SST (Merkel et al. 2016). We set 'probGLS' to generate 2000 

possible locations for each twilight event, both with and without incorporating SST data 

(available for tags from James Island) to examine the impact on daily location estimates. The 

output is the geographic median of a chosen number of track iterations (we chose 100 iterations) 

for each twilight. ‘SGAT’ employs a Markov chain Monte Carlo (MCMC) sampler that uses initial 

location estimates based on twilight times and then simulates tracks based on the initial location 

estimates and priors, which included a land mask, twilight error distribution, and distribution of 
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expected movement speeds in our analysis (Sumner et al. 2009). We ran SGAT with 75,000 

iterations for model burn in, and an additional 120,000 iterations for tuning of the proposal 

distribution, then drew a final 15,000 samples, run across 3 chains and thinned by a factor of 15, 

for a resulting 1000 samples. A full posterior distribution is produced for each location estimate 

for each twilight, from which we chose to report the medians.  

 

For six birds, three from James Island and three from Gull Island, five iterations of models were 

run in ‘SGAT’, ‘FlightR’, and ‘probGLS’ to determine the baseline variation within each of these 

stochastic methods. Each of the 28 total birds (14 per tag type) were then processed once using 

each of the six processing methods, and the birds with tags that measured SST (14 from James 

Island), were processed once incorporating SST data and once without SST data using 

‘probGLS’. The resulting dataset was the foundation of the inter-method comparison and also 

allowed for quantifying the differences between tag types, specifically looking at the effect of 

different light ranges and the inclusion of SST sensors.  

 

Comparisons 

 

Output location estimates for each track were then compared. The comparison analyses in the 

following paragraphs were completed for location estimates from three different datasets: 1) 

among the five iterations within each of the three stochastic methods (‘SGAT’, ‘probGLS’ – both 

with and without SST, and ‘FlightR’) that ran iterations for the subset of 6 birds, 2) among the 

six methods including all 28 birds, and adding ‘probGLS’ with SST as a method for the 14 tags 

that measured SST and 3) among the six methods within the two different tag types (different 

light ranges). Each of those datasets were further split into equinox and non-equinox periods (as 

defined above) before comparisons were calculated.  

 

We assigned each location estimate to the first of the two twilight times it was derived from, to 

match up corresponding location estimates among methods or iterations. Then we measured the 

geographic (great circle) distance between each available location estimate for the same twilight 

from different processing methods or iterations. For ‘TwilightFree’, with only one location 

estimate per day, the distance between this single location and the (up to) two location estimates 

of each of the other methods were computed. With the distances from the pairwise comparisons, 

we calculated the proportion of location estimates that were below or above 400 km apart. We 

chose 400 km as it is towards the upper end of the error range expected from GLS tags and, 

thus, comparisons exceeding this distance would likely indicate that processing methods do not 

produce comparable location estimates. Within each comparison, the median and standard 

deviation of those distances for each track were computed, outside of and during the equinox. 

We refer to these medians as the Median Pairwise Distance (MPD). These same calculations 

were performed for latitudinal distance only, assuming 1° latitude equals 111 km. Because 

distances were only measured when there were location estimates available for a given twilight 

for both methods or iterations, there were different sample sizes for each MPD.  

 

Earth Mover’s distance (EMD) and Bhattacharyya’s Affinity (BA), both of which represent the 

similarity of two distributions, were computed as well. EMD is based on computer vision 

analysis but functionally calculates the minimum distances (in km) between two distributions 
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(Kranstauber et al. 2017, Franklin et al. 2022). This measure was calculated in the same 

pairwise fashion as MPD, comparing tracks of each bird among methods or iterations during 

and outside of equinox periods, but location estimates missing from one track did not have to be 

dropped from the other track because distances are calculated by comparing to the closest 

location estimates regardless of date. As temporal proximity is not accounted for in EMD 

computation, we addressed concerns about fall and spring positions near the colony being 

inappropriately compared to each other by calculating EMD without any location estimates 

before the autumn equinox. BA is a commonly used overlap index, designed as a statistical 

measure of the similarity of two kernel density estimates (Bhattacharyya 1943, Fieberg and 

Kochanny 2005). Values of the BA index range from 0, indicating that distributions do not 

overlap, to 1, indicating identical distributions. We calculated BA of the 95% kernel density 

estimates for all possible pairs of methods using ‘adehabitatHR::kerneloverlap’ (Callenge 2006) 

on a 200 x 200 cell grid with bandwidth chosen via the ‘reference bandwidth’ method, 

incorporating all the location estimates of all the puffins from each method, separated into 

equinox and non-equinox periods.  

 

Results 

As Earth Mover’s Distance (EMD) showed the same patterns and similar values to the Median 

Pairwise Distances (MPD), we focus on the MPD and Bhattacharryya’s Affinity (BA), with EMD 

results provided in supplementary material. The majority of the distance between location 

estimates from different methods calculated in the MPDs was latitudinal (Fig. 1.S1), so 

latitudinal distances are also provided in supplementary material.  

 

Variation among iterations within each stochastic method was well under typical geolocator 

accuracy (200-400 km) outside of the equinox (Fig. 1.1A). The MPDs between ‘FlightR’ 

iterations were most commonly zero, though when location estimates were not in the same grid 

cell, jumps of multiples of 50 or 50*√2 km were introduced (Fig. 1.1C), increasing the MPD. 

‘ProbGLS’ occasionally had large MPDs between iterations, usually when locations ended up on 

opposite sides of a land mass, or when a rapid-long distance movement was estimated to occur 

on a different day. Including sea-surface temperature data in ‘probGLS’ made location estimates 

among iterations more similar (Fig. 1.1). Comparatively, the variation among SGAT iterations 

was consistently much less, with only rare long distances between concurrent locations. Most of 

the variation within methods was from latitudinal differences, though not all, and less so for 

‘probGLS’ than the others (Fig. 1.S2). BA values were very close to 1.0 when comparing 

iterations for ‘probGLS’ (with SST) and ‘SGAT’, and comparisons within all methods produced 

BA values mostly above 0.97 (Fig 1.S3). For ‘probGLS’ without SST outside of the equinox 

periods, 4 (out of 15) of the iteration comparisons were around BA = 0.90, but during the 

equinox some iterations had similarity indexes as low as 0.55 (Fig 1.S3). During the equinox, 

comparisons among iterations showed the same patterns as outside of the equinox, but MPDs 

roughly doubled (Fig. 1.1B).  
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Figure 1.1: Median pairwise distances (MPD, in km) among iterations of stochastic methods for 

locations during non-equinox periods (A) and during equinox periods (B). Note the different y-

axis scale on graphs. The shaded area indicates 200-400 km, typical geolocator accuracy range, 

shown to emphasize the difference in scale. Violin widths are scaled to maximum weight within 

each comparison. The map (C) shows non-equinox location estimates from two different 

iterations (different colors) of the same bird from ‘FlightR’. 

 

The two deterministic methods (‘GeoLight’ and ‘seatrackGLS’) produced similar location 

estimates (Fig. 1.2, Fig. 1.S4). Outside of equinox periods, some positions from both methods 

were either not estimated or removed through post-processing or filtering (GeoLight 11%, 

seatrackGLS 14%), but only 2% of the 8486 compared location estimates were more than 200 

km apart. MPDs between these two methods were all less than 63 km (Fig. 1.2), and none of the 

distances were more than 400 km (Fig. 1.3). The BA for all the birds was very close to 1.0, 

indicating essentially the same distribution was produced by both methods (Fig. 1.4). During the 

equinox, the MPDs were all less than 194 km (Fig. 1.2), although 12% of the distances were over 

400 km (Fig. 1.3). Many positions were dropped from both methods during the equinox, but a 

higher proportion of the possible equinox locations were estimated using ‘seatrackGLS’ (87%), 

partly because the bounding box was not applied, compared to ‘GeoLight” (69%).  
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Figure 1.2: Median pairwise distances (MPD, in km) for each method comparison for locations 

during non-equinox periods (top panel) and during the equinox periods (bottom panel). Note 

the different y-axis scale on graphs. The shaded area indicates 200-400 km, typical geolocator 

accuracy range, shown to emphasize the difference in scale. Violin widths are scaled to 

maximum weight within each comparison.  
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Outside of the equinox periods, some, but not all, of the stochastic methods produced location 

estimates within typical geolocator accuracy distance (~200-400 km) of those from other 

methods (Fig. 1.2, Fig. 1.S4A). ‘FlightR’ location estimates were the farthest from all other 

methods, with proportionally more distances above 400 km for most comparisons (Fig. 1.3). The 

closest location estimates to ‘FlightR’ were the ‘probGLS’ estimates (Fig. 1.2, Fig. 1.3, Fig. 1.S4A). 

‘ProbGLS’ run without SST data also produced divergent location estimates, with MPD 

interquartile ranges (IQRs) extending past 300 km for all comparisons except with SGAT (Fig. 

1.2). As with the iterations, including SST data in ‘probGLS’ brought location estimates closer to 

the other methods (Fig. 1.2, Fig. 1.S4A). For all other method comparisons, the MPD IQRs were 

under 226 km (Fig. 1.2), although between 9 – 14% of the measured distances were over 400 km 

for the rest of the comparisons including ‘TwilightFree’, ‘probGLS’, ‘seatrackGLS’ and ‘GeoLight’ 

(Fig. 1.3). ‘SGAT’ had the closest location estimates to most other methods (Fig. 1.2, Fig. 1.S4A), 

particularly the two deterministic methods (median MPDs = 125 km, 101 km). There was more 

variation in MPDs when comparing ‘SGAT’ with ‘probGLS’, although the median of the MPDs 

was still 127 km. All these same patterns were observed in BA calculations, with values mostly 

above 0.90, except for ‘FlightR’ and ‘probGLS’ without SST (Fig. 1.4).  

 

 
Figure 1.3: Matrices of the proportions of distance differences over 400 km for each method 

comparison for non-equinox (left panel) and equinox (right panel) locations, with color shading 

darker for larger proportions. The lower half of the matrices are the number of distances 

between location estimates included in each comparison outside of the equinox (out of a 

maximum of n = 10182, except n = 4554 for ‘probGLS with SST’ as it could only be run on tags 

with SST data) and during equinox (out of a maximum of n = 4884, except n = 2489 for 

‘probGLS with SST’).  
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During equinox periods, location estimates were more dissimilar, compared to non-equinox 

periods (Fig. 1.2, Fig. 1.S4B). Even more than non-equinox, all MPDs for method comparisons 

during the equinox were driven by latitude differences (Fig. 1.S1B). The deterministic methods, 

‘Geolight’ and ‘seatrackGLS’, were not expected to produce accurate equinox period location 

estimates, but this comparison still had the smallest MPDs because of their basis on the same 

algorithm (Fig. 1.2). Very few of the other comparisons were 200 km. Only 25% of the distances 

in the ‘TwilightFree’ – ‘probGLS’ comparison were over 400 km (Fig. 1.3), with the next most 

similar comparisons being ‘FlightR’ – ‘probGLS’, and then ‘SGAT’ – ‘TwilightFree’ in the same 

range (Fig. 1.2). The majority of the comparisons during equinox had MPDs between 400 – 800 

km. BA values also indicated increased dissimilarity during the equinox, ranging as low as 0.11 

(Fig. 1.4). The median BA of all except for two comparisons (‘seatrackGLS’-‘TwilightFree’ and 

‘seatrackGLS’-‘Geolight’) was under 0.85, and 6 comparisons (mostly with ‘seatrackGLS’) had 

median BA values under 0.64 (Fig. 1.4).    
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Figure 1.4: BA for each method comparison for locations during non-equinox periods (top 

panel) and during equinox periods (bottom panel). Note the different y-axis scale on graphs. 

The shaded area indicates BA values in the range of 0.80-0.90 , shown to emphasize the 

difference in scale. Violin widths are scaled to maximum weight within each comparison. 

 

Tag type impacted location estimates of non-equinox periods, more for some processing 

methods than others (Fig. 1.5). All except for 3 twilights were successfully detected during non-

breeding, and about 93% of locations were estimated across methods for both tag types. 

‘FlightR’ showed dramatically different within-method variation, indicated by comparing 

iterations, depending on tag type (Fig. 1.S5). Outside of the equinox, the median MPD from the 

Migrate Technology tags was 0 km, while the median MPD of the BioTrack tags was 55 km. This 

difference held during the equinox as well, with the Migrate Technology tag median MPD at 2 

km, and a BioTrack tag median MPD of 102 km. When ‘FlightR’ was compared to other 

methods, all the largest MPD values were from BioTrack tags, and MPDs from Migrate 

Technology tags were mostly under 400 km (Fig. 1.5). As previously mentioned, including SST 
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data in ‘probGLS’ brought location estimates closer to the other methods (Fig. 1.2). This effect 

was less during equinox, when comparing to all methods except for ‘TwilightFree’ (Fig. 1.2B).  

 

 

 
Figure 1.5: Median pairwise distances (MPD, in km) for each method comparison for BioTrack 

tags from Gull Island (red boxplots) and Migrate Technology tags from James Island (blue 

boxplots) during non-equinox periods. The BioTrack tags from Gull Island had lower resolution, 

clipped light values and no SST data were recorded, while the Migrate Technology tags from 

James Island had full resolution light values and SST data. Hence, the ‘probGLS’ method with 

SST could not be used on the BioTrack tag data from Gull Island.  

 

Discussion 

This study illustrated the difference in location estimates resulting from different GLS 

processing methods and GLS tag types on non-breeding Atlantic puffins, along with the baseline 

variation in location estimates across multiple model runs of the same data from stochastic GLS 

processing methods. We found low baseline variation within stochastic processing methods, 

and, although there were exceptions, most of the processing methods produced comparable 

location estimates (i.e., under the GLS error range) during non-equinox periods. ‘Geolight’ and 

‘seatrackGLS’ produced nearly the same results for puffins at these latitudes. Although 

‘seatrackGLS’ included additional filtering steps to remove or smooth outlier locations, EMD 

values were comparable to MPD values, suggesting that this filtering did not cause the two 

deterministic methods to give different results. This similarity is partly a result of our 
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standardization process, which led to both methods using the same twilights and solar angles in 

the same astronomical formula (Lisovski and Hahn 2012, Bråthen et al. 2021). Relatedly, the 

larger differences in location estimates from ‘FlightR’ relative to other methods were likely 

because the template-fit algorithm required different calibration information than the other 

methods (Rakhimberdiev et al. 2017). Location estimates from ‘FlightR’, however, were much 

more comparable to other methods when run on the un-clipped, high-resolution light data 

collected by the Migrate Technology tags relative to the truncated light data collected by the 

BioTrack tags. Similarly, location estimates produced from ‘probGLS’ were much more 

comparable to other methods when SST was incorporated. Unsurprisingly, location estimates 

were less consistent during equinox periods, suggesting that researchers should be cautious 

when comparing estimates of latitude from those times of the year (longitude similarities are 

expected to match non-equinox period results, Hill and Braun 2001). Based on these findings, 

we focus on outlining the advantages (e.g., lower differences in spatial location estimates 

between processing packages) and disadvantages (e.g., longer model run times) to help 

recommend processing packages for different research questions.  

 

For researchers trying to choose which processing method to use, it is worth considering the 

data inputs and the time and effort commitments for each package (Table 1.1). ‘Geolight’ 

requires minimal upfront effort, and the run time (assuming the processing power of a standard 

business laptop) is very short (seconds/track). The effort to achieve biologically reasonable 

positions from this package occurs in pre- or post-processing, where filtering and smoothing can 

be as minimal or complex as the user chooses. Variation in post-processing decisions and effort, 

however, could make it more difficult to standardize among researchers and, thus, produce 

comparable location estimates. By standardizing the pre- and post-processing decisions, 

‘seatrackGLS’ ensures that location estimates are comparable among researchers, and shares the 

rapid run time of ‘Geolight’. Although ‘TwilightFree’ requires confidence in the solar angles 

used, its mid-range run times (5-10 min/track) allow the option of including an iterative 

process, where the model is run with increasingly smaller data sets, with potentially erroneous 

light data removed, until the results best match user-defined, biologically reasonable 

expectations. Thus, this method is a good option if a relatively quick run time is preferred, but it 

is also important to minimize discarding data. A possible disadvantage to ‘TwilightFree’ is the 

alpha (tag shading) and beta (movement probability) parameters (Bindoff et al. 2018), which are 

difficult to conceptualize and therefore determine whether they are being used in a biologically 

appropriate way. ‘ProbGLS’ does not require precise solar angle estimates (Merkel et al. 2016), 

and allows relatively easy incorporation of auxiliary data, such as immersion and temperature 

records (Lisovski et al. 2020). Setting movement parameters is also simple, although less 

straightforward for alcids, for whom flight speeds need to be reduced to compensate for times 

when the tag is dry but the bird is not in flight (e.g., leg-tucking, Buckingham et al. 2022, 

Runnells et al. 2024). Run time of ‘probGLS’ was around 20-30 minutes/track. The run times 

for ‘FlightR’ and ‘SGAT’ were much longer (~2 h/track), and parameters for these models are 

more difficult to conceptualize and require comfort with more advanced R scripting (Sumner et 

al. 2009, Rakhimberdiev et al. 2017, Lisovski et al. 2020).  
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Output from each of the methods also varies, thus processing method choice may depend on the 

information needed for specific research goals. Some of the methods produce latitude estimates 

during the equinox that are unreliable (‘GeoLight’, ‘seatrackGLS’), although confidence in the 

estimates during equinox from the other methods may be unwarranted. If analyzing year-round 

migratory paths (e.g., Fayet et al. 2017b, Schaefer et al. 2022, Wong et al. 2022), researchers will 

want to use a method that provides equinox estimates but should acknowledge the increased 

uncertainty during that period (Lisovski et al. 2018), as birds more than 400 km apart could be 

in the same location, or the opposite. Environmental data, such as SST, can be integrated with 

‘probGLS’, ‘TwilightFree’, and ‘SGAT’ or can be added in post-processing for any method, using 

the approach given in Teo et al. (2004) (e.g., Fifield et al. 2014). Including SST can help refine 

position estimates both during and outside of equinox periods (Sumner et al. 2009, Merkel et al. 

2016, Bindoff et al. 2018) and, thus, choosing these methods would require careful selection 

among available tag types. Another consideration is the additional information available with 

some methods, which may be necessary or beneficial for addressing certain research questions. 

For instance, ‘FlightR’, ‘probGLS’, and ‘SGAT’ all provide some estimate of uncertainty around 

each position, which can be incorporated into subsequent analyses (e.g., as a buffer when 

mapping). ‘SGAT’ also provides information on model convergence, which can be used to filter 

by location estimate quality, as it was in this study (Table 1.1). For researchers interested in 

behavioral states (as in Matsuoka et al. 2025, Pavlinec et al. 2025), ‘FlightR’ provides estimates 

of migration status parameters (i.e., stationary/moving), as can ‘GeoLight’ with easy, additional 

post-processing, while ‘probGLS’ output includes summaries of any included auxiliary data (e.g., 

SST) associated with each time point, facilitating their inclusion in downstream modeling (e.g., 

habitat selection models). Overall, there are tradeoffs between time and effort versus output 

richness. 

 

Given the above, our findings affect the interpretation of previous analyses and inform the 

appropriateness of combining previously processed data, allowing the proper use of existing 

data by managers. If researchers plan to use already processed data, the tag data used to 

produce the location estimates needs to be considered, as the geolocator tag type and settings 

selected determine what data were available and therefore impact appropriate processing 

method choice. Although most of the GLS processing methods produced comparable spatial 

location estimates in our analysis, archived, processed GLS data may not be comparable if the 

calibration and other parameters were not known, similar and/or standardized. Location 

estimates produced using ‘probGLS’ may only be reliably compared with location estimates from 

other methods if SST was included, although reduced solar angle variation could increase the 

similarity. ‘FlightR’, and location estimates produced using ‘FlightR’, are only a good option to 

use for tags which record the full light range, as the template-fit method is not effective 

otherwise (Rakhimberdiev et al. 2016, Lisovski et al. 2020). Our results also inform decisions 

about subsequent analyses. For instance, our Bhattacharyya’s Affinity (BA) analysis indicated 

very similar kernel density estimates among methods outside of the equinox, but even the small 

observed differences in BA suggest that the same method should be used for all location 

estimates when comparing distributions with this type of analysis. When considering similarity 

of migratory paths (e.g., repeatability, consistency), if locations estimated on a grid (e.g., 

‘TwilightFree’, ‘FlightR’) are compared with spatially continuous estimates (e.g., ‘probGLS’), 

grid size must be factored into the calculations. Because large databases of archived, processed 
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GLS data exist (Strøm et al. 2021, Kays et al. 2022), our results facilitate the appropriate 

compilation and comparison of data from multiple sources for conservation and management 

purposes.  

  

This study focused on a subset of data from one species with movement characteristics and 

distribution patterns that would limit the impact of confounding effects on our comparison, 

which leaves open many opportunities for building on this research. It would be interesting to 

determine how comparably different methods perform under conditions that make light-level 

geolocation more challenging. For instance, in areas where birds spend time in embayments or 

areas of the ocean that are surrounded by large land masses (e.g., North Sea: Harris et al. 2010, 

Gulf of St. Lawrence: Baran et al. 2022), the use of land masks can lead to obviously erroneous 

location estimates with many of the stochastic processing methods, when positions originally on 

land are forced to the nearest open water by the model. Additionally, no cases of very short or 

non-existent periods of daylight were experienced by these birds, nor did they travel close 

enough to the Equator for our location estimates to be based on nearly equal day and night 

length regardless of latitude for most of the non-breeding period. For researchers working in 

polar regions, ‘seatrackGLS’ includes an option for automatically generating position estimates 

under conditions when twilight periods are long and begin to merge, so this method would 

provide more positions in the Arctic or Antarctic close to the solstices. Finally, because of their 

high wing-loading, alcids generally move gradually instead of with rapid, long-distance 

movements (Dunn et al. 2020), so the issue of changes to apparent day/night duration resulting 

from longitudinal travel (i.e., zig-zagging latitude estimates) could not be considered in this 

study, and would likely decrease the similarity of ‘GeoLight’ and ‘seatrackGLS’ (Hill and Braun 

2001, Bråthen et al. 2021). It is also possible that positions from the various methods would be 

more comparable if we had allowed adjustments to input parameters or extra polishing steps, 

but it would be difficult to standardize these extra steps across studies. For example, perhaps 

running additional iterations of ‘TwilightFree’ without subsets of bad data increases its’ 

similarity to other methods or maybe incorporating SST data into ‘TwilightFree’ and ‘SGAT’ 

models would pull their location estimates closer to those from ‘probGLS’. Future research could 

consider adding processing steps and information to understand how much they would 

influence location estimates.  

 

Conclusion 

Scientists who are just beginning geolocator projects need to carefully consider their choice of 

tag type and processing method to successfully meet their research objectives. Those 

undertaking conservation and management efforts (e.g., spatial planning) should be wary of 

combining already processed GLS data without considering calibration parameters, tag type, 

and processing method, along with how the data will be used in subsequent spatial analyses. 

Based on our findings, efforts might need to begin with reprocessing raw light data, which is in 

line with other recent studies that indicate how seemingly small differences in choices made by 

analysts can introduce impactful variation in results (Gould et al. 2024). Overall, we hope our 

findings aid researchers in deciding among available GLS data processing packages and will help 

appropriately combine location estimates from geolocators across studies to address a variety of 

ecological research questions and meet important conservation and management targets. 
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Supplementary figures: 

 

 

Figure 1.S1: Median pairwise distances (MPD, in km) of great-circle distance and latitudinal 

distance, for each method comparison for locations during non-equinox periods (A) and during 

equinox periods (B). Note different y-axis scales. The shaded area indicates 200-400 km, typical 

geolocator accuracy range. Half-violin widths are scaled to maximum weight within each 

comparison.  
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Figure 1.S2: Median pairwise distances (MPD, in km) of great-circle distance and latitudinal 

distance, for each method comparison for locations during non-equinox periods. The shaded 

area indicates 200-400 km, typical geolocator accuracy range. Half-violin widths are scaled to 

maximum weight within each comparison.  
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Figure 1.S3: Bhattacharyya’s Affinity (BA) among iterations of stochastic methods for locations 

during non-equinox periods (A) and during equinox periods (B). The shaded area indicates BA 

values of 0.80-0.90. Note the different y-axis scale on graphs.  
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Figure 1.S4: Earth Mover’s Distance (EMD, in km) for each method comparison for locations 

during non-equinox periods (A) and during equinox periods (B). The large distances to 

‘seatrackGLS’ during equinox are because positions outside the boundary box were included. 

Note different y-axis scales. The shaded area indicates 200-400 km, typical geolocator accuracy 

range. Half-violin widths are scaled to maximum weight within each comparison. 
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Figure 1.S5: Median pairwise distances (MPD, in km) among iterations of stochastic methods for 

BioTrack tags from Gull Island (red boxplots) and Migrate Technology tags from James Island 

(blue boxplots) during non-equinox periods. The BioTrack tags from Gull Island had a reduced 

range of light values and no SST data were recorded, while the Migrate Technology tags from 

James Island had full range light values and SST data. Hence, the ‘probGLS’ method with SST 

could not be used on the BioTrack tag data from Gull Island. The shaded area indicates the 

lower end of 200-400 km, typical geolocator accuracy range. Half-violin widths are scaled to 

maximum weight within each comparison. 
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Link between Chapters 1 & 2  

Our understanding of the non-breeding distributions of north Atlantic seabirds has greatly 

expanded following the development of small geolocators (GLS) in the 21st century. GLS data 

have limitations, and a variety of processing methods have been developed for maximizing the 

accuracy of location estimates from these loggers. As GLS-based movement ecology continues to 

advance, it is important to evaluate the impact of processing method choices on our research 

results.   

In Chapter 1, I determined that most GLS data processing methods produced comparable results 

when tracking Atlantic puffins, if data inputs were standardized. I also found extremely low 

baseline variation within stochastic processing methods, such as ‘probGLS’. Interestingly, even 

comparable location estimates affected the interpretation of an analysis of kernel density 

distribution similarity. Therefore, in Chapter 2, my kernel density overlap analysis was based on 

positions all estimated by the same GLS processing method, ‘probGLS’. Additionally, to ensure 

data input standardization, I re-processed Atlantic puffin GLS data from four colonies using 

‘probGLS’ for the location estimates underlying the migratory connectivity analysis in Chapter 3.  
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Abstract 

Little is known about the spatial and dietary overlap of seabird species during the non-breeding 

season, when scarce and patchy marine food resources could lead to interspecific competition. 

We aimed to quantify spatiotemporal and isotopic niche overlap among common murres (Uria 

aalge), razorbills (Alca torda), and Atlantic puffins (Fratercula arctica) outside the breeding 

season by combining data from geolocators and stable isotope ratios (δ15N, δ13C) of belly, 

secondary, and head feathers collected in 2017-2020 from birds breeding in coastal 

northeastern Newfoundland, Canada. Seasonal utilization distributions of each species indicated 

generally low spatial overlap during most of the non-breeding period, with exceptions 

immediately post-breeding and with variability in movement paths among puffins. Stable 

isotope analysis revealed a broader isotopic niche (1.5-3×) for puffins than other species, 

matching their greater spatial variation. There was no isotopic niche overlap among the three 

species, except during flight feather molt of razorbills and murres. Individual puffins located in 

the same area as razorbills or murres had lower δ15N values, suggesting a lower trophic 

position. The minimal overlap of these three alcid species during an understudied phase of their 

annual cycle suggests that they segregate spatially and partition resources, implying that 

different spatial planning and ecosystem conservation strategies should be applied to each of 

these three species.  

Key words: Seabird – Interspecific Competition – Distribution – Stable Isotope – Geolocator – 

North Atlantic – Alcid   
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Introduction 

The patchy prey distribution in the ocean brings foraging seabirds together in areas of higher 

prey density (Hunt et al. 1999). If prey resources are not limited in these patches, species could 

co-occur without detriment to foraging success, and facilitative interactions could even enhance 

prey capture rates (e.g., Harrison et al. 1991, Silverman et al. 2004). Alternately, co-occurring 

species may compete if shared prey resources are limited at these patches when foraging tactics 

overlap in space and time (Lack 1944). These circumstances create the opportunity for 

interspecific interactions and the evolution of niche partitioning. Sympatric seabird species have 

many ways to minimize competition for limited prey resources through niche differentiation, 

including spatial segregation (McFarlane Tranquilla et al. 2015), foraging depth differences 

(Ballance et al. 1997), prey specialization (Mancini et al. 2014), and phenological differences 

(Navarro et al. 2013).  

When breeding seabirds are concentrated in space and time at multi-species colonies there is 

ample opportunity for competition (Ashmole 1963), but species interactions are also possible 

during low productivity winter periods in the patchy ocean environment (May & MacArthur 

1972, Hutchinson 1978; see also Haury et al. 1978). There is a higher potential for competition 

among seabird species if they forage in the same prey-limited patches on similar prey types 

during the winter than if seabird species are not in the same location and foraging on dissimilar 

prey types. 

Niche overlap may be more likely between closely related species that obtain prey in a similar 

manner, as their shared ancestor evolved while relying on a comparable pool of resources 

(Wiens and Graham 2005). Atlantic puffins (Fratercula arctica), razorbills (Alca torda), and 

common murres (Uria aalge) are wing-propelled pursuit diving Alcidae that are characterized 

by stout body shape and high wing loading (body mass/wing area; Gaston & Jones 1998). All 

three species breed sympatrically across the North Atlantic during the boreal summer, where 

they forage predominantly on locally abundant, small forage fish (e.g., Barrett & Furness 1990, 

Scopel et al. 2019, Jenkins & Davoren 2020). Common murres (hereafter, sometimes, “murres”) 

are the largest and heaviest of the three and can dive the deepest (maximum 180 m; Piatt & 

Nettleship 1985) and longest (41–212 s; Wanless et al. 1988, Hedd et al. 2009, Ainley et al. 

2020). Razorbills are of intermediate size and dive capabilities (140 m, 19–49 s; Wanless et al. 

1988, Lavers et al. 2020), while Atlantic puffins (hereafter, sometimes, “puffins”) are the 

smallest of the three with the shallowest maximum dive depths (68 m) and shortest dive 

duration (20–30 s; Wanless et al. 1988, Lowther et al. 2020). This size variation can lead to 

spatial partitioning of prey resources during the breeding season, perhaps because larger body 

size might impart a competitive advantage and ability to exploit the highest quality prey patches 

while excluding similar smaller bodied birds (Piatt 1990, Wanless et al. 1990, Linnebjerg et al. 

2013). Spatial and diet segregation among the three alcids has been observed within foraging 

ranges of colonies during breeding, but both spatial and dietary overlap increase when and 

where prey is abundant (Wanless et al. 1990, Pratte et al. 2017, Jenkins & Davoren 2020, 

Lescure 2021, Petalas et al. 2021). Pre- and post-breeding, sympatric alcids are more spatially 

dispersed; however, there is evidence of high dietary similarity (Linnebjerg et al. 2013). 

Increased spatial segregation during non-breeding may allow these alcids to feed on similar prey 

types, but it is also possible that both spatial and dietary overlap remain high.  
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Tracking technology has increased understanding of the non-breeding movement patterns of 

Northwest Atlantic alcids (e.g., McFarlane Tranquilla et al. 2013, Burke et al. 2015, Baran et al. 

2022). During non-breeding, Atlantic puffins are thought to disperse widely and gradually move 

off the continental shelf (Hedd et al. 2010, Fayet et al. 2017, Lowther et al. 2020). 

Newfoundland common murres do not appear to disperse far from breeding colonies 

(McFarlane Tranquilla et al. 2013, Burke & Montevecchi 2018, Ainley et al. 2020), while 

Newfoundland razorbills stay near the coast or in shallow areas (Lavers et al. 2020). Male 

razorbills and murres are limited to areas near swimming-distance from colonies during the fall 

molt, when they are flightless and attending flightless, post-fledging offspring. The distribution 

and movements of all three species may depend strongly on environmental conditions 

(Oedekoven et al. 2001, Veit & Manne 2015, Diamond et al. 2020), and prey predictability (Skov 

et al. 2000), and may also be influenced by other species’ density and distribution patterns. As 

only a few studies have examined species-specific seasonal variation in distributional patterns in 

a multi-species context (e.g., Buckingham et al. 2022), spatial overlap among species during the 

non-breeding season remains unclear. 

Although overlap in alcid diet is difficult to assess during non-breeding, when they are not 

accessible at colonies, Atlantic puffin, razorbill, and common murre winter diets have been 

studied in a few parts of their range. Winter stomach contents from all three species include 

both fish (e.g., capelin, herring) and invertebrates (e.g., euphausiids, squid) of various types and 

proportions depending on location. Most studies found that common murres consume a higher 

proportion of fish in the winter than the other two species (Ainley et al. 1996, Rowe et al. 2000), 

and Atlantic puffins often consume a higher proportion of invertebrates (Falk et al. 1992, Hedd 

et al. 2010, Harris et al. 2015) although species-specific diets vary among regions (Blake 1984, 

Huettman et al. 2005). Stable isotope analysis of feathers can provide insight into non-breeding 

diet (Karnovsky et al. 2012), with δ15N generally indicating prey trophic levels and δ13C 

generally indicating spatially varying ecosystem baselines (Hobson et al. 1994, Bond & Jones 

2009, Shipley & Matich 2020). Although there are shared prey species among the three alcids, 

different proportions of higher and lower trophic level prey consumed during feather growth 

will be reflected in the isotopic niche. Recent research using feather stable isotope analysis in the 

North Sea showed that the three alcids have different diets during fall, winter, and spring, 

suggesting that trophic segregation coupled with spatiotemporal differences could reduce 

interspecific competition (St. John Glew et al. 2018).  

Our objective was to determine the spatiotemporal and isotopic niche overlap during the non-

breeding season among Atlantic puffins, razorbills, and common murres that breed 

sympatrically in the Northwest Atlantic. Based on previous single-species studies in this region 

(e.g., Hedd et al. 2012, Burke & Montevecchi 2018), we hypothesize that non-breeding alcid 

species will vary in their spatial and isotopic niche during different seasonal stages of the non-

breeding season. We predict some shared space-use among the three species occurring during 

initial dispersal in the fall and return to the breeding colony during spring, but generally low 

spatial overlap of species-specific core use areas during the remainder of the non-breeding 

period. Specifically, we predict razorbills will be distributed closer to the coast, puffins mostly 

off the continental shelf and murres on the Grand Banks. Isotopic niche overlap among the 

species is expected to be minimal, especially when spatial overlap is high.  
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Methods 

2.1 Tag deployment and feather sampling 

Logger deployment and feather sampling took place during the breeding season on two colonies 

on the northeastern Newfoundland coast (Fig. 2.1): James Island (49.58°, -53.78°), where 

razorbills (~3,000 pairs) and Atlantic puffins (~16,000 pairs) breed sympatrically (Jenkins et al. 

2018), and, 47 km to the east-northeast, Funk Island (49.76°, -53.18°), the largest breeding 

colony of common murres in the Atlantic (~ 470,000 pairs; Wilhelm et al. 2015, Ainley et al. 

2020). On James Island, puffins and razorbills were hand captured from burrows or nest 

crevices after hatching and predominantly between midnight and sunrise to reduce disturbance. 

On Funk Island, breeding murres were captured with telescopic noose poles at breeding sites or 

nets on long poles while returning to breeding sites during daylight. We measured tarsus length 

(mm), wing chord (mm), and body mass (g) of each individual. Fieldwork was conducted in 

accordance with the Canadian Council on Animal Care (University of Manitoba Protocol F16-

017/1/2/3, F20-017/1; Memorial University of Newfoundland 19-01-WM) and Canadian Bird 

Banding Office (Banding Permits 10873 and 10332). 

 

Figure 2.1: Bathymetric map of the study area in the northwest Atlantic, indicating the breeding 

colonies of Funk Island (FI, blue diamond) and James Island (JI, purple diamond) off the 



 

29 
 

northeastern Newfoundland coast, along with other referenced oceanographic and political 

locations: The New York Bight (NYB), Gulf of Maine (GOM), Labrador Coast (LC), Grand Banks 

(GB), Orphan Basin (OB), Flemish Cap (FC), and North Atlantic Current and Evlanov Sea 

OSPAR MPA (NACES MPA). Depth information is from Blue Earth Bathymetry, a GEBCO 

(https://www.gebco.net) derived product, the MPA boundaries are provided by OSPAR 

(https://www.ospar.org), and the land boundaries are from Natural Earth 

(https://www.naturalearthdata.com).  

 

During 2019 and 2020, we deployed 10–25 light-level geolocators per species per year with 

immersion switches and temperature loggers (Migrate Technology C330 and C65+ on razorbills 

and puffins, Biotrack MK3006 on murres; see Table 2.1). The geolocators were attached to 

plastic leg bands with cable ties for year-round deployments and retrieval the following breeding 

season. Most loggers and bands were < 1% of birds’ weight at the time of attachment (except 4 

puffins were < 1.25%), minimizing potential for device effects during long-term deployment 

(Bodey et al. 2018, Geen et al. 2019). To examine possible device effects, we compared the 

mass:wing chord ratios of birds upon deployment and upon retrieval (as in Baran et al. 2022) 

and found individual body condition did not differ (Paired t-test: t = 2.04, df = 30, p = 0.56). 

Low recapture rates of common murres (Table 2.1) were primarily due to murres breeding on 

flat rock (in contrast with the crevice- and burrow-nesting puffin and razorbill) and, thus, 

flushing upon researcher approach. Slightly different data were collected and recorded by the 

two brands of geolocators. The Biotrack MK 3006 loggers, deployed as part of the SEATRACK 

project (Strøm et al. 2021), measured light intensity every 60 s and recorded the maximum of 

these light intensity values every 10 min, along with salt water immersion status every 3 s and 

recorded counts of ‘wet’ samples every 10 min. Temperature (°C) also was measured every 4 h, 

when two samples were taken and recorded 20 min apart, after the logger has been continually 

immersed for 20 min. Both Migrate Technology models measured light intensity every 60 s and 

recorded the maximum of these light intensity values every 5 min, along with immersion status 

every 30 s and recorded counts of ‘wet’ status every 10 min. When the tags were immersed 

continuously for 20 min, temperature (°C) was measured once, and the maximum, minimum, 

and mean temperature every 8 h were recorded. Before deployment of the Migrate Technology 

geolocators, we performed a 3–8-day rooftop light-level calibration. Upon retrieval, we also 

conducted a simulated in situ light-level calibration where the geolocators were suspended 

below a plastic common murre decoy at the depth of the foot and moored at known coordinates 

for 5–8 days.  
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Table 2.1: Summary of deployments of light-level geolocators on Atlantic puffins (ATPU), 

razorbills (RAZO), and common murres (COMU) during 2019 and 2020, including the number 

of Migrate Technology C330 and C65+ and Biotrack MK3006 model geolocators used in each 

year for each species, the number of geolocators retrieved in each year (2020 and 2021), the 

overall retrieval rate during this project, and summarized arrival and departure dates.  

Species Quantity and models 

deployed 

Quantity 

retrieved 

Retrieval 

rate 

Median (range) dates of non-

breeding period boundaries 

 2019 2020 2020 2021  Departure Arrival 

ATPU 10 C330 15 C65+ 3 11 0.56 9/6 (8/28 – 9/13) 5/13 (5/8 – 5/26) 

RAZO 10 C330 15 C330 5 8 0.52 8/13 (8/2 – 9/14) 5/12 (5/5 – 5/31) 

COMU 25 MK3006 25 MK3006 3 5 0.16 8/12* 5/6 (5/3 – 7/02) 

*The geolocators deployed on murres were programmed to start recording between late July – 

mid August, so all murre departure dates were set to August 12, a reasonable estimate for when 

many individuals have left the colony based on the typical breeding schedule.  

 

Samples of head (3–5 feathers) and first secondary (2 cm2 snips) feathers were collected to 

quantify stable isotope ratios of carbon and nitrogen from 20 untagged chick-rearing individuals 

per species per year during 2017–2019. In 2020, fewer birds were sampled (17 puffins and 

murres, 14 razorbills) and belly feathers (3–5 feathers) were also collected. These birds were 

captured on the colony typically on one day each year. Head, first secondary, and belly feather 

samples were also collected from birds with geolocators upon recapture, with the exception of a 

secondary from one puffin in 2020 and head feathers from another in 2021. Reported molt 

schedules of these alcid species vary (Harris and Yule 1977, Thompson et al. 1998, Pyle 2009, 

Glew et al. 2018, Lowther et al. 2020), though a commonality is that they are timed relative to 

the regional breeding season. Adjusting that relative annual molt timing based on the breeding 

schedule on the northeastern Newfoundland coast, we estimated murre and razorbill 

secondaries were molted during September–November and all three species molt head feathers 

during March–May. The timing of puffin secondary feather molt, however, may be highly 

variable (Harris & Yule 1977, Howell & Pyle 2005, Darby et al. 2022). Belly feather molt timing 

of all three species is also uncertain, with a fall molt potentially supplemented by additional 

body feather replacement later in the non-breeding season.  

2.2 Spatial analysis 

Arrival and departure dates from the colony for puffins and razorbills were determined based on 

the first or last day during an appropriate seasonal window (razorbills: Jun 15–Sep 1 & May 15–

Jun 15; puffins: Aug 30–Sep 12 & Apr 15–Jun 15) when daytime light measurements dropped 

below a species-specific threshold, indicating burrow or nest crevice attendance. As the 

geolocators deployed on murres were programmed to start recording between late July – mid 

August, all murre departure dates were set to August 12. This date is a reasonable estimate for 

when many individuals have left the colony based on the typical breeding schedule. Murre 
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arrival dates were set as the first time during an appropriate seasonal window (May 1–Jun 15) 

that the immersion sensor was dry for 6 h continuously during daylight, suggesting dedicated 

colony attendance, as long flights are unlikely in this and other alcid species (Elliott & Gaston 

2014, Dunn et al. 2020). Murres in Newfoundland are not known to visit the colony during non-

breeding, as they do in other regions (e.g., Bennett et al. 2022), thus this 6 h “dry” threshold for 

murres avoids excluding data before the likely onset of incubation.   

Geolocator data processing followed commonly used methods (Lisovski et al. 2012) in R version 

4.0.3 (R Core Team 2020). Twilights were detected and extracted from the non-breeding, logged 

light data with ‘TwGeos’ (Lisovski et al. 2016) using a visually confirmed light threshold of 0.9. 

Location estimates were determined using ‘ProbGLS’ (Merkel et al. 2016), by incorporating 

light, immersion, and temperature data into a probabilistic model, which estimated 2000 

possible locations based on each twilight time, and weighted those locations by possible flight 

distances, based on the immersion data, species-specific flight speeds and environmental 

characteristics. Combining these data, 100 iterations were then computed of the most likely 

movement paths, and the geographic median track for each individual was reported. The flight 

speeds used were based on estimates by Pennycuick (1987), adjusted to be more conservative 

(Buckingham et al. 2022), given that the activity data are based on immersion sensors, which 

register as dry when alcids sitting on the water’s surface are leg tucking, a more common 

occurrence than long flights in alcids (Dunn et al. 2020). Environmental variables included land 

cover, ice cover, and sea surface temperature (SST) obtained from the NOAA High-resolution 

Blended Analysis of Daily SST and Ice, a 0.25 degree resolution interpolation of observations 

from different platforms (Reynolds et al. 2007). We set a range of solar angles as input 

parameters (-6 to -3) based on values calculated with ‘GeoLight’ (Lisovski & Hahn 2012) using 

data from the two calibration methods. A list of all input parameters is in Table 2.A1 in the 

Appendix. 

Spatial data (i.e., GLS location estimates) were projected in a Lambert Azimuthal Equal Area 

centered on James Island. Bivariate normal kernel density of core (50%) utilization 

distributions were calculated for each species in successive 2-month periods (Aug–Sep, Oct–

Nov, Dec–Jan, Feb–Mar, Apr–May) with ‘adehabitatHR’ 0.4.19 (Calenge 2006). Smoothing 

factors for all periods and all species were set to a bandwidth of 150 km, based on reasonable 

assumptions about geolocator spatial precision (186 ± 114 km: Phillips et al. 2004; 304 ± 413 

km: Halpin et al. 2021), with an extent of 1 and grid cell size of 25 km, approximately the same 

resolution as the environmental data supporting the location estimates. Pairwise comparisons of 

the spatial overlap between species within each 2-month period were quantified with the 

utilization distribution overlap index (UDOI) of the 50% kernels (Fieberg & Kochanny 2005). 

The UDOI represents niche overlap and shared space use because the concentration of 

occurrences within the kernels is considered together with the overlap of the kernels. For 50% 

kernel density estimates, a UDOI of 0 indicates no overlap, while a UDOI of 0.25 indicates a 

complete overlap and uniform distribution of occurrences throughout. UDOI values are often 

between 0 and 0.25, indicating that even where kernels overlap, species occurrences are not 

concentrated in the same places; however, UDOI values > 0.25 could result from varying overlap 

of kernels but high overlap of concentrated occurrences of two species within the kernels 

(Fieberg & Kochanny 2005). Although there was some variation in UDOI depending on grid cell 
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size, the relative amount of overlap among species pairs remained the same (Table 2.A2 in the 

Appendix).   

2.3 Stable isotope analysis 

Feathers were cleaned of dirt and oils by rinsing twice with 0.25 M sodium hydroxide (NaOH) 

solution for 30 s, followed by rinsing twice with distilled water for 30 s (Bearhop et al. 2002). All 

feather samples (n = 609) were dried in uncapped glass scintillation vials in a warm oven for a 

minimum of 2 h, or in a room-temperature sheltered space with low humidity for a minimum of 

48 h. Samples were sent to the GLIER Stable Isotopes Lab at the University of Windsor, where 

they were homogenized, and sub-samples of 0.7-1 mg were analyzed with a continuous-flow 

isotope ratio mass-spectrometer (Thermo Delta V) to quantify stable carbon and nitrogen 

isotope ratios (δ13C, δ15N). The measured ratios of sample values relative to the ratios of 

universal standards (Vienna Pee Dee Belemnite for carbon, and atmospheric N2 for nitrogen) 

are presented in standard δ notation in units of parts per mil (‰; Bond & Jones 2009). These 

are calculated as: 𝛿𝐻𝑋 = [(
𝑅𝑆𝐴𝑀𝑃𝐿𝐸

𝑅𝑆𝑇𝐴𝑁𝐷𝐴𝑅𝐷
− 1)] ∗ 1000, where X is the element (C or N), H is the 

heavy isotope mass of that element, and R is the ratio of the heavy to the light isotope for the 

element (13C/12C or 15N/14N). Precision was measured as ≤0.48‰ for δ15N and ≤0.17‰ for δ13C 

using the standard deviation of replicate analyses of four standards: NIST1577c, tilapia muscle, 

USGS 40 and Urea (n = 60 for all). Instrument accuracy, based on the certified values of USGS 

40 (n = 60 for δ13C and δ15N) analyzed throughout runs showed a difference from the certified 

value of 0.08‰ for δ15N and 0.11‰ for δ13C.  

We inspected the stable isotope data visually with multivariate histograms and determined that 

there were no large departures from multivariate normality. A Bayesian multivariate mixed 

model with Gaussian error was fit to the data. The response variables were the δ15N and δ13C 

values, with species and feather type as fixed predictors and individual and year as random 

intercepts. Individuals were nested within years. We ran the model using 13,000 iterations, 

three chains, a thinning rate of 10, and a burn-in of 3000 (R package 'MCMCglmm', Hadfield 

2010). A minimally-informative normal prior was used for the means, and the broadest possible 

inverse-Wishart distribution was used as a prior for the covariance matrices. Model fit was 

assessed with visual inspection of trace plots and a posterior predictive check. As the model 

estimated the covariances between the two response variables and fit different regression slopes 

for each of the predictor – response combinations in a Bayesian framework, it allows for direct 

comparison of estimates of the δ15N and δ13C values among species for each feather type, based 

on maximum a posteriori (MAP) and 90% credible intervals. The MAP is the most probable 

value for δ15N or δ13C (i.e., the mode of the posterior distribution), and the credible intervals 

provide a 90% probability that the δ15N or δ13C value is within the proscribed range. MAP and 

90% credible intervals (CrI) for other model parameters of interest are also reported, along with 

additional probabilities derived from our posterior distribution estimates. For example, to 

determine the probability that the effect of year was close to 0, we calculated the proportions of 

iterations for which the coefficient for each year is higher/lower than 0 and reported the 

maximum. 
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Species-specific Standard Ellipse Areas corrected for small sample size (SEAc) were calculated 

using the R package 'SIBER', to visually represent isotopic niche breadth for each species and 

feather type (Jackson et al. 2011). To describe the variability in our estimates of niche breadth 

and niche overlap, Bayesian Standard Ellipse Areas (SEAb) and 90% credible intervals (CrI) 

were also calculated for each species and feather type with a minimally-informative normal 

prior for the mean and inverse-Wishart prior for the covariance matrices, using a burn-in of 

1000, 20,000 iterations, 2 chains, and a thinning rate of 10 (Jackson et al. 2011). Following 

Jackson (2023), probabilities for pairwise comparisons of niche breadth (Pc) between species 

within feather types or feather types within species were calculated as proportions of iterations 

for which SEA is higher/lower for one species/feather type than another. Isotopic niche overlap 

between species pairs for each feather type was calculated by dividing the area of the portion 

that overlaps by the total niche area occupied by the two species (Jackson et al. 2011) for the first 

1,000 draws from the SEAb ellipses. Overlap maximum a posteriori (MAP) and 90% credible 

intervals (CrI) are reported.  

 

Results 

Spatiotemporal Analyses 

We recovered 35 geolocators over the two years of tracking (Table 2.1). The geolocators from 2 

murres and 1 puffin malfunctioned and did not have usable data, and five birds were tracked for 

two years (2 puffins, 2 razorbills, 1 murre), thus our dataset represents 37 bird-years total. Based 

on our interest in examining core space use of each species and overlap among species, we used 

all the available data in our analysis. Every core area polygon (i.e., kernel density) was always 

based on at least 4 and a maximum of 13 individuals.  

In August–September, core use areas (50% kernel density estimates) overlapped to some extent 

among all three species in the waters off eastern Newfoundland (Fig. 2.2A), but this overlap 

generally decreased throughout the non-breeding season (Fig. 2.2B-E). As razorbills and murres 

departed the colony around mid-August, while puffins departed around mid-September (Table 

2.1), there may be less overlap during August–September than presented (Fig. 2.2A), depending 

how quickly birds disperse from the colony vicinity. During August–September, razorbills 

ranged over a wide area, with some individuals moving farther north (around 60° N, Fig. 2.2A), 

perhaps because of sex-based differences and/or differences in nest success (Wanless & Harris 

1986). After this period, there was no shared core area space use (i.e., UDOIs = 0) of murres and 

razorbills (October-March; Fig. 2.2B-2.2D) until the April–May period (Fig. 2.2E), when 

returning to the colony. By contrast, puffins were more widely dispersed than murres and 

razorbills throughout the non-breeding period, which led to varying degrees of overlap with both 

species (Fig. 2.2B-2.2E). In October–November and December–January, spatial overlap of 

puffins with the other species decreased (Figs. 2.2B, 2.2C), which continued in February–March 

(Fig. 2.2D). By February–March, puffins had split into 3 distinct core use areas: east of the shelf 

break, over the Grand Banks where they overlapped with murres, and towards the Gulf of Maine 

and U.S. coast where they overlapped with razorbills. During April–May, all three species moved 

back towards the breeding colonies (Fig. 2.2E). 
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Figure 2.2: 50% Kernel density estimates and Utilization Distribution Overlap Indices (UDOI) 

during successive two-month periods of the non-breeding season for Atlantic puffins (ATPU), 

razorbills (RAZO), and common murres (COMU) tracked with light-level geolocators.   

 

Isotopic Analyses 

The Bayesian multivariate GLMM converged successfully, based on visual inspection of trace 

plots and density plots of the posteriors. For all feather types, the probability that δ13C for 
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puffins was higher than both of the other two species was 0.75, while δ15N differed more among 

species, with a 0.95 probability that murre δ15N was more enriched than razorbills, and 0.99 

probability that razorbills were more enriched than puffins (Fig. 2.3). The estimates of 

covariance of δ13C and δ15N centered on 0 (MAP = -0.02, 90% CrI -0.57 – 0.60), indicating no 

detectable linear relationship between the two response variables in our data. Year did not affect 

model results (90% CrI included 0, the probability that the effect was either > or < 0 was under 

0.71, MAP range: -0.20 – 0.13), except for 2021, when δ13C was comparatively much higher 

than the other years (MAP = 0.46, 90% CI -0.30 – 1.30, P(2021 > 0) = 0.90). As feathers were 

only collected from tagged (geolocator) birds in 2021, sample sizes from all three species were 

lower that year (n = 71) and, thus, we pooled data from 2017-2020 (i.e., excluded 2021) for 

subsequent niche breath and overlap analyses.  

Figure 2.3: Results of a Bayesian multivariate GLMM on δ13C and δ15N values of feathers 

collected in 2017-2021. Maximum a posteriori (MAP) estimates (points), and 50% (thick line) 

and 90% (thin line) credible intervals for all combinations of δ13C and δ15N values, belly, head, 

and first secondary (S1) feather types, and species - Atlantic puffin (ATPU), razorbill (RAZO), 

and common murre (COMU). MAP is the most probable value for the isotope ratio (i.e., the 

mode of the posterior distribution), and credible intervals provide a 90% or 50% probability that 

the δ13C or δ15N value is within the proscribed range. 

 

During secondary feather molt, there was 39% isotopic niche overlap of murres and razorbills 

(90% CrI 16 – 60%), but no overlap of puffins with murres (90% CrI 0 – 1%) or razorbills (90% 

CrI 0 – 2%; Fig. 2.4). Murres had a narrower niche breadth (SEAb) than razorbills (Pc > 0.99), 

although both were less than one third of puffin niche breadth (Pc > 0.97; Table 2.2, Fig. 2.4). 

During belly feather molt, murre isotopic niche expanded relative to secondary feather molt (Pc 
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> 0.97), while razorbill niche breadth stayed consistent (Pc = 0.66) and puffins contracted (Pc = 

0.96), although puffin niche breadth was still broader than either of the other two alcids (Pc > 

0.94; Table 2.2, Fig. 2.4). The narrow niches of murres and razorbills during this molt was 

associated with a large range in the estimates of overlap (90% CrI 0 – 48%), but there was a 

0.93 probability that the overlap was < 15%. Puffins had similarly minimal isotopic niche 

overlap with murres (MAP = 0%, 90% CrI 0 – 32%) and razorbills (MAP = 0%, 90% CrI 0 – 

17%) during belly feather molt. During head feather molt (Fig. 2.4), the isotopic niches of these 

alcids differentiated on the δ15N axis, with minimal overlap between only razorbills and puffins 

(MAP = 0%, 90% CrI 0 – 6%). Razorbill niche breadth expanded by more than 50% during this 

molting period compared to the other two molt periods (Pc > 0.93), while murre niche breadth 

was similar to belly feather molt (Pc = 0.49) and puffin niche was broader than body molt but 

narrower than secondary feather molt (Pc > 0.96). 

 

Table 2.2: Mean (± SE) stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) along with 

estimates of isotopic niche breadth, including SEAc, the standard ellipse area corrected for 

small sample sizes, and SEAb, the MAP of the Bayesian standard ellipse area posterior and 

associated 90% credible intervals from Atlantic puffin (ATPU), razorbill (RAZO), and common 

murre (COMU) head, belly, and first secondary (S1) feathers collected during July-August, 

2017-2020 on the northeast coast of Newfoundland. 

Feather 

type  
Species 

SEAc 

(‰2) 

SEAb 

(‰2) 

90% CrI δ13C (‰) 

mean ± SE 

δ15N (‰) 

mean ± SE lower upper 

 ATPU 2.88 2.85 2.41 3.47 -18.63 ± 0.10 13.15 ± 0.14 

S1 RAZO 0.71 0.69 0.59 0.86 -19.81 ± 0.06 14.66 ± 0.06 

 COMU 0.46 0.45 0.38 0.56 -19.66 ± 0.04 14.90 ± 0.05 

Belly 

ATPU 1.24 1.12 0.85 1.83 -18.73 ± 0.11 13.69 ± 0.19 

RAZO 0.66 0.60 0.45 0.94 -18.98 ± 0.11 14.91 ± 0.09 

COMU 0.73 0.69 0.52 1.08 -18.83 ± 0.12 14.49 ± 0.12 

Head 

ATPU 2.17 2.15 1.81 2.62 -18.99 ± 0.07 12.05 ± 0.14 

RAZO 1.41 1.39 1.17 1.69 -18.95 ± 0.06 13.90 ± 0.10 

COMU 0.74 0.73 0.61 0.88 -18.92 ± 0.05 15.70 ± 0.06 
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Figure 2.4: Isotopic niche breadth (SEAc) and isotopic niche overlap (% overlap of SEAb MAP, 

90% CrI) of Atlantic puffin (ATPU), razorbill (RAZO), and common murre (COMU) first 

secondary (S1), belly, and head feathers. Calculated SEAc ellipses are plotted for visualization of 

overlap. The matching calculations of overlap are based on SEAb, to provide an indication of 

variability. The MAP is the most probable value for the % overlap (i.e., the mode of the posterior 

distribution), and credible intervals provide a 90% probability that the overlap is within the 

proscribed range. SEA and overlap calculations were based on feathers collected in 2017-2020 

and included untagged birds (open circles) and geolocator tagged birds (filled circles). Feathers 

collected from geolocator tracked birds in 2021 (filled triangles) are presented but were not 

included in SEA or overlap calculations.  

 

Combining Spatial and Isotopic Data 

The feather isotope ratios from geolocator tagged birds were used to visually assess whether 

variation in δ13C and δ15N was due to spatial baseline shifts or diet, when the approximate 

timing of a particular feather molt was known. Δ13C values of tagged birds did not show much 

variation in any of the feather molt periods (ranges of 3.17–4.08‰, Table 2.2, Fig. 2.4) and no 

apparent geographic gradient (Fig. 2.S1), suggesting minimal baseline shifts within the 

distributional range of all three species. Therefore, we focused on examining δ15N values to 

determine whether species located in the same general area during a molting period occupied 

different trophic positions. During fall (September–November), when murres and razorbills 

molt secondary feathers, all tracked murres and razorbills had δ15N ratios within 1.98‰ of each 

other (Fig. 2.4), suggesting minimal variation in trophic position. We could not include puffins 
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in this comparison because of uncertainty and variability in when (and therefore where) they 

molt secondary feathers. During spring (March–May), when all three species molt head 

feathers, all tracked birds had δ15N ratios that ranged ~5.30‰ (Fig. 2.5). The range of murre 

δ15N values was 0.82‰, but the δ15N values of puffins varied by 3.30‰ and razorbills by 

3.64‰. There was no clear geographic gradient in δ15N values during this molting period, with 

variation in δ15N among closely spaced individuals of the same species apparently greater than 

the differences between individuals farther apart (Fig. 2.5). The differences in δ15N among 

species in the same general area (Fig. 2.5) reflected the patterns seen in Fig. 2.4, suggesting that 

murres were feeding at a higher trophic position, razorbills were intermediate, and puffins were 

at a lower trophic position.  

Figure 2.5: Head feather δ15N of individual geolocator-tagged Atlantic puffins (ATPU), 

razorbills (RAZO), and common murres (COMU) at their estimated geographic median 

locations during March – May, the time of year when head feathers are molted. Solid error bars 

represent the 25th–75th quantiles of latitude and longitude estimates, and dotted lines indicate 

the entire range of latitude and longitude estimates during this period.  

 

Discussion 

As predicted, we generally found minimal spatiotemporal and isotopic niche overlap during the 

non-breeding season among sympatrically-breeding Atlantic puffins, razorbills, and common 

murres, with a few exceptions during certain times of year. Spatial overlap of species-specific 

core use areas was low among the three species, with two exceptions: overlap was higher just 

after and before the breeding season, and variability in puffin distributions was associated with 

some spatial overlap with the other two species at other times. Isotopic niche overlap among the 

three species was also usually low, especially during head feather molt in the spring, thereby 
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supporting our prediction that isotopic niche overlap would be low when spatial overlap is high. 

Our results suggest that these species either have always had separate niches (i.e., always relied 

on different resources in different places, often referred to as “the Ghost of Competition Past”) 

during non-breeding, or have co-evolved niche partitioning to allow coexistence (Connell 1983). 

One exception to the minimal niche overlap was the high isotopic niche overlap between murres 

and razorbills during secondary feather molt in the fall, when they also overlapped spatially. 

Spatial overlap was not surprising during this period, as male razorbills and common murres are 

limited to swimming-speed movements while flightless during wing molt and the 1–2-month 

period of post-fledging parental care of flightless offspring (Gaston and & Jones 1998). This 

leaves both species highly vulnerable to certain anthropogenic threats in this area, e.g., vessel 

traffic, oil spills or chronic oil pollution (Wiese and & Ryan 2003, Wilhelm et al. 2009, Lieske et 

al. 2020). Additionally, the Newfoundland turr hunt, a regulated coastal harvest of murres 

(Montevecchi et al. 2007), begins in Labrador in September and off northeast Newfoundland in 

October (ECCC 2023), when razorbills in the area could easily be incorrectly identified as 

murres (Lavers et al. 2009) and, thus, mistakenly hunted during this period of spatial overlap. 

The high isotopic niche overlap could be partly because both species rely on available prey near 

the colony. Interestingly, while all the murres stayed in the same area during September and 

October, some razorbills, perhaps females or failed breeders (Wanless & Harris 1986), dispersed 

far to the north, along the Labrador coast. Future research could determine if females or 

individuals not caring for offspring have different isotopic niches from males performing 

parental care during flight feather molt (e.g., Burke et al. 2015). 

It is difficult to disentangle the effect of different sources of variation on isotopic niche overlap. 

The spatially varying, basal primary productivity predominantly determines δ13C ratios, while 

δ15N ratios mostly increase with trophic position (Hobson et al. 1994, Fry 2006), but both stable 

isotope ratios incorporate trophic, spatial, environmental, temporal, and physiological 

variability (Newsome et al. 2007, Shipley & Matich 2020) that we could not control for in this 

study. Any of these sources of variation may underlie the low isotopic niche overlap among these 

three alcid species, as we largely do not know when or where certain feather types are molted, 

nor the physiology of molting in alcids (Pyle 2009). Distribution differences alone could result 

in low isotopic niche overlap, as there are gradients of δ13C and δ15N baselines associated with 

major water masses such as the Gulf Stream in the northwest Atlantic (McMahon et al. 2013). 

For feather types where a reasonable molt timespan could be estimated, variation in the feather 

nitrogen isotope ratios of species occurred in an area where there was little baseline variation, 

which suggests that differences in δ15N values represent occupation of different trophic 

positions (Hobson et al. 1994). Isotopic niche segregation while co-located during breeding was 

previously documented among all three species in northwest Newfoundland (Jenkins & Davoren 

2020, Lescure 2021) and other regions (Linnebjerg et al. 2013, Pratte et al. 2017, Petalas et al. 

2021), with puffins consistently feeding at a lower trophic position while razorbills and murres 

overlap to varying extents. Our isotope results also align with non-breeding diet studies showing 

that puffins have a generalist diet with a high proportion of invertebrates (Falk et al. 1992, 

Harris et al. 2015, Hedd et al. 2010), murre diet contains large proportions of fish (Ainley et al. 

1996, Rowe et al. 2000), and razorbills consume both invertebrates (Huettman et al. 2005) and 

fish (Blake 1984, Ouwehand et al. 2004). As patterns of spatial and dietary overlap are further 
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confounded by individual variation in when a particular feather was grown, the reason for low 

isotopic niche overlap remains uncertain.  

Species-specific spatial patterns match previous knowledge about non-breeding distribution 

patterns of birds from Newfoundland colonies. Similar to our tracked birds, Newfoundland 

common murres do not appear to disperse far from breeding colonies during non-breeding, 

remaining mostly on the Grand Banks and Orphan Basin and returning toward their colony in 

late winter (McFarlane Tranquilla et al. 2013, Burke & Montevecchi 2018), where capelin 

(Mallotus villosus) and sand lance (Ammodytes dubius) are distributed during this period (DFO 

2021, Morrison 2021). Newfoundland razorbills stay near the coast, in shallow areas, but move 

much farther south than murres (Lavers et al. 2020) and likely cover even larger distances when 

winter feeding conditions are poor (Diamond et al. 2020), similar to razorbills in other regions 

(Glew et al. 2019). The razorbills we tracked also moved south along the U.S. coast, where the 

dominant forage fish are sand lance, herring (Clupea harengus) and Atlantic menhaden 

(Brevoortia tyrannus; Anstead et al. 2021, Suca et al. 2021). Puffins used some of the same 

areas as razorbills and murres throughout non-breeding, eventually overlapping mostly along 

the U.S. coast and on the Grand Banks, but, as documented previously, they were also found 

further from the coast (Hedd et al. 2010, Fayet et al. 2017), and towards the mid-Atlantic (Fayet 

et al. 2017). During late winter, some puffins moved over the Flemish Cap and then towards the 

Mid-Atlantic Ridge, a recently described hotpot that is used by puffins from eastern Atlantic 

colonies (Davies et al. 2021b). While this hotspot has been designated as the North Atlantic 

Current and Evlanov Sea Marine Protected Area (NACES MPA, Fig. 2.1, Davies et al. 2021a), the 

low spatial overlap among the three alcids underlines the value of establishment and 

management of functional networks of protected areas to maintain ecosystem processes (Game 

et al. 2009).  

The high spatial variation and broad isotopic niche of puffins during non-breeding could result 

from displacement from high-quality foraging areas and/or prey types to avoid competitive 

interactions with larger alcids (e.g., Shealer & Burger 1993, Maniscalco et al. 2001, Carvalho et 

al. 2020). Puffins are displaced from high-quality prey patches by larger alcids during breeding 

in coastal Newfoundland (Piatt 1990), and, on a larger scale, they often migrate longer distances 

from the colony and coast than other sympatrically breeding larger alcids throughout their range 

(Jessopp et al. 2013, Fayet et al. 2017). The lower trophic position of puffins when spatially 

overlapped with the other two species suggests displacement from higher trophic level prey. 

Additionally, puffins occupying the mid-Atlantic had similarly low δ15N values, possibly 

indicating large-scale displacement from high-quality foraging locations occupied by murres 

and razorbills (e.g., U.S. coast, Grand Banks), or displacement from higher trophic level prey by 

other species within another known high-quality foraging area, the NACES MPA (Davies et al. 

2021a, Davies et al. 2021b). Although puffins’ broad secondary feather isotopic niche may be 

due to individual variability in the timing and, thus, location of feather growth (Harris & Yule 

1977, Howell & Pyle 2005, Darby et al. 2022), this variability in molt patterns may also have 

evolved to reduce overlap of this energetically demanding period with other species. High 

isotopic variability during belly and head feather molt was possibly related to variation in 

migration patterns and baselines encountered, but there was also more variation within puffins 

in the same general area during head feather molt. Despite this evidence for displacement, it is 
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possible that puffins simply exploit different resources than murres and razorbills, exhibiting 

greater non-breeding diet flexibility (e.g., Glew et al. 2019) or targeting alternate prey types 

because their dive depth is comparatively constrained.  

The low spatiotemporal and isotopic niche overlap among these alcids during the non-breeding 

season suggests that different localized threats would impact each species, although there are 

key exceptions. Murres and puffins that remain on the Grand Banks are likely at increased risk 

of oil exposure, due to chronic and accidental discharges along high-traffic shipping routes and 

around offshore oil platforms (Hedd et al. 2011). This would likely affect a greater proportion of 

the murre population, as many of the tracked puffins left this area, but most of the tracked 

murres stayed. The U.S. coast, specifically the Gulf of Maine and New York Bight, where 

extensive offshore wind development is planned (Stenhouse et al. 2020, NROC 2023, Moriarty 

2023), is an important area for puffins and razorbills from northeast Newfoundland in mid-

winter and early spring. Although alcids have low risk of collision with turbine blades, due to 

low flight-heights (Johnston et al. 2014), there is evidence that alcids are vulnerable to 

displacement by offshore wind installations (Vanermen et al. 2015, Welcker & Nehls 2016, 

Kelsey et al. 2018). Displacement can potentially have population-level impacts (Busch & Garthe 

2016, Peschko et al. 2024), but the magnitude of these barrier effects is site specific (Dierschke 

et al. 2016). Although the consequences of this loss of habitat are unknown, it could increase the 

spatial overlap between puffins and razorbills. Declines in prey abundance on the U.S. coast or 

Grand Banks could also be particularly detrimental to puffins (Scopel et al. 2019), especially if 

they are displaced from high-quality resources in this area of overlap with razorbills. 

By combining tracking and stable isotopes, we found evidence of differences in space and 

resource use during the low-productivity, non-breeding period, in line with predictions based on 

niche theory. However, remaining knowledge gaps hamper understanding of species 

interactions during non-breeding. Uncertainty around molt timings, especially for puffin flight 

feathers, limits our ability to interpret variability in isotope ratios even when combined with 

tracking. Further studies should focus on this basic aspect of natural history (Pyle 2009), 

possibly employing compound specific isotope analysis of amino acids (CSIA-aa) to parse out 

isotopic baseline shifts from trophic position independent of location (McMahon et al. 2015, 

Ohkouchi et al. 2017). Additionally, multi-colony tracking studies over a wider geographic area 

(e.g., Buckingham et al. 2022) and analysis of migratory connectivity (e.g., Merkel et al. 2021) 

would provide a broader picture of important non-breeding foraging areas for alcids in this 

region. 
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Supplementary Tables and Figures 

 

Table 2.A1: ‘ProbGLS’ model input parameters for estimating locations using geolocator data 

from Atlantic puffins (ATPU), razorbills (RAZO), and common murres (COMU).   
ATPU RAZO COMU 

wetdry.resolution (s) 30 30 3 

max.sst.diff (°)a 2 2 3 

speed.dry (mps)b 17.6/ 0.2/18.6 16.0/0.2/17.0 19.1/ 0.2/20.1 

  

speed.wet (mps)b 1/1.3/ 5 

loess.quartile k = 3 

particle.number 2000 

iteration.number 100 

sunrise.sdc 2.49/0.94/0 

sunset.sdc 2.49/0.94/0 

range.solar (°) -6 to -3 

sst.sd (°) calculated for each individual 

boundary.box (°) -85 to -1 longitude, 25 to 70 latitude 

days.around.spring.equinoxd 21 before, 14 after 

days.around.fall.equinoxd 14 before, 21 after 

ice.conc.cutoff 1 

land.mask T 

aMaximum tolerance in sea surface temperature (SST) variation 
bMaximum expected speed/speed standard deviation (SD)/maximum speed allowed 
cShape/scale/delay values defining uncertainty for each twilight event, following a log normal 

distribution 
dNumber of days surrounding equinox for which a random latitude will be assigned 
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Table 2.A2: Utilization distribution overlap index (UDOI) values of pairwise 50% kernel density 

distribution overlap between Atlantic puffins (ATPU), razorbills (RAZO), and common murres 

(COMU) during successive 2-month periods in the non-breeding season, calculated with two 

different underlying grid sizes (25 km and 150 km). The degree of green shading ranges from 

the smallest value (white) to the largest in each column (darkest green).  

 

   Overlapping 25 km grid  150 km grid 

Months species UDOI UDOI 

Aug–

Sep 

  

ATPU-COMU 0.16 0.12 

ATPU-RAZO 0.19 0.18 

COMU-RAZO 0.12 0.09 

Oct–

Nov 

  

ATPU-COMU 0.08 0.08 

ATPU-RAZO 0.10 0.11 

COMU-RAZO 0.00 0.00 

Dec–

Jan 

  

ATPU-COMU 0.10 0.04 

ATPU-RAZO 0.07 0.07 

COMU-RAZO 0.00 0.00 

Feb–

Mar 

  

ATPU-COMU 0.02 0.02 

ATPU-RAZO 0.07 0.08 

COMU-RAZO 0.00 0.00 

Apr–

May 

  

ATPU-COMU 0.01 0.01 

ATPU-RAZO 0.06 0.06 

COMU-RAZO 0.01 0.01 
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Figure 2.S1: Head feather δ13C of individual geolocator-tagged Atlantic puffins (ATPU), 

razorbills (RAZO), and common murres (COMU) at their estimated geographic median 

locations during March – May, the time of year when head feathers are molted. Solid error bars 

represent the 25th-75th quantiles of latitude and longitude estimates, and dotted lines indicate 

the entire range of latitude and longitude estimates during this period. 
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Link between Chapters 2 & 3  

In Chapter 2, I found mostly low spatiotemporal and isotopic niche overlap among sympatrically 

breeding Atlantic puffins, razorbills, and common murres during the non-breeding season. 

There was also some indication that puffins may be displaced by competitive interactions with 

the larger alcids, as puffin distribution was highly variable and their isotopic niche was 

comparatively broad. These potential interspecific interactions and their influence on puffins 

raise questions about intraspecific interactions, specifically whether puffins from different 

colonies overlap spatiotemporally during non-breeding. The diverse migration paths exhibited 

by puffins from James Island, Newfoundland in Chapter 2 suggest that they may share space 

with puffins from other northwest Atlantic colonies during some part of the non-breeding 

period. I investigated this in Chapter 3 by describing the migratory connectivity of Atlantic 

puffins from four Canadian colonies across non-breeding.  
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Abstract 

Quantifying patterns of migratory connectivity in Fratercula arctica (Atlantic Puffin) in the 

northwest Atlantic is a crucial step for addressing threats to populations of this vulnerable 

seabird during non-breeding. Variation in migratory connectivity strength across the year 

indicates both key areas to protect and times when diverse management strategies are needed. 

Although their migration tends to be gradual, likely proscribed by their high energetic cost of 

flight, F. arctica have been documented covering long distances during migration and exhibiting 

high inter-individual variability in movement patterns, which could lead to weak migratory 

connectivity among breeding colonies. Individual migration patterns were derived from light-

level geolocators deployed on puffins from four breeding colonies across an over 1000 km 

stretch of the North American Atlantic coast. Migratory connectivity was quantified during each 

month of non-breeding using Mantel correlation of the median locations of individuals from the 

four colonies in various colony-year combinations between 2013 and 2021. The migratory 

connectivity among the four colonies was strong pre- and post-breeding but generally weakened 

over the course of the non-breeding period, as individuals traveled to key winter foraging 

locations, such as the Gulf of Maine. A shift in the pattern of migratory connectivity strength 

across the temporal span of available data from two colonies suggests that F. arctica in the 

northwest Atlantic are adjusting their migration phenology in response to changing 

environmental cues. This insight into the migratory connectivity of these long-lived birds allows 

accurate definition of management units and helps elucidate the population impacts of marine 

spatial planning efforts. 

 

  



 

57 
 

Introduction 

For many birds, regular seasonal movements link breeding locations to non-breeding locations, 

and learning about these migrations is an important part of understanding species ecology and 

planning effective conservation (Faaborg et al. 2010, Costa et al. 2012, Lascelles et al. 2014, 

Allen and Singh 2016, Fraser et al. 2018). Environmental conditions and anthropogenic threats 

at non-breeding locations, including along migratory routes, have been shown to affect 

individuals during the breeding season and vice versa (e.g., Marra et al. 1998, Szostek and 

Becker 2015, Desprez et al. 2018, Wojczulanis-Jakubas et al. 2020). Carry-over effects like these 

within breeding populations can ultimately influence abundances of species in broader regions, 

but these seasonal interactions (events occurring in one season that affect individuals or 

populations in a subsequent season) are often poorly understood (Fretwell 1972, Norris and 

Marra 2007). Therefore, management of threatened migratory species first requires information 

on how breeding populations are connected throughout the annual cycle (Taylor and Norris 

2010).  

One approach to determining how breeding populations are linked across seasons is studying 

migratory connectivity, which describes the spatial and temporal structure of a migration 

network by linking individuals, as members of breeding populations, between breeding and 

non-breeding seasons (Marra et al. 2019). Unlike demographic connectivity (e.g., in fisheries; 

Cowen and Sponaugle 2009), strong migratory connectivity occurs when there is little mixing 

among breeding populations during non-breeding periods (Webster et al. 2002). Consequently, 

the strongest migratory connectivity is when all individuals from the same breeding area 

migrate to the same non-breeding area, and individuals from different breeding areas migrate to 

different non-breeding areas. Migratory connectivity weakens with increasing non-breeding 

spatiotemporal overlap of a greater number of individuals from more distant breeding locations. 

An advantage of migratory connectivity analysis is that it incorporates information on migration 

routes, stopover locations, and phenology. As localized anthropogenic threats during non-

breeding would have a greater influence on breeding population dynamics if breeding 

populations also winter together (Marra et al. 2019), migratory connectivity is key to 

understanding how breeding populations will be affected by changes in survival and 

reproduction rates due to conditions during non-breeding. For international migratory bird 

conservation, a diverse management strategy is necessary at the species level when and where 

migratory connectivity is strong, and instances of weaker migratory connectivity allow 

identification of areas important to multiple breeding populations, where addressing threats has 

a broad impact.  

Research on avian migratory connectivity has increased in recent years (Marra et al. 2019), and 

there is growing awareness of its’ importance for migratory marine species (Dunn et al. 2019, 

Bentley et al. 2025), including seabirds (González-Solís et al. 2007, Merkel et al. 2021, O’Hanlon 

et al. 2024, Rexer-Huber et al. 2025). Fratercula arctica (Atlantic Puffins, hereafter, ‘puffin’), in 

the Family Alcidae (hereafter ‘alcids’), are one example of a migratory seabird. Strongly 

philopatric during the breeding season (Harris 1983), they move away from their colonies 

during non-breeding, presumably to areas where they can forage efficiently to replenish energy, 

molt flight feathers, and survive winter in the north Atlantic Ocean. These movements follow a 

gradual, continuous travel pattern (Harris et al. 2010, Jessopp et al. 2013, Fayet et al. 2017, 
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Baran et al. 2022, Runnells et al. 2024) – sometimes termed a “fly and forage” strategy 

(Amélineau et al. 2021). As alcids, their high wing loading (body mass:wing area, Pennycuick 

1987) means that flight is energetically expensive, so it is not efficient for a puffin to fly long 

distances or for long durations (Elliott et al. 2013). However, compared to other alcids such as 

Uria aalge (McFarlane Tranquilla et al. 2013, Bennett et al. 2022) and Cepphus grylle (Baak et 

al. 2021), they can cover much greater distances during the non-breeding period (Jessopp et al. 

2013, Fayet et al. 2017). There is high inter-individual and inter-breeding population variability 

in dispersal distances, depending partly on colony size and the environmental conditions around 

the colony (Fayet et al. 2017). Puffin movements match the definition of a dispersive migration 

(Newton 2024), where individual members of a breeding population move away from the 

breeding area and then return, but not necessarily all going in the same direction, like Progne 

subis (Purple Martin) north-south migrations (Fraser et al. 2013) or Ardenna grisea (Sooty 

Shearwater) figure eight migrations (Hedd et al. 2012). Research on puffin non-breeding 

ecology, including migration, is on the IUCN list of recommended conservation actions for this 

vulnerable species (BirdLife International 2018). 

Canadian puffin breeding populations do not seem to be experiencing the declines projected for 

European populations (BirdLife International 2018), although some are assessed to be at risk of 

extirpation (NatureServe 2025). Although their breeding range in the Northwest Atlantic spans 

from 79°N (Jones Sound, Nunavut) to 43°N (Gulf of Maine), half of the puffins in North 

America breed at colonies in Witless Bay, Newfoundland (Lowther et al. 2020), where they have 

recovered from historic declines resulting from hunting and bycatch (Regular et al. 2013, The 

State of Canada’s Birds - Atlantic Puffin 2024). Much smaller breeding populations in Quebec 

and New Brunswick have been assessed as vulnerable and critically imperiled, respectively 

(NatureServe 2025). Threats to all Canadian puffins, during breeding and non-breeding, include 

climate change impacts such as increasing severe storms (Wilhelm et al. 2015) and shifts in prey 

abundance or distribution (Scopel et al. 2019, Suca et al. 2021) and chronic and episodic oil 

pollution (Wiese and Ryan 2003). Migration routes of some puffins from colonies off New 

Brunswick and the northeast coast of Newfoundland (over 1000 km apart) include the Labrador 

Sea and the Gulf of Maine (Baran et al. 2022, Runnells et al. 2024), suggesting that at least some 

birds from different breeding populations may be exposed to similar environmental conditions 

and localized threats during non-breeding. Recent genetic analysis also suggests that Canadian 

puffins from four different colonies experience similar selective pressures throughout the year, 

although New Brunswick breeding populations may be an exception (Carvey et al. 2024). To 

define management units of Northwest Atlantic puffins, we must understand their migratory 

connectivity.  

Our aim was to determine the migratory connectivity of Atlantic Puffins from four breeding 

colonies in the Northwest Atlantic during different months throughout the non-breeding period. 

We predicted that the migratory connectivity among the four colonies would be strong most of 

the time, because the high energetic costs for puffins to move long distances would result in 

individuals from the same colony remaining together in areas distinct from other, distant 

breeding populations. However, we also expect migratory connectivity to vary seasonally. 

Specifically, migratory connectivity would likely weaken later in the non-breeding season, when 

individuals from all four colonies have traveled to the same key winter foraging locations. We 
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also compared temporal variation in migratory connectivity of birds from two of the colonies to 

inform our understanding of the stability of colony-specific non-breeding spatiotemporal 

overlap across an older (2013-2015) and more recent (2017-2021) period, expecting minimal 

change because of puffins’ long lifespans. Describing the movement patterns and connectivity of 

these long-lived birds in this region is an important step in relating non-breeding season threats 

and conservation to demographic trends. 

 

Methods 

Geolocators were deployed and retrieved the following breeding season during recent years 

(2017-2021) on Atlantic Puffins from four distinct Canadian breeding areas: New Brunswick in 

the Gulf of Maine (Machias Seal Island), Quebec in the Gulf of St. Lawrence (Mingan 

Archipelago), Southeastern Newfoundland (Gull Island, Witless Bay), and Northeastern 

Newfoundland (James Island, Notre Dame Bay; Fig. 3.1, Table 3.1). Additionally, geolocators 

were deployed on Machias Seal Island and Gull Island during an older period (2013-2015; Table 

3.1). The geolocator tags measured light-levels, from which estimates of location can be derived 

twice daily from the timing of sunrise/sunset. We logged the light data for tag models that 

recorded continuous, full-spectrum light intensity, but did not for tag models that recorded 

lower resolution, clipped light intensity. Most of the tags also measured immersion status for the 

entire deployment and some recorded sea surface temperature (SST). The tags from the Mingan 

Archipelago (MA) and some of the tags from Machias Seal Island (MSI) originally recorded the 

time of a switch between wet and dry, from which we calculated the number of seconds the tag 

was wet in 5 minutes, to match the data format from other colonies (i.e., the number of times 

the tag was wet, based on samples at regular intervals, in a 5 or 10 min period, as in Baran et al. 

2022, Runnells et al. 2024). These tags stopped measuring immersion status before the end of 

the non-breeding period. Migration periods were delineated by determining arrival and 

departure dates for each bird based on combinations of light and immersion data that indicated 

burrow attendance (e.g., description in Runnells et al. 2024), with methodology varying by the 

tag model and nest type because of differences in the data available to characterize behavior. 
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Figure 3.1: Study area in the northwest Atlantic, indicating the breeding colonies of Gull Island 

(GI), James Island (JI), Machias Seal Island (MSI), and the Mingan Archipelago (MA), along 

with referenced areas: The New York Bight (NYB), Gulf of Maine (GOM), Labrador Sea, Hudson 

Bay, Mid- Atlantic, North Atlantic Current and Evlanov Sea basin Marine Protected Area 

(NACES MPA), Stellwagen Bank National Marine Sanctuary (SBNMS), and Northeast Canyons 

and Seamounts Marine National Monument (NCS MNM). The MPA boundaries are provided by 

OSPAR (ospar.org), NOAA (sanctuaries.noaa.gov) and the Northeast Regional Ocean Council 

(northeastoceandata.org), and the land boundaries are from Natural Earth 

(naturalearthdata.com). 

 

Table 3.1: Geolocator (GLS) retrieval summary for Atlantic Puffin breeding colonies in this 

study, with abbreviated colony names, the years included in the tracked migratory periods of 

puffins from each colony (including both older and recent periods for GI and MSI), the number 

of GLS tags retrieved in each period, and the colony abundance as estimated number of puffin 

breeding pairs at each colony (Carvey et al. 2024).   

Colony Abbrev. Years Period No. tags Abundance  

Gull Island GI  
2019-2020 recent 16 

140,429 
 

2013-2015 older 26  

James Island JI 2019-2021 recent 13 16,859  

Mingan 

Archipelago 

MA 2019-2020 recent 9 
618 

 

Machias Seal 

Island 
MSI 

2017-2020 recent 25 
8,635 

 

2014-2015 older 12  

 

 

http://www.northeastoceandata.org/
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The geolocator data were processed using ‘probGLS’ (Merkel et al. 2016, see Runnells et al. 2024 

for input parameters) in R (R Core Team 2020, 2024), which provided 100 iterations of likely 

non-breeding movement paths. If temperature data were not available for the entire non-

breeding period, the temperature standard deviation was set to 0.5°. ‘ProbGLS’ provides a “most 

probable track” which is the geographic medians of all the track iteration location estimates. We 

filtered out locations with a distance over 600 km between the previous location estimate along 

the most probable track for each bird. These locations were removed based on the assumption 

that puffins are unlikely to undertake long flights, and thereby adjusting for biased estimates of 

flight time resulting from long dry periods, which are more likely due to tucking the leg close to 

the body while sitting on the water rather than long flights, as in other alcids (Elliott and Gaston 

2014, Linnebjerg et al. 2014). For each puffin, we calculated the geographic median location 

estimate for each month from approximately twice daily location estimates that were part of the 

most probable track during the month. Median locations both below -65° longitude and above 

57° latitude (i.e. Hudson Bay, Canada, Fig. 3.1) were considered erroneous and removed, as sea 

ice would prevent puffins from being in this region during winter months. We also computed 

monthly error estimates as the 10th and 90th quantiles of latitude and longitude of all 100 

iterations for each puffin in each month.   

We measured migratory connectivity using the Mantel correlation (rM) of those geographic 

medians of individuals for each of the non-breeding months. Mantel correlation is commonly 

used to indicate the strength of migratory connectivity (Cohen et al. 2018, Marra et al. 2019). In 

the context of Atlantic Puffins, this correlation relates two matrices of distances to quantify 

whether birds close together during non-breeding are from the same colony (or close colonies) 

and birds far apart during non-breeding are from different colonies (or far apart colonies), 

indicating strong connectivity, or whether birds close during non-breeding are from different (or 

far apart) colonies (weak connectivity). The range of rM values is -1 to 1, with rM = 1 indicating 

that the relative distances between individuals during non-breeding are the same as during 

breeding (strong connectivity). The farther the rM value is from 1, the weaker the migratory 

connectivity among the breeding populations. We calculated Mantel correlation instead of the 

more recently developed MC (Cohen et al. 2018) because we could not clearly define non-

breeding area polygons in the ocean and calculate breeding – non-breeding transition 

probabilities due to puffins’ dispersive migration and essentially continuous non-breeding area. 

As these dispersive migration patterns are observed throughout their range (Fayet et al. 2017), 

we focused our analysis of puffin migratory connectivity on temporal (i.e., monthly) patterns (as 

in Knight et al. 2021, Korpach et al. 2022). Additionally, because puffins breed on colonies, the 

distances between breeding locations can be accurately and precisely incorporated into the rM 

calculation without measurement error. 

By using the ‘estMantel’ function in the ‘MigConnectivity’ R package (Hostetler and Hallworth 

2024), we performed a weighted bootstrap of the rM calculation for each month. Monthly rM was 

calculated on four sets of data: all the tracks from all colonies during the ‘recent period’ (2017-

2021), all the tracks from all colonies from one year of the recent period (2019-2020), all the 

tracks from two colonies (GI, MSI) from the recent period, and all tracks from those two 

colonies from the ‘older period’ (2013-2015). We incorporated error in geolocation estimates 

into each bootstrapped rM calculation. First, we measured the distance from the geographic 
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median of each puffin to both the 90th and 10th quantiles of latitude of each puffin and used the 

larger of the distances as the error estimate. The same process was completed for longitude. 

Then, following Cohen et al. (2018), an intercept-only multivariate linear model on those 

latitude and longitude errors was used to estimate bias (the point estimates of the linear model 

coefficients – essentially the average error across all birds) and lack of precision (the variance-

covariance matrix of the linear model coefficients) in the geolocator-based locations. Breeding 

locations were provided as the same colony centroid point estimate for each bird from a given 

colony, and the breeding sites were delineated as a 0.5° buffer around those colony centroid 

points to meet function requirements. Non-breeding locations were the monthly geographic 

medians for each bird (described above). We also included the relative abundance of each 

colony, calculated by dividing the estimated abundance (number of breeding pairs) at a colony 

(Table 3.1) by the sum of the abundances for all colonies in the analysis. Relative abundances 

were included to prevent biased rM estimates, as the sample sizes of tagged birds at each colony 

were not proportional to the breeding population sizes (“incomplete sampling”, Cohen 2018). 

The ‘estMantel’ function sampled 10,000 times (nBoot = 10,000), proportional to the relative 

abundances, from a multivariate normal distribution of the latitudinal and longitudinal 

uncertainty and bias in the non-breeding location with a parametric bootstrap. Output included 

means, medians and 95% confidence intervals of rM. As the means and medians were similar for 

all months in all four datasets, bias-corrected confidence intervals were not needed.  

 

Results 

The error in our GLS location estimates was in the range expected for accuracy of these tags 

(Phillips et al. 2004, Merkel et al. 2016, Halpin et al. 2021), with greater error ranges during the 

months around the equinoxes (September/October & March/April, Fig. 3.2, Fig. 3.S1), when 

there is the least accuracy in latitude estimates. Errors can also be introduced when birds spend 

time in geographically enclosed waters, if the algorithm pushes locations initially estimated on 

land to the wrong inlet. Filtering out Hudson Bay locations caused three birds to be excluded 

from the analysis from MSI during February and March, and one bird from MA during January 

– April. That one bird from MA was also excluded from the 2019-2020 only analysis. 

Additionally, one MSI bird from the older dataset was excluded from the two-colony analysis 

during March. 
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Figure 3.2: Geographic median locations of puffin tracks for select months from the recent 

period (2017-2021) from four colonies: GI = Gull Is., JI = James Is., MA = Mingan Archipelago, 

MSI = Machias Seal Is. Shape and color indicate the birds from each breeding colony. Error bars 

denote the middle 80% of all iteration results in the month for both latitude and longitude. 

Colony locations are at the center of the large shapes on each map. Land boundaries are from 

Natural Earth (naturalearthdata.com). 

 

In the recent dataset, the Mantel correlation (rM) was high during the months after the breeding 

season (August-December), indicating strong migratory connectivity among birds from all 

colonies when birds from different colonies were spatially segregated (Fig. 3.3A). During 

August, puffins mostly remained near the colonies, as not all Newfoundland puffins had finished 

breeding but MSI puffins had already begun to disperse. September includes the equinox period, 

so error estimates were larger. However, there was a slight weakening in migratory connectivity 

in September and October (Fig. 3.3A) associated with birds from two colonies (JI, MA) co-

located off in the Labrador Sea, north of Newfoundland (Fig. 3.2). By December, many MSI 

puffins were in the Labrador Sea, but puffins from other colonies were no longer there, causing 

continued high rM. At that point, one or two individuals from MA were farther south with puffins 

from MSI, birds from the two Newfoundland colonies (JI, GI) were mixed, and there were 

individuals from three colonies in the Gulf of St. Lawrence (Fig. 3.2). When only considering 

birds tracked in the same year (Fig. 3.3B), we found almost identical rM in the fall, except for 

possibly weaker connectivity around the fall equinox (September mean rM: 0.72 vs 0.82, October 

mean rM: 0.59 vs 0.85), but also larger confidence intervals (as expected with smaller sample 

sizes). 
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Figure 3.3: Mantel correlation by month for birds from James Is., Gull Is., the Mingan 

Archipelago, and Machias Seal Is., A) including all years in the recent dataset (2017-2021) and 

B) only including birds from one year, 2019-2020. Means are represented by a dot, medians by 

an x, and error bars denote 95% confidence intervals. 

 

Migratory connectivity weakened later into the winter as birds from different colonies moved 

closer together, with rM being lower in February, March, and April. The 2019-2020 analysis 

mean rM for December was not lower than when all years were included, although the 

confidence interval was very broad (CI = [0.27, 0.88]). By March, latitudinal errors increased 

around the spring equinox (Fig. 3.2), but migratory connectivity had weakened (Fig. 3.3A, rM = 

0.14), as there was much spatial overlap among birds from different colonies. Puffins from all 

colonies were in the Gulf of Maine, and puffins from both Newfoundland colonies (JI and GI) 

were out in the mid-Atlantic (Fig. 3.2). Only in May did migratory connectivity strengthen again, 

as birds began to move back towards their colonies (Fig. 3.2), although the confidence interval 

was wider than in August (Fig. 3.3A). Once again, these patterns in the dataset that included all 

birds tracked in the recent period were mirrored when only birds tracked in the same year were 

included (Fig. 3.3B).  
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There was some indication of subtle shifts in the patterns of migratory connectivity between 

older and more recent years, based on datasets from GI and MSI only (Fig. 3.4). In the older 

dataset, in August, many puffins from MSI moved northward, closer to Newfoundland where 

many GI birds stayed, which resulted in weaker migratory connectivity (Figs. 3.4, 3.5). The 

migratory connectivity between birds from GI and MSI remained strong through December in 

the recent dataset, whereas rM lowered right away in September in the older dataset and 

migratory connectivity stayed weak through December (Fig. 3.4). These lower rM values in the 

older dataset were associated with first more northerly movement of birds from MSI, followed 

by more southerly movement of birds from GI (Fig. 3.5). During both periods, migratory 

connectivity weakened from February through April, when rM values were within a similar range 

during those months (Fig. 3.4). The average rM stayed low in May in the older dataset, although 

there was very wide uncertainty in the estimate (Fig. 3.4), possibly due to some birds from GI 

taking longer to return to the colony (Fig. 3.5). By contrast, migratory connectivity strengthened 

in April in the recent dataset.  

 

Figure 3.4: Mantel correlation by month for birds only from Gull Island and Machias Seal Island 

during A) 2013-2015 and B) 2017-2021. Means are represented by a dot, medians by an x, and 

error bars denote 95% confidence intervals.  
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Figure 3.5: Geographic median locations of puffin tracks for select months from recent (teal and 

purple) and older (pink and yellow) years from two colonies: GI = Gull Is. (circles), MSI = 

Machias Seal Is. (triangles). Error bars denote the middle 80% of all iteration results in the 
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month for both latitude and longitude. Colony locations are at the center of the large shapes on 

each map. Land boundaries are from Natural Earth (naturalearthdata.com).   

 

Discussion  

As predicted, there was strong migratory connectivity among Atlantic Puffins early in the non-

breeding period, weakening later in non-breeding. The month by month weakening of migratory 

connectivity reflects puffins gradual, dispersive migration as they slowly travel to key wintering 

locations used by puffins from multiple breeding colonies and indicates that puffins rely on 

different areas along their route to these key wintering locations. Given their vulnerable IUCN 

conservation status and suggested conservation actions largely focused on their migratory 

period (BirdLife International 2018), understanding the migratory connectivity of puffins in the 

Northwest Atlantic is crucial for differentiating locations where a single or multiple puffin 

breeding populations are sensitive to marine anthropogenic activity such as offshore energy 

development and shipping, and climate change impacts. Marine migratory species, like puffins, 

are generally at high risk, because they are exposed to a wider range of threats over the larger 

area occupied (Lascelles et al. 2014). Therefore, this shift in migratory connectivity strength 

allows us to understand when during the non-breeding period conservation actions will address 

threats to breeding populations on specific colonies and when they will have an impact on 

multiple colonies throughout the broader region.  

 

Migratory connectivity was strong early in the non-breeding period, when many puffins stayed 

around their colonies, and as birds returned to their colonies in the spring. Variation in breeding 

phenology among colonies clearly had an impact on Mantel correlation values at these times. 

For example, the very strong migratory connectivity in August occurred when birds at some 

colonies had completed chick rearing and began dispersing to the Labrador Sea, while birds at 

other colonies were mostly still breeding and, thus, did not move into the Labrador Sea until 

September. There was also variation in when birds returned to the colonies, with puffins at more 

southerly colonies starting breeding earlier in the year, but birds from more northerly colonies 

remaining in the Gulf of Maine, only returning to their colonies late in May. These times of year 

when connectivity was strong, bookending the breeding season, are periods of high energy 

requirements, as puffins recover from, and prepare for, laying an egg and provisioning a chick. 

Chick provisioning is thought to be an annual peak of energy expenditure for many birds (Lack 

1968), particularly alcids and penguins (Green et al. 2009, Elliott and Gaston 2014), suggesting 

that adults need to replenish energy stores immediately post-parental care. Increases in daily 

energy expenditure just before commencement of breeding have been reported in other alcids 

(Dunn et al. 2020, Buckingham et al. 2023), and penguins (Green et al. 2009), likely associated 

with courtship, defending a nest site, and increased foraging as females source the nutrients for 

an egg (Bond and Diamond 2010, Barrett et al. 2012, Kouwenberg et al. 2016). As quality 

foraging conditions are crucial pre- and post-breeding, and puffins may already be displaced 

from the highest quality prey by sympatrically breeding species (Piatt 1990, Runnells et al. 

2024), it is important to mitigate threats that may result in lower prey availability, such as 

fishing practices that lower prey abundance or destroy prey habitat. Strong migratory 
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connectivity at these times requires addressing threats in multiple areas nearby each colony 

along with areas that puffins visit sequentially post-breeding, like the Labrador Sea.  

 

The weaker migratory connectivity later in non-breeding, as puffins reached their maximum 

dispersal extent, was due to spatial overlap of birds from multiple breeding populations in the 

Gulf of Maine, the New York Bight, and the mid-Atlantic, indicating that these are key wintering 

areas for puffins from multiple breeding colonies, as suggested in other studies (Baran et al. 

2022, Runnells et al. 2024). Fortunately, designated protected areas already exist in those parts 

of the ocean (Fig. 3.1). In the mid-Atlantic, the North Atlantic Current and Evlanov Sea basin 

(NACES) marine protected area (MPA) was recently designated by the OSPAR Convention (the 

Convention for the Protection of the Marine Environment of the North- East Atlantic) 

specifically to protect 595,196 km2 of seabird feeding and foraging grounds (Davies et al. 2021a, 

2021b). Off the North American coast, smaller designated areas include the Stellwagen Bank 

National Marine Sanctuary (2,181 km2, SBNMS) and the Northeast Canyons and Seamounts 

National Marine Monument (12,725 km2, NCS MNM), the latter which specifically mentions 

puffins as relying on the area for food (“Northeast Canyons and Seamounts Marine Monument 

Mangement Plan” 2024). Although protections in all three areas include prohibitions on 

disturbance of the seabed, regulations and management capabilities vary, plus there is minimal 

knowledge of how other current and emerging threats to puffins would be mitigated (Davies et 

al. 2021a). For instance, offshore wind development is in progress and planned in the New York 

Bight and Gulf of Maine (Stenhouse et al. 2020, NROC 2023, Moriarty 2023). Although there is 

low risk of puffins colliding with turbine blades (Bradbury et al. 2014, Johnston et al. 2014), 

their limited underwater visual field might increase the risk of collisions while diving (Martin 

and Wanless 2015), and they may be susceptible to displacement, like other alcids (Vanermen et 

al. 2015, Welcker and Nehls 2016, Kelsey et al. 2018), which could have population-level 

impacts (Busch and Garthe 2016, Peschko et al. 2024). Another serious, emerging, area-specific 

threat is warming ocean waters due to climate change. The Gulf of Maine (GOM) and Northwest 

Atlantic more generally are some of the fastest warming ocean regions (Saba et al. 2016, 

Pershing et al. 2021), with documented impacts on many marine species (Pershing et al. 2021), 

including breeding puffins (Major et al. 2021). Increased winter sea surface temperature, 

presumably associated with reduced food supply, is a strong indicator of poor puffin 

reproductive success at colonies in the GOM (Scopel et al. 2019), and our finding of weak 

connectivity January - April implies that GOM winter SST would affect all Canadian breeding 

populations. Most evidence suggests that the majority of puffins in the Northwest Atlantic are 

molting primaries during the late winter or early spring (Pyle 2009, Currie et al. 2024), which 

leaves them flightless and vulnerable with increased energetic demands of feather growth. 

Molting at this time when migratory connectivity is at its weakest underscores the importance of 

habitat protection in these key wintering areas used by puffins from multiple colonies.     

 

There was a shift in the monthly patterns of migratory connectivity strength between the older 

dataset (2013-2015) and recent dataset (2017-2020), with weaker migratory connectivity in 

most of the fall months and more variability in migratory connectivity strength during May in 

the earlier period. It appears that puffins from Newfoundland and the Gulf of Maine are staying 

in the area around their colonies longer after breeding in more recent years, whereas they used 
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to move longer distances earlier, bringing birds from different colonies closer together sooner. 

The prompt dispersal in the earlier years may be explained by having higher energy reserves 

available to begin migrating immediately post-breeding relative to more recent years. Capelin, a 

key prey for breeding puffins in NL, have shifted towards later peak spawning during 2017-2021 

as compared to 2014-2015 throughout the eastern Newfoundland coast (Davoren 2024, Tripp et 

al. 2025). Later capelin spawning timing creates a mismatch between chick provisioning and 

high prey availability (Davoren 2024), leading alcids to increase their foraging effort (Gulka and 

Davoren 2019, Lescure et al. 2023) and therefore energy expenditure. Therefore, higher 

mismatches in recent years could explain why birds disperse later, because they need to 

replenish energy reserves post-breeding before beginning migration. At the other end of the 

non-breeding period, the decreased range in timing of spring arrival at breeding colonies in the 

recent period may be related to environmental cues in the GOM, where there are documented 

climate driven impacts leading to a later spring phytoplankton bloom (Record et al. 2019), 

reduced abundance of key zooplankton (Reygondeau and Beaugrand 2011, Grieve et al. 2017), 

and shifts in the forage fish community (Suca et al. 2021), among many other ecosystem 

components (Pershing et al. 2021). These changes in puffin migration phenology suggest a need 

for continued monitoring of puffin movements to support dynamic management options 

(Lascelles et al. 2014, Tittensor et al. 2019, Lynch et al. 2021). 

In conclusion, the gradual weakening of migratory connectivity strength throughout the non-

breeding months means that threats to specific breeding populations need to be addressed at 

multiple locations in the autumn months (Webster et al. 2002, Norris and Marra 2007, Hooker 

et al. 2011), and that multi-agency and multi-national collaboration is required to address 

threats in the latter half of the non-breeding season, including on the high seas (Blasiak and 

Yagi 2016, Tittensor et al. 2019, Davies et al. 2021a, Gjerde et al. 2022). The at-risk status of 

puffins in Quebec and New Brunswick, but not Newfoundland (CESCC 2022, NatureServe 

2025), suggests that threats associated with periods of strong migratory connectivity are 

differentially impacting population abundances and trends, and thus need to be addressed for 

birds breeding at MSI and MA. Although a few of the areas where puffins from multiple colonies 

aggregate in the winter are partially protected from some threats (Fig. 3.1; Davies et al. 2021b), 

there are other areas that require consideration, such as the Labrador Sea, and it is important to 

ensure that the mitigation of pelagic threats is a component of marine protected area 

designation (Game et al. 2009, Hooker et al. 2011). Although the annual trends in migratory 

connectivity strength in one year of data were similar to the trends in multiple years of data, the 

differences between an older tracking dataset and a more recent dataset indicates that puffin 

migration phenology can change over time, so continued monitoring is important (Hays et al. 

2019), especially given the rapidly changing ocean conditions in the region (Halpern et al. 2019, 

Pershing et al. 2021). Further research into puffin non-breeding habitat characteristics (e.g., 

Harris et al. 2015) and seasonal interactions, such as carry-over effects, would provide greater 

insight into the drivers of puffin movement patterns and increase our predictive ability for 

addressing emerging threats. The handful of seabird migratory connectivity studies to date have 

elucidated exposure to threats (González-Solís et al. 2007, Rexer-Huber et al. 2025) and refined 

our understanding of critical habitat (Merkel et al. 2021, O’Hanlon et al. 2024), indicating that 

an increase in migratory connectivity research is key to addressing conservation of this highly 

threatened group of birds during non-breeding (Lewison et al. 2012, Dias et al. 2019).  
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Supplementary Figures 

 

Figure 3.S1: Monthly geographic median 

locations of puffin tracks from the recent 

period (2017-2021) from four colonies: GI = 

Gull Is., JI = James Is., MA = Mingan 

Archipelago, MSI = Machias Seal Is. Error bars 

denote the middle 80% of all iteration results 

in the month for both latitude and longitude. 

Colony locations are at the center of the large 

shapes on each map. Land boundaries are from 

Natural Earth (naturalearthdata.com).  
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Figure 3.S2: Maps of monthly geographic median 

locations from recent (teal and purple) and older 

(pink and yellow) years of puffin tracks from two 

colonies: GI = Gull Is. (circles), MSI = Machias Seal 

Is. (triangles). Error bars denote the middle 80% of 

all iteration results in the month for both latitude 

and longitude. Colony locations are at the center of 

the large shapes on each map. Land boundaries are 

from Natural Earth (naturalearthdata.com).   
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Link between Chapters 3 & 4  

In Chapter 3, I found strong migratory connectivity among Atlantic Puffins early in the non-

breeding period, followed by a month by month weakening of migratory connectivity 

culminating in shared space use at key winter foraging areas. This pattern reflects the gradual 

migration characteristic of alcids and indicates that they rely on different areas along their 

route. As environmental conditions and anthropogenic threats at non-breeding locations have 

been shown to affect individuals during the breeding season, understanding when and where 

different breeding populations overlap informs the targeting of conservation efforts. Breeding 

season conditions that excessively deplete energy reserves might also affect alcids during 

migration, but these carry-over effects from breeding to non-breeding have only rarely been 

studied in seabirds and have not been studied in alcids. In Chapter 4, I investigate the influence 

of breeding season energy expenditure on razorbill non-breeding energy expenditure and 

foraging activity.  
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Abstract 

Carry-over effects, where conditions during one season incur costs that may affect how an 

individual allocates resources in subsequent seasons, have been demonstrated for several 

migratory bird species. Wintering conditions are well known to affect breeding success, but 

fewer studies have examined how breeding conditions affect birds during migration and winter. 

For seabirds, high energetic costs in the breeding season deplete energy stores, which may 

compromise winter survival, as mortality risks are higher during migration and winter. Our aim 

was to determine if breeding season energy expenditure carries over to influence razorbill (Alca 

torda) foraging behavior and energy expenditure in the fall and early winter. GLS-TDRs were 

deployed on chick-rearing razorbills during two breeding seasons (2021, 2022) with varying 

prey biomass. Time-activity budgets and Daily Energy Expenditure (DEE) were summarized for 

the breeding period and the non-breeding months of September – December. Breeding DEE 

varied among individuals but was lower in a year with high prey biomass. Based on our Bayesian 

analysis, the existence of carry-over effects on non-breeding DEE could not be confirmed, but 

there were high probabilities of a positive effect in the average prey biomass year and the 

opposite in the high prey biomass year. Higher breeding DEE led to increased time spent diving 

in September following the breeding season with high prey biomass, but otherwise there were 

no carry-over effects on foraging effort. These insights into carry-over effects on behavior and 

energy expenditure emphasize how environmental conditions mediate seasonal interactions and 

inform future research priorities.  
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Introduction 

Organisms must continually make trade-offs in how they allot their limited energy reserves to 

meet energetic demands throughout their lifetime. Energetic debts or surpluses can affect an 

individual’s behavior not only immediately, but also by carrying over into the next season. 

Although the concept of seasonal interactions is not new (Fretwell 1972), most research on 

vertebrates has been conducted during only one season, primarily the breeding season, and only 

a small percentage of studies consider seasonal interactions (Marra et al. 2015). It is important 

to understand these carry-over effects, where the conditions during one season affect the 

energetic state of an individual as it transitions to the next season, because they can have 

impacts on fitness and ultimately population dynamics (Norris & Taylor 2006, Norris & Marra 

2007, Harrison et al. 2011). If fewer resources are available and more energy is used in one 

season, then less will be available for the next season, or vice versa, and individuals would be 

expected to show associated changes in behavior. 

Studies, mostly on birds, have shown how winter habitat quality, foraging conditions, and 

migration distance influence breeding success (Norris and Marra 2007, Harrison et al. 2011). 

This includes research on seabirds, such as a study on how changes in winter foraging 

conditions affect the reproductive timing and egg size of Cassin’s Auklet (Ptychoramphus 

aleuticus, Sorensen et al. 2009), and a study on Atlantic Puffins (Fratercula arctica) showing 

winter diet and stress hormone levels influence egg size (Kouwenberg et al. 2013). Far fewer 

studies connect breeding season conditions to movement and foraging the following winter 

(Harrison et al. 2011). Links between breeding success, migration timing, and dispersal extent 

have been demonstrated for two seabird species (Bogdanova et al. 2011, Catry et al. 2013), and a 

recent study on Black-legged Kittiwakes (Rissa tridactyla) experimentally demonstrated that 

supplemental summer food supply resulted in earlier departure of successful breeders from the 

colony and shorter non-breeding travel distances (Whelan et al. 2020). However, the effect of 

breeding season prey availability and energy expenditure on post-breeding energy expenditure 

have yet to be considered for seabirds, and carry-over effects on fall and winter behavior remain 

unexplored in species of the family Alcidae (hereafter ‘alcid’). 

Alcids have exceptionally high wing-loading, leading to very high energetic costs of flight. These 

flight costs magnify the energy expenditure required during the breeding season and may 

constrain their migratory behavior during nonbreeding. Breeding is a period of high energy 

expenditure for many seabird species (e.g., Green et al. 2009, Dunn et al. 2020, Tremblay et al. 

2022). Razorbills, one of the larger alcids, are close relatives of the extinct, flightless Great Auk 

(Pinguinus impennis), and the extant, similarly proportioned, murres (Uria spp.; Strauch 1985, 

Moum et al. 1994, Friesen et al. 1996), which have the highest recorded flight costs of all 

vertebrates (Elliott et al. 2013). Therefore, flying is an energetically expensive activity for 

razorbills, but their wing-propelled diving is very efficient (Thaxter et al. 2010, Elliott et al. 

2013). Their breeding biology is also similar to murres, with a short chick-rearing period (15-21 

days), during which a pair shares provisioning duties, flying to and from the colony, searching 

for and delivering prey (Lavers et al. 2020). In Northeast Newfoundland, Canada, capelin 

(Mallotus villosus) are the main prey returned by breeding razorbills (Gulka et al. 2019, Lescure 

et al. 2023). During years with reduced capelin abundance, razorbill foraging trips have longer 

flight distances (Lescure et al. 2023), which increases their energy expenditure. Like murres, 
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razorbills depart the colony when flightless but fully-feathered fledglings at ~25% of adult body 

mass follow the male parent out to sea (Hope Jones & Rees 1985), where they are provisioned 

for an additional 1-2 months, effectively rendering that accompanying parent flightless and 

requiring additional foraging (Gaston & Jones 1998). During the early fall, adults also molt their 

flight feathers (Pyle 2009), another energetic expense that physically renders them flightless 

(Elliott & Gaston 2014).   

The objective of this research was to determine if carry-over effects from energy expenditure 

during the breeding season affect razorbills in the fall and early winter across two years (2021, 

2022). We hypothesized that energy expenditure during the breeding season will influence 

energy expenditure and foraging activity in the post-breeding period. Specifically, we predicted 

that birds that expend more energy during the breeding season would increase daily energy 

expenditure, to search for prey, and spend more time diving during non-breeding, to replenish 

energy stores that were depleted during breeding. These patterns were expected during 2021, 

when capelin biomass at accessible depths (< 50 m) during breeding was near the long-term 

average (Legard et al. 2025), but we expected no relationship in 2022, when capelin biomass 

was nearly double the long-term average during breeding (Legard et al. 2025), which would 

have allowed razorbills to minimize depletion of their energy reserves. As flight feather molt, 

another energetically demanding stage of the annual cycle, occurs in the early fall, we expected 

carry-over effects to be stronger in late-fall and early-winter, when razorbills may have more 

opportunity to increase energy stores.  

 

Methods 

All field work was carried out in a razorbill colony on James Island, off of NE Newfoundland, 

Canada, in the Northwest Atlantic (Fig. 4.1). Lotek LAT 2800 geolocator time-depth recorders 

(GLS-TDRs) were mounted to leg bands and deployed on hand-captured, chick-rearing 

razorbills. In 2021, 19 GLS-TDRs were deployed, and an additional 11 were deployed in 2022, 7 

of which were on individuals that loggers were retrieved from, to allow for direct inter-year 

comparisons. All tags were under 1% of the bird’s body weight to reduce device effects (Bodey et 

al. 2018, Geen et al. 2019). Razorbill handling was conducted between midnight and sunrise 

(approximately 3 h work periods), to minimize colony disturbance. Therefore, following nests to 

determine breeding success and fledge dates was not feasible. Overall, 17 GLS-TDRs were 

retrieved during the 2022-2025 breeding seasons, 10 of the tags deployed in 2021 and 7 from 

2022, 5 of which were the same individual tracked in both years. Body mass of all individuals 

was measured at deployment and retrieval, and a drop of blood was collected on FTA cards at 

retrieval for later sex determination when sex had not been previously determined. All fieldwork 

followed ethical protocols according to the Canadian Council on Animal Care (University of 

Manitoba Protocols F20-017, F24-006) and Canadian Bird Banding Office (Banding Permit 

10873). 
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Figure 4.1: Location of James Island, where GLS-TDR loggers were deployed and retrieved. 

Background from services.arcgisonline.com, map produced in QGIS 3.16.1 (qgis.osgeo.org). 

 

The GLS-TDR loggers collected data that allowed the determination of sea surface temperature 

and time activity budgets in the breeding and non-breeding seasons, following procedures used 

in Patterson et al. (2022). Razorbills depart James Island in mid-August (Runnells et al. 2024), 

so data from July were used to represent the breeding season, and data from September-

December represented non-breeding. The tags recorded light intensity (full resolution), pressure 

(dbar), temperature (°C), and immersion status (binary wet/dry) every 10 s. To adjust for the 

submerged position of razorbill legs and compensate for noise in the pressure data, a zero-offset 

correction of 1 m was applied to the pressure data using DiveMove (Luque 2007). Depth was 

determined based on the conversion ratio of every 1 m of depth in the ocean adding 

approximately 1 dbar.  

Time-activity budgets were determined based on the following criteria. Diving was classified as 

any period when depth was greater than 1.5 m (Fig. 4.2). Then, dive bouts were defined as 

groups of dives less than 300 s apart, when the tag was never dry for more than 30 s. Time in a 

dive bout but not diving was classified as swimming (Fig. 4.2). Temperature measurements were 

assumed to represent sea surface temperature (SST) when the tag was wet but the bird was not 

diving, and the range during each 180 s period was less than 0.5 °C and was within the daily 5th 

to 95th temperature quantiles recorded during dives (± 1 °C). Intervening SST measurements 

were then interpolated. If the tag was wet and the temperature measurement was less than 0.5 

°C from SST, then the bird’s activity was classified as swimming (Fig. 4.2). If the logger was dry 

for less than 30 s during a period in between dives, this time was classified as swimming (Fig. 

4.2). If the logger was dry for at least 60 s and the maximum temperature while dry was less 
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than a certain threshold, razorbill activity was classified as flying (Fig. 4.2). If the temperature 

was greater than the threshold, this was classified as resting, when the tagged leg is tucked into 

body feathers (Fig. 4.2). The temperature threshold used during breeding, when the air 

temperatures are warmer, was 28 °C, while the temperature threshold during non-breeding was 

13 °C. The times when razorbills tuck the other leg are unknown and thus were not included as 

resting. Therefore, this method underestimates the time resting. As there is evidence that alcids 

do not tuck both legs equal amounts of time, along with individual variation in the amount of leg 

tucking per leg (Darby et al. 2022), we chose to limit assumptions by using only logger-detected 

tucking events. Finally, any remaining activity was classified as swimming during non-breeding, 

or as ‘unknown colony’ during breeding when the tag was dry (e.g., standing on rocks, in nesting 

crevice, Fig. 4.2).  

 

  

Figure 4.2: Flow chart of activity category classification based on immersion, pressure, and 

temperature data from GLS-TDR loggers. 
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The resulting time activity budgets and SST were then used to calculate Daily Energy 

Expenditure (DEE, kJ) during both breeding and non-breeding periods. Model-derived 

estimates of activity-specific energy expenditures for Thick-billed Murres (Uria lomvia; Elliott et 

al. 2013), a closely related and physiologically similar alcid, were applied to daily time-activity 

budgets. The amount of time spent in each activity category each day was calculated and 

inserted into an equation modified from Elliott and Gaston (2014) to correct conversion errors 

and adapt to the non-breeding season when needed (Burke & Montevecchi 2018, Patterson et al. 

2022). 

 

For non-breeding: 

𝐷𝐸𝐸 = 508 ∗ 𝑇𝑓 + 3.64 ∗ ∑ [1 − 𝑒
(

−𝑑
1.23

)
] + (113 − 2.75 ∗ 𝑆𝑆𝑇) ∗ 𝑇𝑠 + (72.2 − 2.75 ∗ 𝑆𝑆𝑇) ∗ 𝑇𝑟 

For breeding: 

𝐷𝐸𝐸 = 508 ∗ 𝑇𝑓 + 33 ∗ 𝑇𝑐 + 3.64 ∗ ∑ [1 − 𝑒
(

−𝑑
1.23

)
] + (113 − 2.75 ∗ 𝑆𝑆𝑇) ∗ 𝑇𝑠 

+(72.2 − 2.75 ∗ 𝑆𝑆𝑇) ∗ 𝑇𝑟 

 

 

Here, Tf  is hours spent flying, d is minutes of each dive, SST is sea surface temperature (°C), Ts 

is hours spent swimming, Tr is hours spent resting on the water (with leg tucked), and Tc is 

hours spent dry on the colony. The duration of all time metrics (i.e., Tx) were calculated per day. 

DEE was summarized into monthly values for breeding (July), and for each month of post-

breeding (September, October, November, and December), when time activity budgets and dive 

characteristics (i.e. maximum depth, number of dives per day) were also summarized. The 

distributions of these measurements were typically left skewed, with occasional extreme values 

that pulled the monthly medians away from the most frequently observed values (Figs. 4.S1, 

4.S2). Therefore, modes were calculated from the depths of all the dives in the month, the DEE, 

the daily maximum depth, the daily number of dives, and the hours per day spent flying, diving, 

and resting, along with the 10th and 90th quantiles of each of those measures, and the 

maximum dive depth in the month.  

After exploratory analyses, we focused on non-breeding DEE and time spent diving, as these 

variables best addressed my hypothesis. Although based on a number of assumptions, DEE 

incorporates time activity budgets and SST, and is the best available representation of overall 

energy use. Time diving directly addresses questions about foraging effort for pursuit-diving 

razorbills and effectively integrates information on the number of dives and dive duration, the 

latter of which is correlated with dive depth in razorbills from this colony (Lescure et al. 2023, 

Legard et al. 2025). The effect of breeding season energy expenditure (i.e., mode of DEE during 

breeding) on monthly modal DEE and monthly modal time diving per day during non-breeding 
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were analyzed with Bayesian Generalized Linear Mixed Models (GLMMs), using ‘brms’ 

(Bürkner 2017) in R version 4.4.2 (R Core Team 2024). Models included an interaction between 

year and breeding DEE, and band number was included as a random effect to account for 

repeated measures. Models of non-breeding DEE were fit using a Gaussian distribution, with an 

identity link function, and models of diving time were fit using a skewed normal distribution 

with identity link. Default priors were used, which were an improper flat prior for the slope, a 

Student’s T distribution with df  = 3, μ = median of the response variable, and σ = median 

absolute deviation of the response variable for the intercept, and a Student’s T distribution 

bounded at 0 with df = 3, μ = 0, and σ = median absolute deviation of the response variable for 

the standard deviation. The skewness prior for the dive time model was a normal distribution 

with μ = 0 and σ = 4. We ran 4 chains of 50,000 iterations, with a thinning rate of 10. Visual 

inspection of trace plots confirmed that all chains mixed and converged, and all r-hat values 

were 1.0, supporting chain convergence.  

Posterior distributions from the GLMMs provided the evidence needed to assess our 

hypotheses. Bayesian credible intervals are not equivalent to tests of statistical significance but 

describe the shape of the posterior distribution, such that a broader interval indicates more 

uncertainty in the estimate (McElreath 2018). In this analysis, the extent to which the posterior 

distribution for the slope parameter overlaps with zero is evidence for/against the existence of 

carry-over effects. If the 95% credible interval does not overlap with zero, we consider this to 

indicate high confidence for the presence of a relationship between breeding DEE and a non-

breeding variable. The proportion of the slope posterior distribution that was above zero, 

denoted p(β1 > 0), for both DEE and time diving was calculated to directly assess the probability 

of my predictions (i.e. positive relationships). Maximum a posteriori (MAP), indicating the most 

probable values for the slopes (i.e. the mode of the posterior distributions), were also calculated. 

The mean of the posterior for the intercept and slope in each year were used to describe the 

linear relationship, and 95% credible intervals were produced using 

‘marginaleffects::predictions’ (Arel-Bundock et al. 2024) to visualize the uncertainty in the 

modeled relationship. 

 

Results 

All 17 retrieved loggers yielded data that were usable for determining time-activity budgets. Four 

females (ZW) and one bird of unknown sex were tracked in both years, but only two males (ZZ) 

were tracked in 2022, compared to five in 2021. This resulted in different proportions of males 

tracked in each year (2021: 50%; 2022: 29%). There was greater variation in the breeding DEE 

values, including higher values, in 2021 relative to 2022 (Fig. 4.3). Minimum and maximum 

non-breeding DEE values were lower in September relative to the other months, slightly 

increasing in October, and highest in November and December (Fig. 4.3). Non-breeding modal 

diving times were highly variable, but more razorbills spent less time diving in November and 

December than in September and October, particularly in 2021, when there were a higher 

proportion of males tracked (Fig. 4.4).  
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Figure 4.3: Modeled relationships between breeding and non-breeding DEE in 2021 (purple) 

and 2022 (green) with their associated 95% credible intervals (gray shading). Monthly modes of 

each tag are included as points.  
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Figure 4.4: Modeled relationships between breeding DEE and non-breeding diving time in 2021 

(purple) and 2022 (green) with their associated 95% credible intervals (gray shading). Monthly 

modes are included as points (each point represents a single tag).  

 

The relationship between breeding DEE and non-breeding DEE showed contrasting patterns in 

the two years during all non-breeding months except December (Fig. 4.3), but all the 95% 

credible intervals overlapped with zero (Fig. 4.3, Fig. 4.5, Table 4.S1), indicating we do not have 

high confidence that a relationship exists. In 2021, the more energy expended during breeding, 

the more energy expended in the fall, while the opposite trend was observed in 2022 (Fig. 4.3). 

There was a high probability of a positive slope in September, October, and November (p[β1 > 0] 

≥ 0.91, Table 4.S1) in 2021, while in 2022 the probability of a positive slope was very low during 

those months (p[β1 > 0] ≤ 0.08, Table 4.S1). Among those three months, slopes were shallower 

in October (Fig. 4.3, Fig. 4.5, Table 4.S1) and the probability of a positive slope lowest (p[β1 > 0] 

= 0.91) in 2021 or highest (p[β1 > 0] = 0.08) in 2022. Although the MAP of the negative slopes 

in 2022 indicated stronger effects (i.e., higher absolute value of the slope) of breeding DEE on 

non-breeding DEE when compared to the positive slopes in 2021 (Fig. 4.5, Table 4.S1), there 

was more uncertainty in the slope estimates (i.e., wider credible interval) in 2022 relative to 

2021 (Fig. 4.3, Fig. 4.5, Table 4.S1). The narrower credible intervals in 2021 (Fig. 4.3, Fig. 4.5, 

Table 4.S1) indicate that the reported slope estimate is more likely. In December, any indication 
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of a relationship between breeding and non-breeding DEE disappeared, with a 0.5 probability of 

a positive slope in both years (Table 4.S1).  

 

 

Figure 4.5: Posterior distributions of the slope parameter from Bayesian generalized linear 

mixed models of non-breeding DEE (A) and time diving (B). Maximum a posteriori (MAP) 

estimates (points), and 50% (thick line) and 95% (thin line) credible intervals for slope values 

from 2021 and 2022. MAP is the most probable value for the slope (i.e. the mode of the 

posterior distribution), and credible intervals provide a 95% or 50% probability that the slope 

value is within the given range.  

 

There did not appear to be a relationship between breeding DEE and non-breeding daily diving 

time in either year during most non-breeding months, with one exception (Fig. 4.4). In 2022, 

the more energy expended during breeding, the more time razorbills spent diving in September 

(Fig. 4.4), as evidenced by a high probability of a positive slope in September 2022 (p[β1 > 0] = 

0.99), and narrow credible intervals that did not overlap with zero, indicating high confidence in 

that trend (Fig. 4.4, Fig. 4.5, Table 4.S2). In November, there was a weak indication that 

increased breeding energy expenditure led to less time spent diving, with a mid-range 

probability of a negative slope in 2021 (p[β1 < 0] = o.69) and even higher probability in 2022 

(p[β1 < 0] = 0. 86). However, there was high uncertainty in both trend lines, as demonstrated by 

wide credible intervals (Fig. 4.4) overlapping with zero (Fig. 4.5), and the effect was not strong, 

as indicated by the near zero MAP of slopes in both years (Fig. 4.5, Table 4.S2). There was no 

indication that breeding DEE effects non-breeding diving time in October and December (Fig. 

4.4), with mid-range probabilities of positive slopes in both 2021 and 2022 (0.44 ≤ p[β1 > 0] ≥ 

0.65, Table 4.S2). Overall, September 2022 was the only time when there was high confidence in 

an effect of breeding DEE on time spent diving.  
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Discussion 

Overall, we did not find strong evidence of carry-over effects from breeding to non-breeding in 

razorbills. The higher and more variable energy expenditure during breeding in 2021, when 

capelin biomass was near the long-term average (hereafter ‘average prey biomass year’), relative 

to 2022, when capelin biomass was nearly double the long-term average (hereafter ‘high prey 

biomass year’), supports our predictions of differences between years and aligns with previous 

research on razorbills in the study area (Lescure et al. 2023, Legard et al. 2025). In both years, 

however, there was a slightly greater than 5% probability that that a relationship between 

breeding and non-breeding DEE did not exist, along with different strength and directionality of 

the trends among years. Similar to our prediction, in the average prey biomass year (2021), 

increased energy expenditure during chick rearing tended to lead to higher energy expenditure 

in the fall; however, in the year with high prey biomass (2022), when razorbills expended more 

energy during the breeding season, they seemed to expend less energy during the fall. The 

greater variation in breeding DEE during 2021 also contributed to greater confidence that there 

was a weakly positive carry-over effect on non-breeding energy expenditure that year, while the 

lower variation and smaller sample size in 2022 resulted in lower confidence in a stronger 

negative carry-over effect in that year. These trends, however, are likely also influenced by the 

different sex ratios among years, as at-sea parental care by males would influence post-breeding 

energy expenditure. Contrary to our prediction, increased breeding season energy expenditure 

did not lead to increased time spent diving during non-breeding, suggesting there was no carry-

over effect on foraging effort in most months across both years. One exception was in September 

2022, when there was high confidence of a positive relationship between breeding energy 

expenditure and time spent diving. Finally, any relationships between breeding and non-

breeding DEE disappeared in December in both years, supporting the idea that razorbills need 

to recover from breeding as soon as possible, regardless of the additional energetic demands of 

molt and parental care.  

The results suggest that the environmental conditions experienced, particularly foraging 

conditions during breeding, affect the directionality of carry-over effects on energy expenditure 

from breeding to non-breeding. We expected increased breeding DEE would lead to increased 

non-breeding DEE in a year with average prey biomass during the breeding season (2021) and 

expected no carry-over effects in a year with high prey biomass (2022). The trends matched my 

prediction in 2021, but, instead of no relationship in 2022, there was some indication that lower 

breeding DEE led to higher non-breeding DEE. Conversely, Black-legged Kittiwakes that 

expended less energy during breeding (through supplemental feeding or failed breeding) 

expended less energy during non-breeding (illustrated by lower dispersal from the colony) 

during a year of high prey abundance (Whelan et al. 2020), and expended more energy during 

non-breeding (higher dispersal) during a year of poor environmental conditions during breeding 

(Bogdanova et al. 2011). It is possible that we did not see these trends because prey biomass was 

not low enough during the average capelin biomass year. Indeed, razorbills experiencing 

substantially lower prey biomass may show a stronger positive relationship between breeding 

and non-breeding energy expenditure. By contrast, the high biomass of capelin near the 

razorbill study colony during summer 2022 (Lescure et al. 2023, Legard et al. 2025) may have 

led to conditions where razorbill energy stores were not as depleted during breeding and, thus, 

they were not energy limited during non-breeding. In support, there was a lower range of 
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breeding DEE in 2022, as razorbills were expending less energy flying in search of prey (Legard 

et al. 2025) as shown in previous years at this colony (Lescure et al. 2023). Therefore, if 

razorbills do not deplete their energy stores to a high extent during breeding, they may not have 

to work hard to replenish energy stores during non-breeding. This might result in their non-

breeding behaviors and DEE more directly matching their non-breeding energy requirements. 

Even a year with average prey biomass likely requires high energy expenditure for chick 

provisioning in seabirds adapted for pursuit diving (Green et al. 2009, Elliott & Gaston 2014, 

Dunn et al. 2020).  

The contrasting trends across years of this study, however, may also be related to interannual 

variation in sex ratios of tracked birds. Female razorbills have the option to expend energy flying 

between departing the colony and beginning wing feather molt, while males taking care of 

fledglings at sea do not have that option (Gaston & Jones 1998). As we tracked a higher 

proportion of females in 2022, and very few confirmed males, we might expect higher non-

breeding DEE during September in this year in females flying to high-quality prey patches to 

replenish energy. However, by quantifying the modal DEE values, we focused analysis on the 

most common daily time-activity budget in each month. Therefore, if females concentrated post-

breeding flying movements during September across a few days, the modal value would not 

incorporate these days of higher DEE. Overall, the lower non-breeding DEE in (mostly female) 

birds that expended more energy during 2022, suggests that they spend only one or two days in 

flight to a location where they could spend the remaining days of the month foraging and 

otherwise resting and conserving energy during flight feather molt. In support, female thick-

billed murres tend to make long-distance post-breeding movements over 1-2 days (Elliott & 

Gaston 2014), and the lower modal DEE in September matches the flightless molt timing (Pyle 

2009). Additionally, the positive relationship between breeding and non-breeding energy 

expenditure in 2021, when a higher proportion of males were tracked, aligns with the consistent 

extra diving effort likely required to replenish their own energy stores enough to provision a 

chick at sea for 1-2 months (Gaston & Jones 1998).  

The relationships between breeding and non-breeding DEE disappeared in December, contrary 

to my prediction. Indeed, we predicted an increased effect in later months as birds may not be 

able to replenish energy stores until after the energetically demanding molt period in fall 

months. Therefore, our findings suggest that carry-over effects from breeding season energy 

expenditure do not get extended through molting and parental care, despite the extra limitations 

and energetic costs of those periods (Bridge 2004, Elliott & Gaston 2014). Other factors instead 

may be affecting non-breeding DEE more than breeding DEE by this time, such as colder 

temperatures, winter weather, and less daylight for foraging (Dunn et al. 2020, Moe et al. 2021). 

In support, razorbill non-breeding distribution is related to environmental conditions in the 

northwest Atlantic (Veit & Manne 2015), with birds traveling further in years of poor winter 

conditions (Diamond et al. 2020). However, razorbills on both sides of the Atlantic seem to have 

relatively consistent migratory paths post-molt and parental care (Buckingham et al. 2022, 

Runnells et al. 2024), which may limit variation in flying time later during non-breeding. As 

flying is the behavior that most influences DEE, information on the timing and extent of 

dispersal would inform more appropriate periods to examine carry-over effects.  
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The only time there was a carry-over effect on foraging effort was in September 2022, 

immediately following a breeding season with above average prey abundance, when expending 

more energy during breeding increased razorbill time spent diving, as predicted. Once 

synchronous flight feather molt begins post-breeding, razorbill movement is limited. Therefore, 

increased diving may be the only option for replenishing energy stores in September and 

October, which is when molt is predicted to occur (Pyle 2009). As flight feather molt is an 

energy intensive process (Bridge 2006), an increase in foraging when there is prey available 

would help offset that energetic expense. High capelin biomass in the vicinity of the colony in 

2022 could have continued into September (Flynn et al. 2001, Magnaye et al. 2019), offering 

razorbills a chance to easily refuel proportional to their energetic needs. Alternately, the carry-

over effects in September 2022 could be related to the higher proportion of females tracked that 

year. For murres, females do more chick provisioning on the colony, reducing their own energy 

stores, while males spend more time foraging for themselves, maintaining energy stores in 

preparation for at sea provisioning (Paredes et al. 2006, Thaxter et al. 2009, Elliott et al. 2010, 

Elliott & Gaston 2014). Therefore, female razorbills may have a greater need to replenish energy, 

which they could achieve by flying to a prey-rich location where they can forage until they have 

replenished energy stores depleted during breeding. However, there is some evidence that 

diving uses more energy during wing feather molt in alcids (Bridge 2004), and thus diving more 

may result in higher energy expenditure during the fall that could cancel out the benefits of 

increased foraging, unless high-quality prey were plentiful.  

Although diving time generally was not affected by the amount of energy expended during 

breeding, it is possible that razorbills are instead changing which prey types they are consuming 

during non-breeding to replenish energy spent during breeding. Although we do not have 

information on what our tagged razorbills consumed, it is possible that high-quality prey were 

available during non-breeding. Winter stomach contents of razorbills indicate they consume 

invertebrates (Huettman et al. 2005) and fish (Blake 1984, Ouwehand et al. 2004) in varying 

proportions, depending on location, and therefore, likely, availability. Razorbills from the study 

colony, like murres also breeding in the area, move north towards Labrador immediately post-

breeding (Legard et al. In press, Davoren et al. 2002). During secondary feather molt, in the 

early fall, high spatial and isotopic niche overlap between murres and razorbills from 

northeastern Newfoundland (Runnells et al. 2024), suggests that they are relying on both 

capelin and invertebrates (Davoren et al. 2002). There may be no point in increased diving if 

high quality prey, such as capelin, are available and provide the energy needed.   

In conclusion, there are many factors that likely influence razorbill DEE and time spent diving 

during non-breeding. Therefore, it is challenging to determine whether there are carry-over 

effects from breeding season energy depletion. Foraging conditions during breeding and non-

breeding may mediate the strength and direction of carry-over effects, and may integrate with 

non-breeding environmental conditions to alter razorbills’ timeline and capacity for 

replenishing energy reserves before the winter. Sex differences in parental care, as in murres 

(Paredes et al. 2006, Thaxter et al. 2009, Elliott et al. 2010), may also affect how razorbills 

spend their time and energy, both on the colony and during post-fledging. In future studies, 

determining individual razorbill trophic position during molt and dispersal distance in each 

month would help to interpret non-breeding energy expenditure patterns. Additionally, 
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increased numbers of tracked birds may narrow estimates of carry-over effect strength, increase 

confidence that relationships exist and increase the ability to examine sex-based differences. 

Finally, incorporating tracking years when breeding season foraging conditions are poor, while 

considering the influence of nest success and breeding phenology, may increase the ability to 

detect carry-over effect timing and strength.  
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Supplemental Figures 

 

 
 

 

 

Figure 4.S1: Probability density of daily time spent diving for each tag deployment during 

breeding and 4 nonbreeding months. Colors represent individuals. The vertical line is at the 

median, and the mode is at the highest peak. During breeding, sample sizes range between 6-24 

days of data.  
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Fig 4.S2: Probability density of daily energy expenditure (DEE) for each tag deployment during 

breeding and 4 nonbreeding months. Colors represent individuals. The vertical line is at the 

median, and the mode is at the highest peak. During breeding, sample sizes range between 6-24 

days of data.  
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Table 4.S1:  Probability that the relationship between breeding and non-breeding DEE has a 

positive slope (i.e., p[β1 > 0]) or a negative slope, and the maximum a posteriori (MAP) and 

95% credible interval (95% CrI) of the slope for each non-breeding month of 2021 and 2022. 

 2021 2022 
Month p[β1 < 0] p[β1 > 0] MAP 95% CrI p[β1 < 0] p[β1 > 0] MAP 95% CrI 

Sep 0.047 0.953 0.17 (-0.02, 0.35) 0.944 0.056 -0.33 (-0.91, 0.10) 
Oct 0.091 0.909 0.07 (-0.05, 0.24) 0.921 0.079 -0.31 (-0.71, 0.16) 
Nov 0.049 0.952 0.15 (-0.03, 0.35) 0.943 0.057 -0.46 (-1.06, 0.11)  
Dec 0.499 0.501 -0.01 (-0.20, 0.20) 0.459 0.541 0.02 (-0.61, 0.68) 

 

 

 

Table 4.S2: Probability that the relationship between breeding DEE and non-breeding time 

diving has a positive slope (i.e., p[β1 > 0]), and the maximum a posteriori and 95% credible 

interval of the slope for each non-breeding month of 2021 and 2022 

 2021 2022 
Month p[β1 > 0] MAP 95% CrI p[β1 > 0] MAP 95% CrI 

Sep 0.564 1.04e-4 (-0.032, 0.038) 0.999 0.24 (0.113, 0.362) 
Oct 0.652 0.01 (-0.037, 0.043) 0.468 3.16e-3 (-0.155, 0.124) 
Nov 0.307 -3.31e-3 (-0.040, 0.017) 0.138 -0.04 (-0.152, 0.035) 
Dec 0.443 -4.70e-5 (-0.038, 0.026) 0.531 4.21e-3 (-0.117, 0.107) 
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General Discussion & Conclusions 

A growing body of ecology literature is based on light-level geolocator tracking technology, and a 

variety of methods are now available for obtaining location estimates from geolocator data. 

Historically, it has been unclear what factors to consider when choosing a processing method or 

whether all geolocator-based location estimates are directly comparable. In Chapter 1, we 

addressed this knowledge gap by aiming to show how location estimates of non-breeding 

Atlantic puffins differ depending on the GLS processing method and the GLS tag model and 

settings used. We found that location estimates produced by most of the commonly used 

processing methods were comparable outside of equinox periods, based on previous studies of 

geolocator accuracy (Phillips et al. 2004, Shaffer et al. 2005, Lisovski et al. 2012, Merkel et al. 

2016, Halpin et al. 2021); however, the characteristics of the data collected by different tag types 

had an effect for some of the methods. Therefore, researchers trying to choose a GLS data 

processing method should consider tag type and selected settings but can also weigh the 

different time and effort commitments of each method against how the data outputs suit their 

research objectives. Location estimates from GLS data are often used in further analysis, such as 

the analyses in Chapters 2 and 3. In Chapter 1, differences between processing methods in a 

subsequent analysis of distribution similarity suggest that the same method should be used for 

all GLS data processing. Based on all these results, we used one processing method that 

facilitated incorporation of environmental data and provided location estimate uncertainty 

when examining niche overlap (Chapter 2) and migratory connectivity (Chapter 3).   

Little is known about the spatial and dietary overlap of seabird species during the non-breeding 

season, when scarce and patchy marine food resources could lead to interspecific competition. 

Therefore, in Chapter 2, we aimed to quantify spatiotemporal and isotopic niche overlap among 

common murres (Uria aalge), razorbills (Alca torda), and Atlantic puffins (Fratercula arctica) 

outside the breeding season. By combining GLS tracking and stable isotope ratios of carbon and 

nitrogen, we found evidence of differences in space and resource use during the low-

productivity, non-breeding period. These findings are in line with predictions based on niche 

theory. Indeed, the minimal overlap of these three alcid species during an understudied phase of 

their annual cycle suggests that they segregate spatially and partition resources. Similar patterns 

are seen among other closely-related, high-latitude seabirds during non-breeding (Orben et al. 

2015), as expected in environments where resources are limited (Wiens 1977). Although findings 

may indicate that these species co-evolved niche partitioning to allow coexistence, it is also 

possible that each species has always relied on different resources in different places during 

non-breeding and, thus, coexist because their niches differ sufficiently (Connell 1980).  

Interestingly, there was high variability in migratory paths among puffins, which led to some 

spatial overlap with each of the other alcids. The spatial but not isotopic niche overlap, 

particularly with puffins occupying a lower trophic position when spatially overlapped with the 

larger species, suggests displacement from higher trophic level prey. These interspecific 

interactions also raise questions about intraspecific interactions, such as whether puffins from 

other northwest Atlantic colonies are also relying on the same winter foraging areas. The diverse 

migration paths exhibited by puffins from James Island, Newfoundland in Chapter 2 suggest 

that they may share space with puffins from other northwest Atlantic colonies. Describing the 
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movement patterns and migratory connectivity of multiple puffin populations in this region is 

an important step in relating non-breeding season distributions to demographic trends.  

This led to Chapter 3, where we aimed to determine the migratory connectivity of Atlantic 

puffins from four Canadian breeding colonies during different months throughout the non-

breeding period. Research on avian migratory connectivity has increased in recent years (Marra 

et al. 2019), and there is growing awareness of its’ importance for migratory marine species 

(Dunn et al. 2019, Bentley et al. 2025), including seabirds (González-Solís et al. 2007, Merkel et 

al. 2021, O’Hanlon et al. 2024, Rexer-Huber et al. 2025), as an important component of 

planning effective conservation (Costa et al. 2012, Lascelles et al. 2014, Allen & Singh 2016, 

Fraser et al. 2018). Findings indicated that the migratory connectivity among the four colonies 

was strong pre- and post-breeding and the progressive weakening of migratory connectivity 

across most of the non-breeding period reflects puffins gradual, dispersive migration towards 

key wintering locations used by puffins from multiple breeding colonies, such as the Gulf of 

Maine. This could indicate intraspecific competition for puffins during this period if prey are 

limited in these areas of high spatial overlap.  

These times of year when puffin migratory connectivity was strong, bookending the breeding 

season, are periods of high energy requirements. Chick provisioning is thought to be an annual 

peak of energy expenditure for many birds (Lack 1968), particularly alcids and penguins (Green 

et al. 2009, Elliott & Gaston 2014), suggesting that adults need to replenish energy stores as 

soon as possible post-parental care. Studies of carry-over effects, where conditions during one 

season incur costs that may affect how an individual allocates resources in subsequent seasons, 

have focused on how wintering conditions affect breeding success (e.g., Sorensen et al. 2009, 

Kouwenberg et al. 2013). Only a few studies, however, have examined how breeding conditions 

affect seabirds during migration and winter (Bogdanova et al. 2011, Catry et al. 2013, Whelan et 

al. 2020). In Chapter 4, we provide one of the first investigations of breeding to non-breeding 

carry-over effects in a species of the family Alcidae (Young et al. 2017, Daunt et al. 2020). 

Specifically, our aim was to determine if breeding season energy expenditure carries over to 

influence razorbill foraging behavior and energy expenditure in the fall and early winter. 

Although the existence of carry-over effects could not be confirmed in our Bayesian analysis, we 

found supporting evidence that foraging conditions during breeding and non-breeding mediate 

the strength and direction of carry-over effects, and may combine with sex differences in 

parental care (Paredes et al. 2006, Thaxter et al. 2009, Elliott et al. 2010), to alter razorbills’ 

timeline and capacity for replenishing energy reserves before the winter. Although the concept 

of seasonal interactions is not new (Fretwell 1972), most research on vertebrates has been 

conducted during the breeding season, and only a small percentage of studies consider seasonal 

interactions (Marra et al. 2015), so this work fills an important knowledge gap and advances our 

understanding of carry-over effects into the non-breeding season.  

 

Significance 

Research on puffin non-breeding ecology is on the IUCN list of recommended conservation 

actions for this vulnerable species (BirdLife International 2018). Marine migratory species are 
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generally at high risk, because they are exposed to a wider range of threats over the larger area 

occupied (Lascelles et al. 2014). For pursuit-diving seabirds, high energetic costs in the breeding 

season deplete energy stores (Green et al. 2009, Elliott & Gaston 2014, Dunn et al. 2020), which 

may compromise winter survival, as mortality risks may be higher during migration and winter 

(e.g., Barbraud & Weimerskirch 2003, Gaston 2003, Sandvik et al. 2005). Understanding daily 

energy expenditure during non-breeding, and the factors that influence it, is an important step 

for identification of energetic bottleneck periods (Fort et al. 2009). Together with location 

information, this could lead to developing protected area networks in areas where energy 

requirements are the highest in their annual cycle. The results of our geolocator processing 

method comparison provide a resource to help managers effectively and appropriately compile 

archived geolocator data for such marine spatial planning.  

Identifying the non-breeding distributions of puffins, razorbills, and common murres and the 

key areas they rely on in the northwest Atlantic will help target marine spatial planning and 

offset threats to all three species. The low spatial overlap among the three alcids, along with the 

strong migratory connectivity of puffins pre- and post-breeding, indicate the value of 

establishment and management of functional networks of protected areas (Game et al. 2009). 

The Gulf of Maine, New York Bight, and the Grand Banks emerged as key wintering areas used 

by multiple alcid species and by puffins from multiple colonies, where addressing threats will 

require multi-agency and multi-national collaboration (Blasiak & Yagi 2016, Tittensor et al. 

2019, Davies et al. 2021, Gjerde et al. 2022). For instance, offshore wind development is in 

progress and planned in the New York Bight and Gulf of Maine (Stenhouse et al. 2020, NROC 

2023, Moriarty 2023). Although there is low risk of alcids colliding with turbine blades 

(Bradbury et al. 2014, Johnston et al. 2014), they may be susceptible to displacement 

(Vanermen et al. 2015, Welcker & Nehls 2016, Kelsey et al. 2018), which could have population-

level impacts (Busch & Garthe 2016, Peschko et al. 2024). If puffins are displaced from high-

quality resources in areas of overlap with other alcids, then further displacement through 

offshore development, or declines in prey abundance, could also be particularly detrimental to 

puffins (Scopel et al. 2019). The Gulf of Maine and Northwest Atlantic more generally are some 

of the fastest warming ocean regions (Saba et al. 2016, Pershing et al. 2021), with documented 

impacts on many marine species (Pershing et al. 2021), including breeding alcids (Scopel et al. 

2019, Major et al. 2021), and our finding of weak migratory connectivity in puffins January – 

April implies that climate change driven ecosystem impacts could affect all Canadian breeding 

populations.    

 

Future Directions 

Along with the scientific advances made in this thesis, our findings have also revealed more 

knowledge gaps. Many of these questions can be addressed with data from light-level geolocator 

deployments. Our comparison of geolocator data processing methods focused on one species 

with movement characteristics and distribution patterns that would limit the impact of 

confounding effects on our comparison. Therefore, opportunities for building on this research 

include comparing how different processing methods perform under conditions that make light-

level geolocation more challenging. Future research could also consider adding processing steps 
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and environmental information to understand how much these additional choices would 

influence location estimates. This work would elucidate the implications of data processing 

choices for research on different species.  

Uncertainty around molt timings, especially for puffin flight feathers, limited our ability to 

interpret variability in isotope ratios even when combined with tracking. Further studies should 

focus on this basic aspect of natural history (Pyle 2009), as in Currie et al. (2024). Compound 

specific isotope analysis of amino acids (CSIA-aa) could also be a useful methodology to parse 

out isotopic baseline shifts from trophic position independent of location (McMahon et al. 2015, 

Ohkouchi et al. 2017). Future stable isotope research could also determine if razorbill and murre 

females or individuals not caring for offspring have different isotopic niches from males 

performing parental care during flight feather molt (e.g., Burke et al. 2015).  

Additionally, multi-colony tracking studies over a wider geographic area (e.g., Buckingham et al. 

2022) and analysis of migratory connectivity in additional species besides puffins (e.g., Merkel 

et al. 2021) would provide a broader picture of important non-breeding foraging areas for alcids 

in this region. We learned that migration phenology may change over time, so continued, 

coordinated monitoring is important (Hays et al. 2019), especially given the rapidly changing 

ocean conditions in locations we found to be important for alcids in the northwest Atlantic 

(Halpern et al. 2019, Pershing et al. 2021). Further research into non-breeding habitat 

characteristics (e.g., Harris et al. 2015) and seasonal interactions, such as carry-over effects, 

would provide greater insight into the drivers of alcid movement patterns and increase our 

predictive ability for addressing emerging threats. 

Our study of carry-over effects in razorbills indicated that there are many factors influencing 

alcid time-activity budgets throughout the year. In future studies, determining individual 

razorbill trophic position during molt and dispersal distance in each month would help to 

interpret non-breeding energy expenditure patterns. Additionally, increased numbers of tracked 

birds may narrow estimates of carry-over effect strength, increase confidence in the presence or 

absence of relationships, and increase the ability to examine sex-based differences. Finally, 

incorporating tracking years when breeding season foraging conditions are poor, while 

considering the influence of nest success and breeding phenology, may increase the ability to 

detect carry-over effect timing and strength.  

Overall, the research in this thesis is based on alcids that survived the winter, and to understand 

the threats to non-breeding alcids, we need advances in technology and support for at-sea 

research that allows us to learn about the movements, behavior, and diets of birds that do not 

return to the breeding colony. Moreover, alcids are not the only species for whom we know 

much less about their lives outside of the breeding season. Ecology studies on the full annual 

cycle are needed across vertebrate taxa. 
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